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ANOTACIJA

Lielakais energijas patérétajs Eiropa ir éku sektors, kas izmanto aptuveni
40 % no kopéja energijas patérina un rada aptuveni 36 % no kopéjam CO, emisi-
jam Eiropas Savieniba. No kopéja EU eku fonda, tikai 25 % €eku tiek klasificetas ka
energoefektivas un tiek prognozeéts, ka 85 % - 95 % no esos$a éku fonda 2050. gada
vel bus ekspluatacija [1]. ledzivotaju prasibas péc paaugstinata komforta, plasaks
elektroiekartu lietojums u. c. ir iemesli, kas veicina energijas patérina pieaugumu.
Energijas patérina pieaugums ir viens no klimata parmainu veicinatajiem. Ir vai-
rakas jomas, kur biitu iespéjams izmantot energiju efektivak, ta samazinot paté-
rinu, ka rezultata samazinat siltumnicefekta gazu emisijas. Lai Eiropas Savieniba
2050. gada sasniegtu oglekla neitralitati, ir izvirziti ambiciozi meérki, kuri ietver
éku energoefektivitates paaugstinasanu, atjaunojamo energoresursu lietoSanu
un siltumnicefektu gazu emisiju samazinasanu [2]. Eku siltina3ana ir efektivs éku
energoefektivitates paaugstinasanas pasakums, bet lai to Istenotu ir japarvar
vairakas barjeras, kuras var but gan finansialas, gan sentimentalas. Lai sasniegtu
meérkus ir jarod risindjums dilemmai starp vidi kura dzivojam, kas sevi ietver kul-
turvesturiska mantojuma saglabasanu un energoefektivitates paaugstinasanu.
Apbuveéta vide ir viena no butiskam kultiiras vértibam - ta veido dzivoSanai nepie-
cie$amo vidi un ir butiska dzives kvalitatei [3]. ST dilemma parada, ka no vienas
puses, esoSaja eku fonda slépjas liels energoefektivitates potencials, bet, no otras
puses, janodrosina kultiiras vértibu saglabasana. Viens no $is dilemmas risinaju-
miem ir vésturisko éku siltinasana no iekSpuses, kas lauj saglabat vésturisko éku
fasades izskatu-vidi, vienlaikus paaugstinot ékas energoefektivitati. Tomér Sads
risinajums veicina izmainas ekas higtrotermalajos procesos, kas var veicinat neve-
lamas sekas - peléjums, kiegelu drupsana, sals pleki u. c.

Darba meérkis ir noveértét iespé€jas izveidot pozitivas energobilances kvar-
talu kultarvesturiska pilsétvide, izmantojot mitruma drosSu éku siltinaSanu no
iekSpuses.

Promocijas darbs ir izstradats ka desmit savstarpéji saistitu starptautisku
zinatnisku publikaciju kopa. Promocijas darbs sastav no ievada, tris nodalam, seci-
najumiem un publikaciju pielikuma.

Darba izvirzitas Cetras hipotézes, kas pétitas ar dazadam zinatniskas izpétes
metodém, taja skaita, mérijumi realos objektos, mérijjumu veikSana laboratorijas
apstaklos, multikritériju analize un higrotermalo procesu datorsimulacija. Darbs
sakas ar ievadu, kam seko literatiiras apskats un nodala par metodiku. Tresaja
nodala ir aprakstiti iegutie rezultati. Darbs noslédzas ar secinajumiem un publika-
ciju pielikumu.



ANNOTATION

The biggest consumer of energy in Europe is the building sector, which uses
about 40 % of the total energy consumption and generates about 36 % of the total
CO2 emissions in the European Union (EU). Of the total EU building stock, only
25 % of buildings are classified as energy efficient and it is predicted that 85 % -
95 % of the existing building stock will still be in operation in 2050 [1]. Residents’
demands for increased comfort, wider use of electrical equipment, etc., contribute
to the increase in energy consumption. The increase in energy consumption is one
of the contributors to climate change. There are several areas where it would be
possible to use energy more efficiently, thus reducing consumption and, as a result,
reducing greenhouse gas emissions. In order for the EU to achieve carbon neutra-
lity in 2050, ambitious goals have been set - which include increasing the energy
efficiency of buildings, using renewable energy resources and overall reducing gre-
enhouse gas emissions [2]. Building insulation is an effective measure for increa-
sing the energy efficiency of buildings, but in order to implement it, several barriers
must be overcome, which can be both financial and sentimental. In order to achieve
the goals, it is necessary to find a solution to the dilemma between the environment
in which we live, which includes preserving the cultural and historical heritage and
increasing energy efficiency. The built environment is one of the essential cultu-
ral values - it forms the environment necessary for living and is essential for the
quality of life [3]. This dilemma shows that, on the one hand, there is great potential
for energy efficiency in the existing building stock, but on the other hand, the pre-
servation of cultural values must be ensured. One of the solutions to this dilemma
is insulating of historic buildings from the inside, which allows preserving the built
environment, e.g. the facade of historic buildings, while increasing the building's
energy efficiency. However, such a solution contributes to changes in the hygrother-
mal processes of the building, which can contribute to undesirable consequences,
such as mold, brick deterioration, salt stains, etc.

The aim of the work is to assess the possibilities of creating a positive energy
balance quarter in a cultural and historical urban environment, using moistu-
re-proof building insulation from the inside.

The thesis is developed as a set of ten interrelated international scientific pub-
lications. The thesis consists of an introduction, three chapters, conclusions and an
appendix of publications.

Four hypotheses are put forward in the work, which have been studied with
various scientific research methods, including measurements in real objects, mea-
surements in laboratory conditions, multi-criteria analysis and computer simula-
tion of hygrothermal processes. The work begins with an introduction, followed by
a literature review and a chapter on methodology. The third chapter describes the
obtained results. The work ends with Conclusions and an appendix of publications.
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IEVADS
AKktualitate

Viens no lielakajiem energijas patérétajiem Eiropa ir éku sektors. Tas rada aptu-
veni 40 % no kopéja energijas patérina un aptuveni 36 % no kopéjajam CO, emi-
sijam Eiropas Savieniba. Turklat tikai 25 % no Eiropas Savienibas eku fonda tiek
klasificetas ka energoefektivas, un prognozes rada, ka 2050. gada 85-95 % esoSo
éku joprojam biis ekspluatacija [1]. [edzivotaju pieprasijums péc paaugstinata kom-
forta un pieaugosa elektroiekartu izmantosanas tendence, ka arfi citi faktori veicina
energijas patérina pieaugumu, kas ir viens no klimata parmainu iemesliem. Ir vai-
rakas jomas, kuras biitu iespéjams izmantot energiju efektivak, samazinot patérinu
un tadéjadi ari siltumnicefekta gazu emisijas. Tapéc, lai sasniegtu oglekla neitrali-
tati lidz 2050. gadam, Eiropas Savieniba ir definéjusi ambiciozus mérkus, kas ietver
éku energoefektivitates paaugstinasanu, atjaunojamo energoresursu lietoSanu un
siltumnicefekta gazu emisiju samazinasanu [2].

Eku siltinagana ir efektivs pasakums eku energoefektivitates uzlabosanai, tacu,
lai sasniegtu Sos meérkus, butiski ir rast risindjumu dilemmai starp kulttrvestu-
risko mantojumu un energoefektivitati, jo apbuveta vide ir bitiska kultiiras vér-
tiba, kas veido nepiecieSamo dzives vidi un ietekmé dzives kvalitati [3]. Viens Sis
dilemmas risinajums varetu but vésturisko e€ku siltinasana no iekSpuses, saglaba-
jot fasades izskatu un vienlaikus paaugstinot energoefektivitati. Tomeér $ads risina-
jums var izraisit nevélamas, neparedzétas izmainas ékas higrotermalajos procesos,
kas potenciali var radit problémas, pieméram, peléjumu, kiegelu drupsanu, sals
plekus u. c.

Apsverot iek$€jo siltinasanu, ir svarigi veikt higrotermisko novértéjumu. Detali-
zéta planoSana samazina risku, kas saistits ar izmainam higrotermiskaja uzvediba.
Planojot janem véra dazadi faktori, pieméram, kiegelu ipasibas originalaja muri,
siltumizolacijas materiali, ara un iekStelpu robeZapstakli. Kvantitativa saistiba
starp dazadiem faktoriem un to kopéjo ietekmi uz mitruma risku joprojam nav
skaidra, un faktoru sarezgitas mijiedarbibas ietekmé mitruma riska izvértésana
ir sarezgita. Ta rezultata vésturisko éku un vésturisko éku pilsétas kvartalu ener-
goefektivitatés pasakumu risindjumu planosana un izvéle ir sarezgits process, kas
ietver nepiecieSamibu éku ipasniekiem un apsaimniekotajiem noveértét riskus un
ieguvumus, siltinot €kas no iekSpuses.

Izpetes jautajumi

1. Vai ir iespéjams sasniegt pozitivu energobilances kvartalu vésturiska pilse-
tas apbuveé.

2. Kadas ir mitruma droSas iek$€jas siltumizolacijas sistémas, ko var ieklaut
energoefektivitates renovacijas projektos, lai palidzétu sasniegt pozitivas
energobilances vésturiskas apbuves pilsetas kvartalu.



Darba merkis un uzdevumi

Darba meérkis ir noveértét iespé€jas izveidot pozitivas energobilances kvar-
talu kultarvesturiska pilsétvide, izmantojot mitruma drosSu éku siltinaSanu no
iekSpuses.

Lai sasniegtu mérki, definéti vairaki uzdevumi.

1. Veikt vesturisko mira un akmens arsienu materialu higrotermisko para-

metru novertejumu.

2. Novertet vesturisko arsienu materialu higrotermisko parametru ietekmi uz
higrotermalajiem procesiem siena, kas siltinata no iekSpuses.

3. Veikt siltumizolacijas materialu un sistému lietojuma novértésanu izmanto-
Sanai siltinasanai no iekSpuses.

4. Veikt noveértéjumu par siltinasanas no iekSpuses ietekmi uz higrotermiska-
jiem procesiem un potencialo energijas ietaupijumu dabiga akmens mira
siena un kiegelu siena, kas siltinatas ar tvaika necaurlaidigu siltumizolaciju.

5. Novértét pozitiva energobilances kvartala izveidi vésturiska pilsétvides
apbuve.

6. Novertet energoefektivitates risinajumu potencialu veésturiska pilsétas
kvartala.

Izvirzitas hipotezes

1. hipotéze. Vésturiskiem kiegeliem ir atskirigas higrotermalas ipasibas, un tas
ietekmé higrotermalos procesus no iekSpuses siltinatas masivas mira sienas.

2. hipoteze. Klimatiskie ara apstakli ietekmé higrotermalos procesus no iekSpu-
ses siltinatas masivas miira sienas.

3. hipotéze. Vésturiskas miira un akmens sienu siltinasana no iekSpuses ar tvaika
necaurlaidigu siltumizolaciju auksta klimata ir dross energoefektiviates paaug-
stinasanas pasakums.

4. hipotéze. Vésturiskas apbuves saglabaSana nelauj sasniegt pozitivu energobi-
lanci vesturiskajos pilsétas kvartalos.
lepriekSminétas hipotézes tika pétitas ar dazadam zinatniskas izpétes meto-

dém, kas sikak atspogulotas zinatniskajas publikacijas.

1. hipotéze. Vésturiskiem kiegeliem ir at$kirigas higrotermalas ipasibas, un tas
ietekmeé higrotermalos procesus no iekSpuses siltinatas masivas mira sienas.

1. Zinatniskas literaturas analize.
40 vesturisko kiegelu paraugu savaksana un higrotermalo ipasibu testésana.
Datorsimulacijas rika Delphin failu izveidoSana.
Testéto kiegelu klasteru veido$ana.
Datorsimulacija ar miira arsienam no testétajiem kiegeliem un siltinasanu no
iekSpuses ar kapilari aktivu siltumizolacijas materialu.

Izmantotas izpétes metodes un iegutie rezultati ir aprakstiti Sadas publikacijas.
¢ A publikacija (Freimanis R., Zundans Z., Balins R., Blumberga A. un Vanaga R.

(2021). Hygrothermal Properties of Historic Bricks From Various Sites of Latvia

ukhwbN
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[Data set]. Zenodo. https://doi.org/10.5281/zenodo.5575101) Publikacija ir datu
kopa, kura ir ieklauti 40 dazadu Latvijas vésturisko kiegelu (no 17. lidz 20.
gadsimtam) paraugu higrotermiskos parametru testésanas rezultati. Kiegelu
paraugu higrotermisko parametru noteik$anai tika izmantotas standarta méri-
jumu metodes ar daZiem pielagojumiem. legiitie parametri izmantoti, lai izvei-
dotu materialu failus simulacijas rika Delphin.

e B publikacija (Freimanis R., Blumberga A., Vanaga R., Zundans Z., Evaluation of
the Impact of Bricks of Various Characteristics on Internally Insulated Masonry
Walls in Cold Climate, Buildings 2023, 13 (10), 2529, https://doi.org/10.3390/
buildings13102529 ). Si pétijuma galvenais mérkis bija klasterét Latvija atrastos
40 veésturiskos kiegelus, kas tika testéti ieprieks$eja publikacija. Tas tika veikts,
izmantojot kiegelu higrotermiskas ipasibas un Delphin simulacijas rezultatus.
Higrotermisko ipasibu klasterizacijas rezultati tika savstarpéji parbauditi ar
Delphin simulacijas datu klasterizacijas rezultatiem. Divas no devinam kopam
ietver 67,5 % no visiem paraugiem, Cetros klasteros bija tikai viens paraugs,
citas kopas - divi, tris un Cetri paraugi.

e C publikacija (Freimanis, R., Zundans, Z., Balins, R., Vanaga, R., Blumberga, A.,
Finding the Generic Hygrothermal Properties of Historical Bricks by Supervised
Agglomerative Clustering, Environmental and Climate Technologies, 2022, 26 (1),
pp. 1234-1243. https://doi.org/10.2478/rtuect-2022-0093). S1 pétijuma mérkis
bija noveértet tvaika caurlaidigas kapilari aktivas kalcija silikata siltumizolacijas
sistémas ietekmi uz dazadu vésturisku kiegelu miira higrotermisko uzvedibu
auksta klimata ar limi un bez tas, ja siltinasana tiek veikta no telpas puses.
Skaitliskajos eksperimentos tika izmantoti A un B publikacijas aprakstito testu
rezultati par 40 vésturisko kiegelu higrotermalajam Ipasibam. Pétijuma tika
noveértéta kiegelu veida, kalcija silikata lietoSanas kvalitates un auksta klimata
ietekme uz higrotermisko uzvedibu. Rezultati rada, ka temperatiras uzvediba
ir lidziga visiem sienu tipiem, turpretim mitruma uzvediba ir vérojama liela
atskiriba.

2. hipotéze. Klimatiskie ara apstakli ietekmé higrotermalos procesus no ieks-
puses siltinatas masivas miura sienas.

1. Zinatniskas literatiiras analize.

2. Siltinasanas sistému laboratorijas testi un datorsimulacijas konstantos

apstaklos.

3. Siltinasanas sistéemu laboratorijas testi un datorsimulacijas dinamiskos
apstak]os.

4. Jauna siltumizolacijas materiala testéSana izmantoSanai siltinasanai no
iekSpuses.

Izmantotas metodes un iegitie rezultati ir publicéti $adas publikacijas.

e D publikacija (Biseniece, E., Freimanis, R., Purvins, R., .Pumpurs, A., Blumberga,
A., Study of Hygrothermal Processes in External Walls with Internal Insula-
tion, Environmental and Climate Technologies, 2018, 22 (1), pp. 22-41. https://doi.
org/10.1515/rtuect-2018-0002). Saja pétijuma tika veikta higrotermalas simu-
lacijas rezultatu salidzinaSana ar eksperimentalajiem rezultatiem, kas iegiti
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no iekSpuses siltinata vésturisko kiegelu mira testé$ana. Pétijjums veikts ar
Cetriem siltumizolacijas materialiem (mineralvate, EPS, kokskiedra un granu-
léts aerogels) auksta klimata (videji 4000 apkures gradu dienu). Rezultati rada,
ka ir atSkiribas starp izmeéritajiem un simulétajiem pétito konstrukciju higro-
termiskajiem raditajiem, un to célonis ir atSkiribas starp izmantoto materialu
parametriem un sakotnéjiem apstakliem.

¢ E publikacija (R. Freimanis, R. Vanaga, V. Balodis, Z. Zundans, A. Blumberga,
Hygrothermal assessment of insulation systems for internal insulation of solid
masonry walls under various conditions, Buildings 2023, 13 (10), 2511; https://
doi.org/10.3390/buildings13102511). Saja pétijuma novértéta masivu miira sienu
higrotermiska veiktspéja ar 17 siltumizolacijas sistémam, kas paklautas daza-
diem aréjiem robezapstakliem, ieskaitot lidzsvara stavokla ciklu, dinamisku
sausuma ciklu, véja virzitu ciklu un zavésanas ciklu. Eksperimentu laika tika
meérits relativais mitrums un temperatiira zem izolacijas. Papildus tika meéritas
relativas mitruma izmainas miri. Rezultati liecina, ka testétajam siltumizolaci-
jas sistemam ir lidziga siltuma veiktspéja, vienlaikus atSkiriga mitruma veikt-
spéja. Tvaika necaurlaidigdm un tvaiku necaurlaidigam izolacijas sistemam
dazados testa ciklos ir atSkiriga higrotermiska uzvediba atkariba no materiala
tvaika difiizijas pretestibas. Skaitliskas simulacijas ir jutigas pret materialu hig-
rotermalajam ipasibam.

¢ F publikacija (Blumberga A., Freimanis R., Muizniece 1., Spalvins K., Blumberga
D., Trilemma of historic buildings: Smart district heating systems, bioeconomy
and energy efficiency, Energy 2019, 186, art. no. 115741. https://doi.org/10.1016/].
energy.2019.07.071). Saja pétijuma ir novértéta inovativa priezu skuju siltumizo-
lacijas materiala ka iek$g€jas siltumizolacijas materiala lietojamiba vésturiskam
masivam sienam. Rezultati rada, ka pétitais materials ir loti porains, tam ir aug-
sta mitruma parnese, mitruma akumulacijas spéja.

3. hipoteze. Veésturiskas mira un akmens sienu siltinaSana no iekSpuses ar
tvaika necaurlaidigu siltumizolaciju auksta klimata ir droSs energoefektiviates
paaugstinasanas pasakums.

1. Zinatniskas literatiiras analize.

2. Meérijumu veikSana divas ékas, kas siltinatas no iekSpuses ar tvaika necaur-

laidigu barjeru.

3. Higrotermalo procesu datorsimulacija divu €ku arsnienas, kas siltinatas no

iekSpuses ar tvaika necaurlaidigu barjeru.

4. Energijas patérina analize divas ékas, kas siltinatas no iek$puses ar tvaika

necaurlaidigu barjeru.

Izmantotas izpétes metodes un iegutie rezultati ir aprakstiti S$adas publikacijas.
¢ G publikacija (Blumberga, A., Freimanis, R., Biseniece, E., Kamenders, A,

Hygrothermal Performance Evaluation of Internally Insulated Historic Stone

Building in a Cold Climate, Energies, 2023, 16 (2), 866. https://doi.org/10.3390/

en16020866). Si pétijuma mérkis bija veikt higrotermalas uzvedibas ilgter-

mina monitoringu no iekSpuses siltinatas vésturiskai dolomita akmens sienai.

Monitoringa rezultati salidzinati ar 1D higrotermiskam simulacijam un ékas
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energijas patérina simulaciju. Mérjjumu rezultati un higrotermiskais novérte-
jums liecina, ka energijas patérin$ ir samazinajies par 55 %, relativajam mitru-
mam zem izolacijas lielako dalu laika saglabajoties 60 %, bet islaicigi pieaugot
par 80 %. Energijas patérina simulacija parada energijas ietaupijuma potencialu
lidz pat 72 % pareizas energijas parvaldibas gadijuma.

e H publikacija (Freimanis, R., Vaiskunaite, R., Bezrucko, T., Blumberga, A., In-situ
moisture assessment in external walls of historic building using non-destruc-
tive methods, Environmental and Climate Technologies, 2019, 23 (1), pp. 122-134.
https://doi.org/10.2478/rtuect-2019-0009). Saja pétijuma ir veikti in situ mit-
ruma un temperatiiras mérijumi no iekSpuses siltinata kiegelu muri vésturiska
éka Vecriga. Rezultati liecina, ka gada aukstajos ménesos mitruma problémas
nepalielinas - zem iek$éjas siltumizolacijas neveidojas kondensats un nepastav
peléjuma veidoSanas risks. Tomeér ékas fasadi biitiski ietekmeé klimatiskie laik-
apstakli, un lietus laika palielinas mira mitrums.

4. hipoteze. Vésturiskas apbiives saglabasana nelauj sasniegt pozitivu energo-
bilanci vésturiskajos pilsétas kvartalos.

1. Zinatniskas literatiiras analize.

2. Daudzkritériju analize par vésturiska kvartala pareju uz pozitivu energijas
kvartalu no arhitektiras un éku energoefektivitates aspektiem.

3. Energijas bilances vértéjums vésturiska kvartala parejai uz pozitivu energi-
jas kvartalu.

Izmantotas metodes un rezultati ir atspoguloti $aja publikacija.

e [ publikacija (Blumberga, A., Vanaga, R., Antuzs, |., .Bondars, E., Treija, S., Is the
High Quality Baukultur a Monkey Wrench in the Global Climate Challenges?
Environmental and Climate Technologies, 2019, 23 (3), pp. 230-244. https://doi.
org/10.2478/rtuect-2019-0092). Saja raksta ir aprakstita dubulta daudzkritériju
analize, novertejot pilsétu kvartalus gan no energoefektivitates, gan kult-
ras mantojuma perspektivas. Piedavatie daudzkritériju analizes kritériji, lai
novertetu kultiiras mantojumu, dzivotspéju un energoefektivitates potencialu,
raksturo pilsétas kvartala specifiskas ipasibas. legiitie rezultati liecina, ka
kvartaliem ar augstaku kultiirvértibu ir mazaks energoefektivitates potencials,
un otradi.

e ] publikacija (Blumberga, A., Vanaga, R., Freimanis, R., Bondars, E., Treija,
S., Transition from traditional historic urban block to positive energy block,
Energy, 2020, 202, 117485. https://doi.org/10.1016/j.energy.2020.117485). Péti-
jums ir vérsts uz pareju no tradicionala pilsétas kvartala uz pozitivas energi-
jas kvartalu pilsétas vésturiska centra vidé. Taja analizéti energijas patérina
dati un izstradata koncepcija par iespéjam samazinat energijas patérinu, ka ar1
kvartala razot atjaunojamo energiju un atgit siltumenergiju no datu centriem
un dzeséSanas blokiem. Rezultati liecina, ka, lai sasniegtu pozitivu energijas
kvartalu, nepiecieSami loti ambiciozi energoefektivitates uzlaboSanas merki.
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Darba zinatniska novitate

e Veikta Latvijas vesturisko eku kiegelu higrotermisko parametru testéSana
un klasteru veidoSana.

¢ Veikta dazadu siltumizolacijas materialu un sistému testésana laboratorijas
apstaklos par izmantoSanu siltinasanai no iekSpuses vesturiskas mira ékas
auksta klimata

o Veikti ilgtermina in-situ mérijumi par vésturisko akmens arsienu siltinasanu
reala eka auksta klimata.

e Izstradata dubulta daudzkritériju analize, ar kuru veikta vésturiska pilse-
tas kvartala atlasiSana péc kultirvésturiskajiem un energoefektivitates
kritérijiem

o Veikts novértéjums par pozitivas energijas bilances kvartala izveidi kultiir-
vesturiska pilsétvides apbuve.

Darba praktiskais lietojums

Darba iegiitie rezultati ir butiski biivinZenieriem, arhitektiem un citiem spe-
cialistiem, kas saistiti ar eku renovaciju un siltinaSanu. Darba iegilitie mérijumu
un dati atvieglo vésturisko eku un veésturisko eku pilsétas kvartalu energoefekti-
vitates pasakumu risinajumu planosanu un izvéli. Darba izveidotie Latvija iegito
veésturisko kiegelu higrotermalo parametru faili ir pieejami ikvienam specialis-
tam, kas plano veikt siltinamas konstrukcijas matematisko modelésanu. Pétijjuma
iegltie secinajumi un atzinas var palidzét eku Ipasniekiem un apsaimniekotajiem
novértét riskus un ieguvumus, siltinot ékas no iekSpuses. Darba iegiitie rezultati
ir butiski ari politiku veidotajiem ne tikai valsts, bet ar1 pasvaldibu limeni, jo laus
veidot ar eku renovaciju saistitus normativos dokumentus, kas ir zinatnée balstiti.
Tie var bit saistiti gan ar dazadiem konstruktiviem eku siltinaSanas risinajumiem,
gan arl ar pilsétu kvartalu parveidoSanu par pozitivas energobilances kvartaliem.

Darba rezultatu aprobacija

Zinatniskas publikacijas par téemu

1. Freimains R., Zundans Z., Balins R., Blumberga A., un Vanaga R. (2021).
Hygrothermal Properties of Historic Bricks From Various Sites of Latvia
[Data set]. Zenodo. https://doi.org/10.5281/zenodo.5575101.

2. Freimanis R., Blumberga A., Vanaga R., Zundans Z., Evaluation of the Impact
of Bricks of Various Characteristics on Internally Insulated Masonry Walls
in Cold Climate, Buildings 2023, 13 (10), 2529, https://doi.org/10.3390/
buildings13102529

3. Freimanis, R., Zundans, Z., Balins, R., Vanaga, R., Blumberga, A., Finding the
Generic Hygrothermal Properties of Historical Bricks by Supervised Agglo-
merative Clustering, Environmental and Climate Technologies, 2022, 26 (1), pp.
1234-1243. https://doi.org/10.2478/rtuect-2022-0093.
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4. Biseniece, E., Freimanis, R., Purvins, R., Pumpurs, A., Blumberga, A. Study
of Hygrothermal Processes in External Walls with Internal Insulation,
Environmental and Climate Technologies, 2018, 22 (1), pp. 22-41. https://doi.
org/10.1515/rtuect-2018-0002.

5. Freimanis R., Vanaga R., Balodis V., Zundans Z., Blumberga A. Hygrothermal
assessment of insulation systems for internal insulation of solid masonry
walls under various conditions, Buildings 2023, 13 (10), 2511; https://doi.
org/10.3390/buildings13102511.

6. Blumberga A., Freimanis R., Muizniece 1., Spalvins K., Blumberga D. Tri-
lemma of historic buildings: Smart district heating systems, bioeconomy and
energy efficiency, Energy 2019, 186, art. no. 115741. https://doi.org/10.1016/].
energy.2019.07.071.

7. Blumberga, A., Freimanis, R., Biseniece, E., Kamenders, A. Hygrothermal Per-
formance Evaluation of Internally Insulated Historic Stone Building in a Cold
Climate, Energies, 2023, 16 (2), 866. https://doi.org/10.3390/en16020866.

8. Freimanis, R., Vaiskunaite, R., Bezrucko, T., Blumberga, A. In-situ moisture
assessment in external walls of historic building using non-destructive
methods, Environmental and Climate Technologies, 2019, 23 (1), pp. 122-134.
https://doi.org/10.2478/rtuect-2019-0009.

9. Blumberga, A., Vanaga, R., Antuzs, ]., .Bondars, E., Treija, S. Is the High
Quality Baukultur a Monkey Wrench in the Global Climate Challenges? Envi-
ronmental and Climate Technologies, 2019, 23 (3), pp. 230-244. https://doi.
org/10.2478/rtuect-2019-0092.

10.Blumberga, A., Vanaga, R., Freimanis, R., ...Bondars, E., Treija, S. Transition
from traditional historic urban block to positive energy block, Energy, 2020,
202, 117485. https://doi.org/10.1016/j.energy.2020.117485.

Promocijas darba rezultati prezentéti tris starptautiskajas zinatniskajas

konferences.

1. Starptautiska zinatniska konference “Vides un klimata tehnologijas”,
CONECT, 2022, Riga, Latvija.

2. Starptautiska zinatniska konference “Vides un klimata tehnologijas”,
CONECT, 2020, Riga, Latvija.

3. Starptautiska zinatniska konference “Vides un Kklimata tehnologijas”,
CONECT, 2019, Riga, Latvija.
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Darba struktiira un apjoms

Promocijas darba pamata ir 10 tematiski vienotas zinatniskas publikacijas. Sis
publikacijas ir prezentétas un pétijumu rezultati aprobeéti vairakas starptautiskas
konferences, ka ari tas ir pieejams zinatniskajas informacijas kratuvés un ietvertas
starptautiskajas datubazes. Promocijas darbs rakstits latvieSu valoda, ta struktiira
ir balstita izpéte par vésturisko éku energoefektivitati, ko veido cetras galvenas
témas (1. att.).

1. Vesturisko éku buvmateriali un konstrukcijas.

2. Siltumizolacijas materiali un sistémas.

3. lekséjas siltinasanas lietojums vésturiskas ekas.

4. Pozitivas energijas bilances kvartals vésturiska pilsétvide.

Datu kopa ar 40 kiegelu higrotermalo parametru

testu rezultatiem hidaila
% Vesturisko eku m.a}terléll Testéto kiegelu klasteru veidosana B publikacija
g un konstrukcijas
o Datorsimulacija mira sienam no 40 kiegelu veidiem ———
% e mx R ’ C publikacija
13 ar siltinasanu no iekSpuses
EY]
%]
5 4 siltumizolacijas sistému testi D publikacija
2 . R -
i Siltumizolacijas materiali 17 siltumizolacijas sistému testi E publikacija
> un sistémas
w
g Inovativa siltumizolacijas materiala vértésana F publikacija
3
17 oo z z
) L Dolomita miira ékas siltinasana no iek$puses G publikacija
S leks$éjas siltinasanas P p )
o q q _ .
7| lietojums vesturiskas ekas Kiegelu ékas siltina$ana no iek$puses H publikacija
<)
(=}
= B - Energoefektivitates un vésturiskas vértibas PR
Pozitivas energijas ietekmes novertaiums I publikacija
bilances kvartals )
vesturiska pilsétvide Energoefektivitates potenciala noteik$ana kvartala ] publikacija

1. att. Promocijas darba tematiska struktira.

Promocijas darba ir ievads, tris nodalas, secinajumi, izmantotas literatiras
saraksts. Promocijas darba ievada definéts darba meérkis un ta istenoSanai veica-
mie uzdevumi, aprakstita pétijuma zinatniska un praktiska nozime. Pirmaja nodala
sniegts literatiiras apskats par pétamajam témam. Otraja nodala izklastitas péti-
jumu metodes, kas saistitas ar vésturisko éku energoefektivitati un Cetram izpétes
apakstémam (1. att.). TreSaja nodala apskatiti pétijumu rezultati. Promocijas darba
nosléguma apkopoti giitie secindjumi atbilstosi definétajam hipotézém. Promocijas
darba literatiras saraksta ir 59 nosaukumi.
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1. IZMANTOTA METODIKA

Saja nodala aprakstitas darba izmantotas zinatniskas izpétes metodes. Tas
detalizeti ir atspogulotas zinatnisko Zurnalu publikacijas un prezentétas starp-
tautiskas konferencés, un atsauces uz Sim publikacijam (skat. publikaciju sarakstu
ievada nodala) ir izmantotas visa nodala. Darba izmantotas dazadas zinatniskas
izpetes metodes, t. sk. matematiska modeléSana, materialu un konstrukciju testeé-
Sana laboratorija un mérijumu veikSana realas €kas, ka ari daudzkritériju analizes
metode.

1.1. Vesturisko éku materiali un konstrukcijas

Lai varéetu veikt datorsimulacijas arsienu siltinasanai no iekSpuses, nepiecie-
Sami izejas parametri par katra simulacija izmantotad materiala higrotermalajam
ipaSibam. Simulacijas rezultatu precizitate ir atkariga no ievades datu atbilstibas
konkrétajai sienai, tapec materialu parametru vértibam jabut péc iespéjas tuva-
kiem pétamas sienas parametru vértibam. Saja pétijuma izmantota datorprog-
ramma Delphin, kas izstradata Drézdenes Tehniskaja universitate.

Pétijuma gaita tika veikta 40 vésturisko kiegelu paraugu vaksana no dazadiem
Latvijas regioniem. Paraugi tika vakti, mekléjot ékas, kas tiek renovétas vai nojauk-
tas, vai ar1 ir sabrukusas. Paraugu maksimalo skaitu noteica laboratorijas testésa-
nas kapacitate.

Pétijuma pirmaja posma tika veikta savakto paraugu higrotermalo ipasibu tes-
téSana. 1.1. tabula apkopotas savakto kiegelu paraugu standartizétas testésanas
metodes, kas izmantotas pétijuma [4].

1.1. tabula
Kiegelu paraugu testésanas metodes, kas izmantotas pétijuma

Blivums EN 772-13:2000. Mira elementu testéSanas metodes. Mira elementu (iznemot
dabiga akmens) neto un bruto sausa blivuma noteikSana

Porainiba EN 772-3:1998. Miira elementu testéSanas metodes. Mala miira elementu neto
tilpuma un procentualo tuk§umu Ipatsvara noteik$ana, veicot higrostatisko
svérsanu

Tvaika CUP testi (p vértibas). EN ISO 12572:2001 - Bivmaterialu un izstradajumu

caurlaidiba higrotermiskas Ipasibas - Udens tvaika caurlaidibas ipa$ibu noteik$ana

Udens uzsiice SO 15148:2002, 2002. Bivmaterialu un izstradajumu higrotermiska veikt-
spéja - udens absorbcijas koeficienta noteikSana ar daléju iegremdésanu

Lai varetu izveidot nepiecieSamos failus datorprogrammai Delphin, tika veiktas
dazas novirzes no testésanas standartiem saskana ar Drézdenes Tehnologiju uni-
versitates izstradatajiem testéSanas aprakstiem. Izmantotas metodes aprakstitas
1.2. tabula.
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1.2. tabula
TestéS$anas metodes saskana ar Drézdenes Tehniskas universitates
testéSanas aprakstiem

Mitruma Higroskopiskas sorbcijas un iidens akumulacijas Ipasibas tiek testétas

akumulacija péc Drézdenes Tehnologiju universitate izstradatas metodes, tas
pamata ir DS/EN ISO 12571:2013 Buvmaterialu un izstradajumu higro-
termiskas Ipasibas - Higroskopisko sorbcijas ipasibu noteik$ana un
DS/EN ISO 11274 Augsnes kvalitate - Udens aizturésanas ipasibu
noteikSana - Laboratorijas metodes

Zasanas likne Drézdenes Tehnologiju universitaté izstradata neizotermiska kombi-
néta tvaika un skidruma parneses testéSanas metode

Siltumietilpibaun  Siltuma impulsu tehnologija ar ISOMET iekartu
siltumcaurlaidiba

Nakamaja soll iegiitie testéSanas rezultati tika izmantoti klasteru veidoSana,
izveidojot hierarhijas klasterizacijas dendrogrammu, kas veidota ar aglomerativas
klasterizacijas metodi. Paraugu klasterésanai tika izmantota masSinmacibas (ML)
klasterizacijas analize ar Jupyter Lab [5]. Klasterizacijas veik$anai tika izmantotas
Python bibliotékas no SciKit Learn. Izmantotas Python bibliotékas, tostarp Sklearn
un Matplotlib. Sklearn pamata ir NumPy un Scipy, un to izmanto klasterizacijas pro-
cesa aprekiniem [6]. Matplotlib tiek izmantots rezultatu vizualizacijai, ieskaitot
dendrogrammu. Pirms Kklasterizacijas visi datu ieraksti tiek normalizéti ar Stan-
dardScaler funkciju, kas iebuiveta Sklearn bibliotéka. Datu normalizéSana ir nepie-
cieSama, lai daZziem datiem nebutu lielaks svars neka citiem rezultatiem. Veicot
klasterizacijas analizi, tiek generéti visi iespéjamie klasteru skaitiSanas risinajumi,
kas nozimeé, ka spektra viena gala visi paraugi atrodas viena liela klasteri, bet spek-
tra otra pusé katrs paraugs veido atsevisku klasteru [7].

Materisls  OutputFles O

Surfaces/Boundaries

s P=1

Inside
| outside

Surfaces/Boundaries Cimate

1.1. att. Simulacijas modelis, kas izmantots 40 sienu veidu salidzindjumam.
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Izveidotie Delphin faili tika izmantoti nakamaja pétijuma soli, lai varétu veikt
datorsimulaciju programmatiira Delphin ar 40 testétajiem kiegeliem, no kuriem
veidots muris, kas no iekSpuses siltinats ar kalcija silikatu. 1.1. attéela redzama
modeléta arsienas struktiira ar kiegelu miri (0,25 m) un kalcija silikata siltumizo-
laciju (0,05 m). Tika veiktas divas simulacijas katram no 40 mira veidiem ar un bez
limes zem izolacijas materiala [8].

Ara klimatam izmantoti Latvijas Vides, geologijas un meteorologijas centra
apkopotie dati par 2022. gadu, kas iegiiti no Latvijas Universitates meteorologiskas
stacijas [9]. lekStelpu klimata apstakli tiek iestatiti ka ara temperatiras funkcija.
Simulacijas periods ir tris gadi.

1.2. Siltumizolacijas materiali un sistémas

Saja pétijuma apak$nodala veiktie laboratorijas testi veikti klimata kameras
(ara klimata kamera un telpas klimata kamera), kas atrodas laboratorija [10],
[11]. Testa paraugi ir iebuveti testa siena, kas testéSanas laika tiek novietota starp
abam kameram, lai kontrolétos apstaklos varétu veikt testus (1.2. att.). Ara klimata
kamera simulé ara apstaklus, dinamiski kontrol€jot kameras temperatiru, relativo
mitrumu, véja dzitu lietu un saules starojumu. Telpas klimata kamera simulé ieks-
telpu apstaklus, Saja kamera tiek nodrosinats nepiecieSamais mikroklimats, mainot
relativo mitrumu un temperatiru. Ara klimata kamera ir aprikota ar udens izsmi-
dzinasanas un savaksanas sistému konstrukcijas aréja puse, lai simulétu véja dzita
lietus ietekmi (kad lietu dzen véjs, liels idens daudzums iedarbojas uz vertikalam
virsmam). Sistéma ir devinas sprauslas, pa vienai katram sienas paraugam, siiknis,
plastmasas caurules tidens sadales sistémai un Gidens savaksSanas sistémas. Saules
starojuma simulacijas lampas imitéja saules iedarbibu.

Skats no prieksas

Klimata kamera Nr. 1. Testa siena: Klimata kamera Nr. 2. Apimejumi:
Ara apstakli 9 paraugi lek3telpas apstakli
e Temperatira 3% 3 resgi e Temperatiira Dzesé$anas iekarta
® Relativais mitrums e Relativais mitrums
e Lietus U Silditajs
e Saule

Saules imitators

Udens sprauslas

Udens notekas

Gaisa sausinatajs

Gaisa mitrinatajs

Kiegelu sienas

1zolacijas materiali

® o

1.2. att. Klimata kameru shematiskais attélojums.

Riteni

eEgmr >
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Relativais mitrums starp izolacijas slani un miri tika merits, izmantojot
Honeywell HIH 4000 sérijas mitruma sensorus. Zem izolacijas slana tika uzstaditi
mitruma sensori kopa ar K tipa termopariem. Katra parauga sensori méra apstak-
lus starp izolacijas slani un miira sienu, kur pastav ievérojams kondensacijas risks.
Campbell Scientific CR1000 datu registrétajs ieraksta datus datora. Mérijumu laika
intervals ir 1 min.

Viena no pétijuma posmiem tika testétas 18 siltumizolacijas sistémas. Katra
sistéma sastav no siltumizolacijas materiala ar tvaika barjeru vai bez tas, limes
un aréjas apdares (dazam sistemam tas nav). Dazas sistémas tika uzbuvetas péc
razotaja noradijumiem (mineralvate ar tvaika barjeru, EPS (divi veidi), XPS, PIR
ar Sika cementa kartu un stikla Skiedras tiklu, korkis, aerogela sega). Citas sisté-
mas ar noliku tika veidotas atSkirigi no instrukcijam, lai parbauditu materialu
higrotermisko uzvedibu, pieméram, tvaika caurlaidigi materiali tika uzstaditi bez
tvaika barjeras: akmens vate, keramzits, celuloze, tris veidu kokskiedras plaksnes
ar dazadu blivumu un évelskaidu plaksne bez aréjas apdares. Siltumizolacijas
materialiem ir dazada izcelsme, un tie ietver gan tvaika necaurlaidigus, gan tvaiku
necaurlaidigus materialus. GipSa apmetums tika izslégts no rezultatiem, jo rela-
tiva mitruma sensors testu laika nedarbojas. Testos izmantotas siltumizolacijas
sistémas ir no neorganiskiem mineraliem iegiiti materiali: mineralvate ar tvaika
barjeru, akmens vate, keramzits, gipSa apmetums un aerogela sega. Materiali,
kas ir atvasinati no organiska fosila kurinama, ir EPS (divi veidi), XPS, PIR ar Sika
cementa slani un stikla Skiedras tiklu (no arpuses), PIR ar aluminija segumu un VIP.
Biologiskie augu/dzivnieku izcelsmes materiali ir celuloze, tris veidu kokskiedras
platnes ar dazadu blivumu: korka, keramzita un évelésanas skaidu plaksne. Mate-
rialu ipasibas tika iegiitas no razotaja tehniskajam datu lapam vai tieSi sazinoties
ar razotajiem. Pieejama informacija bija par materiala siltuma ipasibam, pieméram,
siltumvaditspéju A, citu parametru, pieméram, Iipatnéjo siltumu vai tvaika pretes-
tibu, dazu izstradajumu tehniskajas datu lapas trika.

Katra siltinaSanas sistéma tika piestiprinata pie miira parauga, kas biivéts no
rapnieciski razotiem jauniem kiegeliem (1.3. att.). Lai samazinatu materiala ipa-
$1bu nenoteiktibas ietekmi, tika izmantoti jauni kiegeli. Pirms mérijumu sakSanas
tika veikta kiegelu nostadinasana telpas apstaklos, lai sienu paraugi izzitu.

IEEICN)
L.!.EJEII'

NS

1.3. att. Testa siena ar deviniem miira sienas paraugiem: a) no siltas puses; b) no aukstas puses.
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Ara klimata kameras parametru vértibas visiem cikliem tika balstitas 2014.-
2018. gada laikapstaklu datos, lai atdarinatu ara vides apstaklus. Tie iegiiti no pub-
lisko novérojumu datubazes. Kritérijs meénesa izvelei temperatiiras svarstibu cikla
modeléSanai bija dienas temperatiiras svarstibu lielaka amplitida, tapéc ara gaisa
parametri atbilst maijam (1.4. att.). Eksperimentala plana pamata bija sadi apstakli
kameras:

e telpas klimata kameras temperatiira +20 °C, relativais mitrums 50 %;

e ara klimata kameras temperatira lidzsvara apstaklos +10 °C, relativais mit-
rums 50 %; dinamiskajiem cikliem temperatira un relativais mitrums atbilst
ara ikdienas svarstibam maija (1.4. att.); véja virzits lietus 0,278 1/m?s (piecas
minttes katru dienu), saules starojums 300 W/m? (astonas stundas diena).

._
=1
Temperatira, [ “C]

0:00 2:24 4:48 712 5:36 12:00 14:24 16:48 15:12 21:36 0:00

Relativais mitrums =~ ————- Temperatdra

1.4. att. Diennakts klimata svarstibas maija, kas izvélétas par pamatu dinamiskajam testéSanas
ciklam.

Saja pétijuma posma papildus relativa mitruma un temperatiiras mérijumiem
zem izolacijas tika veikti mira mitruma merijumi ar neinvazivam meériSanas meto-
dém (dielektrisko un mikrovilnu zondi). Neinvazivi mitruma meérijumi testa laika
tika veikti piecas reizes pirms un péc katra testa cikla. Mérijumiem tika izmantots
Trotec T3000. Mitruma meérisanai 20 cm dziJuma tika izmantota mikrovilnu zonde,
2 cm dziluma - ar dielektriska zonde.

Pirmas devinas laboratorija testétas sistémas tika simulétas programma
Delphin lidzsvara stavokla apstaklos, izmantojot lidzigus materialus no esoSas
materialu datubazes. Materiali tika izveléti, pamatojoties uz noradijumiem specifi-
kacijas, ko razotaji nodrosina laboratorijas eksperimenta izmantotajiem originala-
jiem materialiem. Sis simulacijas tika veiktas gan atbilsto$i mainigiem ara klimata
apstakliem, gan nemainigiem apstakliem, lai iegiitu datus un salidzinatu tos ar
meérjjumu datiem, kas iegiti laboratorijas eksperimenta. Simulaciju sakotnéjie
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temperatiiras un relativa mitruma apstakli tika iestatiti ta, lai tie atbilstu eksperi-
menta sakuma izméritajiem, un ara relativais mitrums tika palielinats 11dz 93 %, lai
tas atbilstu apstakliem, kas tiek uzturéeti klimata kamera. Simulaciju laika posms
tika iestatits uz vienu stundu. Katra izolacijas sistéma tika modeléta ari program-
matira Delphin (1.5. att.). Delphin fails tika izveidots testa sienas izmantoto kiegelu
higrotermiskajam Ipasibam.

B S
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1.5. att. Testa sienas paraugs: a) laboratorija; b) Delphin modeli.

1.3. Iekséjas siltinasanas lietojums vésturiskas ekas

Pirmais pétijums veikts viengimenu éka Seces pagasta, Aizkraukles novada,
Latvija [12]. Ta celta 1893. gada ka lauku maja. Péc Otra pasaules kara lidz 21. gad-
simtam éeka bija slikti uzturéta; pagrabs tika izmantots ka lopu novietne, un ta
rezultata tika nopietni bojatas koka sijas un pirma stava segums. 1992. gada eka
tika denacionalizéta, un ipasumtiesibas uz €ku atguva €kas sakotnéja ipasnieka
gimene.

Ekai ir divi stavi ar kopéjo apsildamo platibu 339 m? un tilpumu 870 m?. Pag-
rabstavs (stava platiba 68 m?, tilpums 130 m?) aiznem pusi no ékas platibas dien-
vidaustrumu fasadé un netiek apsildits. Fasades kopéja platiba ir 274 m?, ieskaitot
logus un durvis, bet neskaitot pagraba dalu.

Arsienas ir biivétas no vietéjas izcelsmes dolomita akmens, kas iestradats java.
Pagraba sienam izmantoti ari granita akmeni. Granita skembas izmantotas arl
javas Suvju parklasanai starp dolomita akmeniem (1.6. att.).
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1.6. att. Dolomita akmenu vésturiska éka Seces pagasta: a) ékas galvena fasade; b) akmens
sienas aréja virsma.

Dolomita paraugi no €kas tika iegtti un parbauditi laboratorija, lai noteiktu to
galvenas 1paSibas - blivumu, ipatnéjo siltumietilpibu, siltumvaditspéju, kopéjo
porainibu, kapilaru piesatinajumu, udens tvaika pretestibas koeficientu, udens
uznemsanas koeficientu un mitruma uzglabasanu. Sis vértibas tika talak izman-
totas ka ievades dati, lai raksturotu materiala ipasibas simulacijas programma
Delphin.

Laboratorijas dati tika noteikti, izmantojot virkni testu. Atkariba no testa tika
sagatavoti 3-22 paraugi. Papildus standarta parbaudes metodém tika izmantotas
ari citas metodes.

Ekas energobilances aprékinasanai tika izmantots dinamiskas simulacijas riks
TRNSYS Type 56 (2016). Tika simuléti tris scenariji.

o Bazes linija. Eka pirms abam renovacijam.

o Ekaarieks$gjo izolaciju uz zemes un pirma stava sienam.

o Eka ar papildu energotaupibas pasakumiem (pagraba griestu un jumta silti-

nasana, logu nomaina).

Visu scenariju simulacijas balstijas Sados pienémumos:

o tika izmantoti Latvijas klimatiskie dati;

o iekstelpu temperatira +20 °C, kad €ka tiek izmantota, pieméram, darba die-
nas no rita (no plkst. 6 lidz plkst. 8) un vakara (no plkst. 16 lidz plkst. 23) un
pilnas dienas brivdienas, un +18 °C paréja laika;

o iekstelpu relativais mitrums 50 %; infiltracija 0,05 h™, ar papildu dabisko
ventilaciju logu atvérsanas laika 0,5 h™%; siltuma ieguvumi ir balstiti vértibas,
kas noteiktas standarta EN ISO 13790:2008, visi siltuma ieguvumi ir planoti.

2017. gada decembri ziemelaustrumu fasades arsienas tika uzstaditi temperati-
ras, relativa mitruma, tilpuma tidens satura un siltuma plismas sensori. Viens sen-
soru komplekts tika uzstadits dzivojamas istabas siena, otrs - vannasistabas siena.
Abas sienas tika modernizétas 2015. gada (1.7. att.).
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Eso3ais apmetums (20 mm)

Izolacia (mineralvate 150 mm) keramzits pie
gridas
Tvalka barjera
)] O GipSkartona plaksne 12,5 mm
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C Dolamits, iestradats java (600 mm)

‘ Pirmais stavs
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C Paplasinats kalcijs (250 mm)
iz Y \ i Koka déli (50 mm)

1.7. att. Dzivojamas istabas arsienas un gridas skérsgriezums péc 2015. gada renovacijas.

Papildus uz ziemelaustrumu fasades tika uzstadits piranometrs Campbell CMP3
060271 ar jutibu 11,72 - 107° [V/(W-m™2)]. Sensoru uzstadiSana viesistabai un van-
nasistabai ir vienada, iznemot saules starojuma sensoru. Viens saules starojuma
sensors tika uzstadits 5 m no zemes limena. lekStelpu temperatiras merijumi tika
veikti ar vita para T veida termopariem - Labfacility XE-2342. Temperaturas sen-
sors t1 méra temperatiiru starp dolomita sienu un izolacijas slani, t2 méra tem-
peratiiru starp izolacijas slani un tvaika barjeru. Sie sensori tika uzstaditi 1,8 m
augstuma no gridas, kas atbilst 4 m no zemes limena. RH1-2 méra relativo mitrumu
tajas pasas vietas, kur temperatiras sensori. Honeywell HIH-4000-002 meérijumu
RH precizitate bija = 3,5 %. Siltuma pliisma sienas tika mérita ar Hukseflux siltuma
plismas sensoriem. Tilpuma tdens saturs tiek merits, izmantojot laika doména
(TDR) reflektometru Campbell CR616, ar precizitati + 2,5 % no tilpuma tdens
satura (VWC) un darba temperatiiru no 0 °C lidz 70 °C. CR616 ir uzstadits 3,5 m no
zemes limena. Datu registrésanai tika izmantoti tris datu registrétaji: divi Camp-
bell Scientific CR1000 datu registrétaji (viens viesistaba, viens vannasistaba); viens
Campbell Scientific CR800 datu registrétajs (arpusé). Visiem mérijumiem tika veikts
30 minasu laika posms. Dati no datu registrétajiem tika periodiski savakti.
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Lai novértétu ékas arsienu higrotermisko uzvedibu ar ieks$éjo izolaciju, tika
izmantota simulacijas rika Delphin 6.1. versija un Glazera metode. Delphin prog-
rammatura ir simulacijas programma viendabigiem slaniem, lai modelétu siltuma
un mitruma masas transportéSanu un uzglabasanu materialos. Glazera metodi
izmanto, lai noteiktu apstaklus dazados sienas slanos konkrétos iekstelpu un ara
apstaklos. Simulacija tika izmantoti programmatiiras lietotaja ievaditie klima-
tiskie dati. IekStelpu robezapstakliem (temperatira un relativais mitrums) tika
izmantoti dati, kas iegtti no in-situ mérijjumiem. Laikapstak]u dati, pieméram, ara
temperatiira, relativais mitrums, véja atrums un virziens, stundas lietus summa un
gaisa spiediens, tika nemti no meteorologiskas stacijas “Skriveri”, kas atrodas 20
km attaluma no gadijuma izpétes €kas, savukart saules starojuma dati tika nemti
no meteorologiskas stacijas “Riga-Universitate”, kas atrodas 100 km no gadijuma
izpétes ékas. Abas meteorologiskas stacijas apkalpo valsts SIA “Latvijas Vides, geo-
logijas un meteorologijas centrs”. GipSkartona un mineralvates materialu Ipasibas
tika importetas no Delphin materialu datubazes. Ka pretestiba starp materiala sla-
niem tika pievienota tvaika barjera (S, = 2,3 m). Dolomita 1pasibas tika importétas
modeli ka jauna materiala fails, izmantojot laboratorisko parbauzu laika iegutas
vértibas. Ta¢u janem veéra tas, ka sienu nesosa dala ir veidota no neviendabigiem
dabas materialiem. Par to $1 pétijjuma laika liecina ari laboratorisko parbauzu
rezultati.

Otrais pétijums tika veikts trisstavu dzivojama eka ar papildu béninu stavu
un vienu pazemes stavu [13]. Eka celta 1880. gada un atrodas Rigas vésturiskaja
centra, aptuveni 150 m no Daugavas (1.8. att.). Ekas platiba ir 120,9 m?, baves til-
pums - 1511 m?. Ekai ir divas blakus eso$as ekas, viena - ékas ziemelrietumu (ZA),
otra - ekas ziemelaustrumu (ZA) pusé. Abas blakus esosas ékas ir par vienu stavu
augstakas neka gadijuma izpétes éka. Ekas dienvidrietumu (DR) pusé ir galvena
fasade ar ieeju no ielas. Uz DA veérsta fasade ir lielaka atvéerta zona ara laikapstak-
liem, pieméram, véja izraisitam lietum, saules starojumam un véjam. Briva telpa
starp DA fasadi un nakamo €ku $aja virziena ir 15 m, Sai blakus €kai ir vienads
augstums ar gadijuma izpétes eku. Apméram pirms 10 gadiem pirma stava dzi-
vokla 1paSnieks uz DA sienas ir ierikojis iek$€jo izolaciju no stikla vates (0,05 m).

1.8. att. Vesturiska kiegelu éka Vecriga: a) atrasanas vieta; b) dienvidaustrumu fasade.
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Iespéjamo mitruma avotu noteikSanai arsienu miri izmantotas kvalitativas un
kvantitativas metodes. Kvalitativa analize ietver tieSu eékas novérosSanu, lai iden-
tificetu esosas sabruksanas pazimes un mitruma raditos bojajumus. Kvantitativa
metode ietver mitruma sadalijjuma noveértéSanu €kas arsienu relativajas skalas.
Sienas mitrums tika merits no arpuses. Sienu mitruma meérijumi no iekSpuses bija
ierobezoti ieksejas izolacijas dél. Mitruma noveértéjums tika veikts divos dzilu-
mos - 2 cm un 20 cm dziluma miri (ieskaitot apmetumu). Siem mérijumiem tika
izmantota daudzfunkcionala mérierice Trotec T3000. Trotec T3000 tika izmantots
ar divu veidu merisanas zondém dazadiem meérijumu dzilumiem: dielektrisko zondi
TS 660 SDI - 2 cm dzilumam; mikrovilnu zondi TS 610 SDI - 20 cm dzilumam. Gan
dielektrisko, gan mikrovilnu zondi izmanto mitruma sadalijuma mérijumiem rela-
tiva méroga un nevar tiesi salidzinat viens ar otru. Monitoringa nolikos izmérita
dienvidaustrumu virziena siena tika sadalita mazakos kvadratos, veidojot rezgi,
katrs no tiem - aptuveni 0,4 m lidz 0,4 m. Tas pats rezgis tika izmantots atkarto-
tiem mitruma meérijumiem noteikta laika perioda.

Sienu mitruma meérijumi tika iesakti rudeni (2018. gada 21. septembri) un
turpinajas lidz pavasarim (2019. gada 5. martam). Monitoringa perioda sienu mit-
rums tika mérits piecas reizes. Monitoringa sistéma saka vakt datus 2018. gada 20.
novembrl. Monitoringa sistéma ietvera relativa mitruma un temperatiras monito-
ringu starp arsienas izolacijas slaniem. Relativa mitruma un temperatiiras monito-
rings starp izolacijas slaniem tika veikts, izmantojot Honeywell HIH 4000-002 un T
tipa PFA izolétu dubulto vita para termopara kabeli. So sensoru datu registré$anai
tika izmantots datu registrétajs Campbell CR1000. Monitoringa sistémas ievieto-
Sanai iek$éji izolétaja siena tika izurbts neliels caurums 27 mm diametra. Kopuma
izolacijas slanos tika uzstaditi divi relativa mitruma un divi temperatiiras sensori.
Sensori tika uzstaditi pa pariem (relativa mitruma sensors kopa ar temperati-
ras sensoru). Sensoru pari tika uzstaditi 20 cm zem cauruma, viens paris - starp
sienu un izolaciju, otrs paris - starp izolaciju un gipsSkartona plaksni. Papildus tika
meérita temperatiira un relativais mitrums pie izolétas sienas iek$éjas virsmas. Péc
relativa mitruma un temperatiiras sensoru ievietoSanas caurums tika atkartoti
aizpildits ar mineralvati un gipskartona plaksni. Lai izvairitos no papildu mitruma
pievienoSanas izolacijas sistémai caur griezumu un saglabatu piekluvi sensoriem,
cauruma aizklasanai netika izmantots apmetums. Ta vietd gipskartona plaksne
tika noslégta ar maskésSanas lenti un papildus parklata ar tvaiku necaurlaidigu alu-
minija limlenti. Tika izmantoti tuvakas meteorologiskas stacijas laikapstak]u dati.
Meteorologiska stacija atrodas Latvijas Universitaté, un datus parvalda Latvijas
Vides, geologijas un meteorologijas centrs.

1.4. Pozitivas energijas bilances kvartals véesturiska pilsetvide

Vésturiski celtam bivem ir daudzi nacionali un globali nozimigi kultiras
vertibu slani un dimensijas. Lidz ar to uzdevums parveidot vesturisko pilsétas
kvartalu par pozitivas energobilances kvartalu ir tikpat sarezgits ka pats pil-
sétas buvapjoms. ST pétljuma metodologija ir sakartota se$os secigos posmos:

kvartala izvéle; energoefektivitates potenciala novértésana; datu analize; planoto
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pasakumu apzinasana un izvéle; novértésana; secinajumi [14]. Vésturiska centra
pilsétas kvartala dekarbonizacijas stratégija pozitivas energobilances kvartala
koncepcija izstradata, nemot véra divus aspektus - energoefektivitati un kultiiras
mantojumu. Katra pétijuma metodologijas posma nemta véra abu pusu perspek-
tiva. Parasti energoefektivitates scenariji tiek sverti, izmantojot izmaksu un iegu-
vumu analizi un CO, dzives cikla analizi. Saja pétijuma izveértéjums papildinats
ar energoefektivitates pasakumu ietekmes uz kultiiras mantojumu novértéjumu.
Komforta paaugstinasana vésturiskajas €kas un jaunu elementu pievieno$ana tiek
uzskatita par ielauSanos veésturiskaja celtné. Talakai diskusijai svarigi izvertet,
vai piedavatais projekts paaugstina dzives kvalitati pilsetas kvartala un kada ir
ta ietekme uz vésturiska mantojuma vértibam. Tris dazadas veértésanas analizes
metodes ilustré dazadas iespéjamas perspektivas un kalpo par pamatu diskusijai
starp profesionaliem - vides inZenieriem, arhitektiem, vietéjiem pilsétplanotajiem
un varas iestadém, ka ari plasakai sabiedribai par to, ka atrast lidzsvaru starp kli-
mata parmainu seku mazinasanas pasakumiem un kultiiras mantojuma saglaba-
$anu, cela uz zemu oglekla emisiju sabiedribu.

Pétljuma ir izstradata un lietota pilsétas kvartala atlases metodika ar vislielako
potencialu sasniegt pozitivu gada energobilanci. Ta ir piemérojama jebkurai blivi
apbuvetai pilsétvidei. Pétijuma pirma sola meérkis ir izveleties kvartalu viedai
pilsétvides atjaunoSanai. Pétjjumam ir divi vienlidz svarigi merki, tapec kvartala
izvéle tiek izskatita no divam perspektivam - ta energoefektivitates potenciala
un augstas celtniecibas kultiiras kvalitates un apdzivojamibas pilsétas kvartalos.
Kvartala izvéle tika balstita daudzkritériju analizé, kur iespéjamas alternativas
tiek izvertétas atbilstosi mérkim svarigu kritériju kopai [15], [16]. Pétijums tika
veikts tris posmos (1.9. att.).

v

2.FAZE

ALTERNATIVU IZVELE NO DAZADAM PERSPEKTIVAM
leinteresétas persona

Daudzkritériju analize atbilstoSi konkrétam apakSmérkim “Energoefektivitate”
¢ Daudzkritériju analize atbilstosi konkrétam apakSmérkim “Kultiiras mantojums
un dzivotspéja”
Daudzkritériju analize atbilstoSi konkrétam apakSmeérkim “Investicijas”
Daudzkritériju analize atbilstosi konkrétam apaksmeérkim “Pasvaldibas
attistibas preferences”

1.9. att. Pétijuma metodika.
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Vispirms tiek apzinats lemumu pienemsanas konteksts, definéti mérki un izvei-
dota lémumu pienemsSanas hierarhija. Péc tam atbilstoSi iesaistito ieintereséto
personu skaitam tiek izstradatas vairakas daudzkritériju analizes metodes kopas.
Saja pétijuma tiek apliikota “Energoefektivitate” un “Kultiiras mantojums un dzi-
votspéja”. Alternativas tiek sarindotas atbilstoSi katras analizes apakSmérkiem,
katrai ieinteresétajai pusei nosakot labako alternativu. Nosléguma rezultati tiek
salidzinati un pienemti galigie lémumi, pamatojoties uz otra sola rezultatiem, un
apkopoti secinajumos.

Vienam no sarezgitakajiem pétijjuma posmiem - pasakumu izvéles fazei - tika
izveidota metodologija [17]. Metodologija ietver tris galvenos posmus - sakotnéjo
izpéti, konceptualo izstradi un kopéjas energijas bilances aprékinu (1.10. att.). Saja
darba ir aprakstits 2. solis - izvéléta pilsétas kvartala dekarbonizacijas potenciala
sakotnéjais novertéjums, taja skaita provizoriska energijas patérina datu analize
un iespéjamo atjaunojamas energijas koncepciju izvérté$ana.

2. Provizoriskais novertejums energoefektivitates potencialam

3. Izpéte

Objekta kultiiras mantojuma un
arhitektiras inventarizacija

Datu apkoposana Literatiiras apskats

4. Dizains

|¢

Energoefektivitates Eku blivuma Viedas energosistémas

pasakumi ekas intesifikacijas stratggija koncepts T L LTS

|¢

5. Izvert&jums

Izmaksu un ieguvumu analize ‘ CO, dzives cikla analize Ietekme uz kultiiras mantojumu

|¢

6. Secinajumi

Izmaksu un CO, optimala dekarbonizacijas strategija, kas defingta blivi apbiivétam vésturiskam pilsétas centram,
izvertgjot kultirvesturiskas vertibas.

1.10. att. Pétijjuma izmantota metodika.

Dati par esoso situaciju tiek ieglti no energijas patérétajiem vai publiski pie-
ejamam datubazém. Lai novértétu provizorisko energijas ietaupijuma potencialu
izveletaja pilsetas kvartala, ir veikts vienkarSots aprekins, novertéjot: 1) ekas
dzilas renovacijas energijas ietaupljumu; 2) AER razZoSanu ar tradicionalajam
tehnologijam - PV un saules siltumenergiju; 3) nelietderiga siltuma regeneracijas
tehnologiju.
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2. REZULTATI

2.1. Vesturisko éku materiali un konstrukcijas

No Delphin rezultatiem tika iegiiti 3 klasteri, kur lielaka dala (87,5 %) paraugu
atrodas viena klaster (B). No kiegelu parametriem tika iegiti 6 klasteri, kur divos
no tiem (3 un 5) atrodas 70 % no visiem paraugiem (37,5 % un 32,5 %). Péc abu
klastera grupu apvieno$anas Sie tris kiegelu skaita zina lielakie klasteri (B, 3 un 5)
izveidoja divus jaunus klasterus (B3 un B5). Kopuma 67,5 % no visiem paraugiem
atrodas $ajos divos klasteros, 30 % B3 un 37,5 % B5 klasteri. Paraugs (18-4) tika
atzits par vienigo paraugu divas klasteru grupas (grupa A un grupa 2). Salidzi-
not ar paréjiem kiegelu paraugiem péc to apraksta, ir vél tris kiegeli ar tadu pasu
aprakstu (dzeltenais mala kiegelis, razots 20. gs. 1. pusé). Tris citi kiegeli pieder
grupai B4, un $aja grupa ir tikai viens kiegelis - sarkanais mala kiegelis, razots
20. gadsimta 2. puse.

Lielaka dala B5 apvienoto klasteru grupas paraugu ir sarkana mala kiegeli
(86,7 %), un lielaka dala no tiem ir raZoti laika posma no 19. gadsimta 2. puses
(30,8 %) lidz 20. gadsimta 1. pusei (38,5 %). Otraja lielakaja klasteru grupa B3 gan-
driz visi kiegeli ir sarkanie mala kiegeli, iznemot vienu kiegeli, kas ir no betona, un
$aja grupa lielaka dala kiegelu ir razoti laika posma no 19. gs. (27,3 %) lidz 20. gad-
simta 1. pusei (36,4 %).

Tacu jaatzimé, ka lielaka dala kiegelu paraugu ir sarkanais mals (75 %) un 60 %
ir razoti laika posma no 19. gadsimta 2. puses (22,5 %) lidz 20. gadsimta 1. pusei
(37,5%).

Aplikojot klasterus, kas iegiiti no Delphin rezultatiem, kur 35 no 40 kiegeliem
atrodas viena klasteri, var secinat, ka dazadi parametru klasteri generé lidzigus
rezultatus, $aja gadijuma 5. un 4. parametru kopas 100 % parklajas ar rezultatu
B kopu, kam seko parametru 3. kopa (92,3 % parklaSanas) un 1. kopa (25 % par-
klasanas). Tacu jaatzimé, ka zemais klasteru skaits, $aja gadijuma - tris, no Delphin
rezultatu datiem ir saistits ar lielo attalumu starp pirmo divu klasteru kombinaciju
ar 1. un 2. klasteri, attiecigi 494,17 un 378,56, kam seko attalums 168 no kombina-
cija ar tris kopam. Ja pirmas divas klasteru kombinacijas tiek izslégtas no optima-
las klasteru kombinacijas aprékiniem, tad optimalais klasteru skaits pret attalumu
biitu kombinacija ar 15 klasteriem un attalumu 37,5.

P klasteru ievades dati ir balstiti skaitliskas simulacijas izvadé, tapéc Sos rezul-
tatus liela méra ietekme izveleta skaitliska aprékinu programma (Delphin) un veik-
tas simulacijas ievades dati (materiala ipasibas, izvéléta geometrija, klimatiskie
apstakli, robeznosacijumi utt.), tapéc rezultatu interpretacija aprobezojas ar kon-
kretajiem klimatiskajiem apstakliem un $aja pétijuma izmantoto kiegelu paraugu
kopumu [7].

Skaitliskie eksperimenti par 40 dazadu kiegelu veidu masivu miira sienu, visas
siltinatas no iekSpuses ar kalcija silikatu (kapilari aktiva izolacija), liecina, ka visu
sienu veidiem ir Joti lidzigas temperatiras tendences, savukart mitruma uzvediba
ir véerojama liela atSkiriba. Tas atbilst (Zhou et al., 2018) [18] secinajumiem, ka
kiegelu veida ietekme uz relativo mitrumu un temperatiru zem siltumizolacijas ir
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sarezgita. legiitie rezultati rada, ka temperatiiras svarstibas starp dazadiem sienu
veidiem ir atkarigas no kiegelu termiskas pretestibas - jo augstaka ir termiska pre-
testiba, jo zemaka ir temperatiira zem siltumizolacijas materiala (2.1. att.).

Temperatura, °C

Laiks, h

2.1. att. Temperatira zem siltumizolacijas laika posma starp 7800. un 8800. stundu.

Mitruma saturs, kg/kg

——18_4 MOISTURE ——18_S MOISTURE ——18_6 MOISTURE ——18_7 MOISTURE ——18_15 MOISTURE ——18_16 MOISTURE =—==19_1 MOISTURE
==19_2 MOISTURE eme19_4 MOISTURE =me19_5 MOISTURE wme19_6 MOISTURE wmme19_7 MOISTURE ——19_8 MOISTURE ——19_9 MOISTURE
~——19_10 MOISTURE ——19_11 MOISTURE ——19_12 MOISTURE ——19_13 MOISTURE =—19_14 MOISTURE ——19_15 MOISTURE ——19_16 MOISTURE
=19_17 MOISTURE = 19_18 MOISTURE s 20_1 MOISTURE =—20_2 MOISTURE ~—20_3 MOISTURE ~—20_4 MOISTURE - 20_5 MOISTURE
——20_6 MOISTURE ——20_7 MOISTURE smm20_8 MOISTURE sm20_9 MOISTURE s 20_10 MOISTURE sme 20_11 MOISTURE smmm 20_12 MOISTURE
——20_13 MOISTURE ——20_14 MOISTURE ——20_15 MOISTURE ——20_16 MOISTURE —— 20_18 MOISTURE

2.2. att. Mitruma saturs miri visiem simulétajiem sienu veidiem.
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2.2 attela redzams, ka mitruma satura limeni dazadiem sienu veidiem atskiras
Cetras reizes. Ari mitruma satura sadalijjums miri butiski atSkiras. Tas ir novéro-
jams gan ka nemainigs mitruma limenis visa muri, gan ari ka nemainigs mitruma
limenis sienas areja dala, kam seko strauj$§ samazinajums mira dzilakajos slanos.
Datu analize liecina, ka $aja pétijjuma nav konstatéta korelacija starp mitruma
saturu, relativa mitruma limeni un citiem parametriem (tdens absorbcijas koefi-
cients, Skidruma tidens vaditspéja, porainiba, blivums).

No ieglitajiem rezultatiem nevar gut apstiprinajumu citiem pétijumos izdarita-
jiem secinajumiem, ka masivas miura sienas, kas siltinatas no iekSpuses ar tvaika
caurlaidigiem kapilari aktiviem materialiem, higrotermiska veiktspéja ir atkariga
no poru izméra sadalijuma, kas nosaka kiegelu skidruma tidens vaditspéju (jo aug-
staks Sis parametrs, jo dzilak miiri ieklust lietus) [19]. Tas neatbilst ar1 (Zhou et al.,
2018) [18] secinajumam, ka miira sienam ar augstu kapilaritati ir lielaki relativa
mitruma un temperatiras raditaji. Pétjjuma nav noteikti materiala poru izmeri,
lai varetu rezultatus salidzinat ar (Feng et al., 2021) [19] pétijumu, ka tie butiski
ietekme ta higriskas ipasibas - mazas poras galvenokart palielina higroskopis-
kumu (pieméram, sorbcijas izotermas), savukart lielas poras galvenokart uzlabo
kapilaritati (pieméram, kapilaras absorbcijas koeficientu).

Ja buvniecibas kvalitate ir zema un lime nenodroSina pilnu saskari starp muri
un siltumizolacijas materialu, lietus mitrums var iek]ut siltumizolacijas materiala.
2.3. attela redzams piemeérs ar 20_18 kiegela miri ar Iimi un bez tas. Ja lime nodro-
Sina pilnu saskari starp miri un siltumizolacijas materialu, nav vérojam véja dzita
lietus ietekme uz siltumizolacijas materialu. Sie atklajumi atbilst cita pétijuma [20]
secindjumiem. Limei ir augsta mitruma buferspé€ja, ja ta tiek pareizi uzklata. Lidzigi
secinajumi publicéti ari cita pétijuma [21].
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2.3. att. Mitruma saturs siltumizolacijas materiala 20_16 kiegela mirim ar limi un bez tas.
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Simulacijas rezultati liecina, ka, ja iekséja siltumizolacija ar kapilari aktivo kal-
cija silikatu tiek izmantota auksta klimata ar normalu iekStelpu mitruma slodzi,
relativais mitrums neparsniedz 96 % un tiek uzskatits par drosu [22]. Sis secina-
jums attiecas gan uz siltumizolaciju ar Iimi, gan bez tas.

2.2. Siltumizolacijas materiali un sistémas

legiitie rezultati liecina, ka pastav nesakritiba starp izmeérito un simuléto hig-
rotermisko uzvedibu. Testa rezultati rada, ka relativa mitruma pieauguma temps
starp miri un siltumizolacijas materialu ir augsts pirmajas testa dienas visiem
materialiem un paléninas, tuvojoties lidzsvara apstakliem. Temperatiira pazemi-
nas nedaudz mazaka tempa neka relativais mitrums un sasniedz lidzsvaru aptu-
veni piecu dienu laika. Pirms eksperimentala testa veikta simulacija paradija daudz
zemaku relativa mitruma pieauguma un temperatiiras pazeminasanas tempu, sali-
dzinot ar izmeérito uzvedibu. 2.4. attéla redzama korelacijas analize starp mérijumu
un simulaciju rezultatiem parada, ka ir cieSa sakariba starp temperatiiram - kore-
lacijas koeficients R?ir 0,81-0,86 diapazona. Ciesa korelacija ir koksnes skiedras
relativajam mitrumam (R?=0,84), savukart daudz vajaka ta ir EPS (R*=0,59) un
mineralvatei (R*=0,54).
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Modela pielagosana izmeéritajiem datiem tika uzlabota, izmantojot parametru
analizi. Tas tika veikts, mainot mira, javas un izolacijas materialu parametrus.
Siltumvaditspéja, sausa materiala blivums un tdens tvaiku difiizijas pretestibas
koeficients izolacijas materialiem tika mainiti uz materialu raZotaju noraditajam
vértibam (2.1. tab.). Kiegeliem un javas siltumvaditspéjai tika korigéta ipatnéja
siltumietilpiba, Gidens vaditspéja pie piesatinajuma, idens uzsiices koeficients un
sakotnéjais relativais mitrums. Korigétas vértibas apkopotas 2.1. tabula.

2.1. tabula
Parametriskai analizei izmantoto materialu ipasibas
Mine- Koksnes
Kiegelis Javas ralvate Skiedra EPS
Materiala nosaukums Delp- Vecs celt- Kalku Mine- Kokskiedras Polistirola
hin datubazé niecibas cementajava ralvate izolacijas plaksne -
kiegelis plaksne paplasi-
Dresden ZD nata
Sausa materiala blivums, 1619,51 1878,47 28 50 (-67 %) 13,5
kg/m?3 (-24 %) (-41 %)
Siltumvaditspéja, W/(m-K) 0,482 0,5(-38%) 0,036 0,038 0,039
(+20 %) (-10%) (-10 %) (+8 %)
Sausa materiala ipatnéja 430 470 (-38%) 840 2000. gads 1500
siltumietilpiba, J/ kg (-55 %)
Udens tvaiku difazijas 10,4726 36,9113 1 2,1(-30%) 30
pretestibas koeficients (-69 %)
Udens uznems3anas koefi- 0,423587 0,211622 0 0,07 0,00001
cients, kg/(m?-s%%) (+11 %) (+486 %)
Efektivs piesatinajums 0,761043 0,1(-55%) 09 0,6 0,92
(ilgtermina process), m3/ (+111 %)
m3
Skidra fidens vaditspéja pie 0,2059E-10  3,52E-10 0 0,0216E-10 0
efektiva piesatinajuma, s (+24 %) (+3339%)
Mitruma
saturs, RHO % 0,004030 2,83E-08 0,0000683 0,0000528
m?/m?
3]
E RH30% 0,007003 0,004542 0,0048476 0,000455
Q
‘é RH 50 % 0,007261 0,015729 0,0080606 0,000617
% RH 80 % 0,007720 0,027090 0,0176992 0,001078
g RH 95 % 0,023461 0,037559 0,0328964 0,009227
S
& RH100% 0761043 0,1 0,6 0,92
Sakotnéjais relativais mit- 65 85 (+112 %)* 40 40 40
rums materiala,% (+62 %)*
Materiala sakotnéja tempe- 23 23 23 23 23
ratura, °C

* Materiala iekSiené, sakot no 2,5...3,5 cm dziluma no materiala aréjam virsmam.
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Pétijuma [11] secinats, ka simulacija liela nozime ir materiala parametru ver-
tibu precizitatei, ka ari materialu sakotnéjam vértibam, tacu sakotnéjam vertibam
ir daudz lielaka ietekme.

Veikta parametru analize paradija parametrus, kas visbutiskak ietekmé kons-
trukcijas higrotermalo uzvedibu. Visu tris testa izmantoto siltumizolacijas materialu
parametri tika pielagoti materialu raZotaju sniegtajam vértibam - siltumvaditspéja
EPS palielinata par 8 %, mineralvatei samazinata par 10 %, kokSkiedrai - par 10 %.
Blivums tika samazinats visiem trim izolacijas materialiem: mineralvatei - lidz 24 %,
kokskiedrai - lidz 67 %, EPS - 1idz 41 %, savukart tdens tvaiku diftizijas pretestibas
koeficients tika samazinats kokskiedrai par 30 %, EPS - par 69 %.

Lai simulacijas rezultatus tuvinatu mérijumu rezultatiem, tika mainita termiska
uzvediba, palielinot kiegelu siltumvaditspéju par 20 %, javai samazinot par 38 %.
Ipatnéja siltumietilpiba tika ievérojami samazinata gan kiegeliem (55 %), gan javai
(38 %).

Vislielaka ietekme uz mitruma parneses pieauguma tempu ir materialu sakot-
néjam relativajam mitrumam - tas tika palielinats par 62 % kiegeliem un par
112 % javai, salidzinot ar simulacijas vértibam pirms testa. Pirms testiem miris
tika zavets 10 dienas, un tas bija parak iss laika posms, lai miuris izzutu, tapéc
mitruma limenis testu sakuma joprojam bija augstaks, neka tika prognozéts simu-
lacijas laika pirms testa. Citi parametri, kas ietekmé mitruma parnesi, ir tdens
vaditspéja pie efektiva piesatinajuma, kas kiegeliem un javai tika palielinata par
24 %, lidz ar to Gdens uzsiices koeficients kiegeliem palielinajas par 11 %, javai -
par 486 %. Efektivais piesatinajums tika palielinats par aptuveni 111 % kiegeliem
un samazinats par 55 % javai.

2.5. attela redzamas temperatiiras un relativa mitruma izmainas simulacijas
laika pirms un péc eksperimenta un mérijumu rezultati sienai ar kokskiedru bez
tvaika barjeras. Galvena atskiriba starp meérito temperatiru un simulacijas tempe-
ratiiru pirms testa tiek novérota pirmajas 10 dienas, kad simulacijas temperatiira
pirms testa pazeminas léenak neka izmeérita temperatiira. Savukart péc testa simu-
lacijas rezultati atbilst izméritajai temperatirai Temperatira lidzsvara stavokli
atskiras tikai par 0,6 °C. Lai sasniegtu pienemamus rezultatus simulacijas atbilsti-
bai péc testa, ir mainita siltumvaditspéja, sausa materiala blivuma un ipatnéjas
siltumietilpibas vértibas. Tada pati tendence vérojama ari relativajam mitrumam -
simulacijai pirms testa sakuma ir daudz mazaks pieauguma temps, tapéec simulaci-
jas perioda ta nav sasniegusi lidzsvaru. Simulacija péc testa un izmeéritais relativais
mitrums labi korel€, un abi stabilizéjas pie aptuveni 80 %. Lai sasniegtu lidzigus
rezultatus simulacija péc testa, ir mainits Gdens tvaiku diftzijas pretestibas koe-
ficients, idens vaditspéja pie efektiva piesatinajuma, tdens uzsuces koeficients un
sakotnéjais kiegelu un javas relativais mitrums.

Testu rezultati rada, ka lidzsvara apstaklos augstako relativo mitrumu starp
miri un siltumizolaciju sasniedz mineralvate (82,9 %), kam seko kokSkiedra bez
tvaika barjeras (80,5 %), EPS (79 %), aerogels ar tvaika barjeru (78,2 %), aerogels
bez tvaika barjeras (73,3 %) un kokskiedra ar tvaika barjeru (72,7 %). Tempera-
tira starp mira sienu un visiem izolacijas materialiem ir nostabilizéjusies vidéji
pie +10 °C.
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2.5. att. Temperatiiras un relativa mitruma uzvediba starp miri un kokskiedru bez tvaika
barjeras: simulacija pirms un péc eksperimenta, mérijumu rezultati.

Relativais mitrums nav palielinajies virs 95 % (stavoklis, kad sakas kapilaru
piesatinajums) neviena no materialiem, tapéc sasalSanas risks nepastav. Tas var
mainities, ja tiek mainiti ara robezapstakli, pieméram, véja dzits lietus un saules
starojums uz virsmas. Tomér pastav peléjuma veido$anas risks biologiskas izcel-
smes izolacijas materialiem, pieméram, kokskiedram, ka tas tika novérots testu
laika.

Saja pétijuma tika veikts ari tests ar 18 siltumizolacijas sistémam, tacu sistémai
ar gipsa apmetumu testa sikuma tika bojati temperatiiras un relativa mitruma
sensori, tapéc rezultatu analizé tiek izmantoti mérijuma dati par 17 siltumizolaci-
jas sistéemam.

legiitie rezultati rada, ka siltinasanai no iekSpuses ir liela ietekme uz sienas hig-
rotermisko uzvedibu, jo pieaug relativais mitrumu starp siltumizolaciju un mira
sienu, kas savukart palielina pelejuma rasanas, sala bojajumu un koka siju sabruk-
Sanas risku.

Testetajam siltumizolacijas sistémam ir lidziga termala uzvediba, bet atskiriga
mitruma uzvediba. 2.6. attéla redzama simuléta un meérita temperatiira starp sil-
tumizolacijas materialu un mira sienu lidzsvara cikla astopam siltumizolacijas
sistéemam.
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2.6. att. Simuléta (S) un mérita (M) temperatira starp siltumizolacijas materialu un miira sienu
lidzsvara cikla (laika posms starp 245. mintti un 305. minti).

Kavejums, kas rodas no siltuma plismas starp konstrukcijas iek$€jo virsmu un
aréjo virsmu, ir novérojams visas siltumizolacijas sistémas (2.7. att.). Videja laika
nobide lidzsvara stavokli ir atkariga no robeznosacijumiem. Jo lielaka ir atSkiriba
starp ieksStelpu un ara temperatiru, jo lielaka ir laika nobide. Temperatiiras sama-
zindjuma koeficients, kas atspogulo siltuma plismas vilnpu amplitidu attiecibu,
dazadam siltumizolacijas sistemam atskiras un pozitivi korelé ar tvaika difazijas
pretestibu.

Temperatira, “C

10

CRRIAVENIONRNZOAAAE]
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Laiks, minutes

— XPS+Sika cementa virskarta ~— Akmens vate XPS

Keramzits i Korkts == PIR+aluminija parklajums
—{CEINIoES == Papla3inats korkis == Aerogéla parklajs

e Aukstuma kastestemperatiira

2.7. att. Temperatiiras izmainas starp milri un siltumizolacijas materialu dinamiskaja testa.
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Relativo mitrumu zem izolacijas materiala ietekmé ara gaisa temperatiiras un
iekStelpu relativa mitruma izmainas. Ja ara temperatira ir nemainiga un iekstelpu
relativais mitrums vides apstaklos svarstas, relativais mitrums zem izolacijas
tvaika caurlaidigas siltumizolacijas sistémas ar zemu tvaika diftizijas pretestibu
uzvedas ka iekStelpu relativais mitrums (2.8. att.). Kavéjums ir atkarigs no S, vér-
tibam. Jo mazaka ir tvaika pretestiba, jo mazaka ir laika nobide relativa mitruma
vilna izplatibai no sienas aréjas virsmas uz tas iek$éjo virsmu, un jo lielaka ir rela-
tiva mitruma vilpu amplitidu attieciba abas sienas virsmas. Tvaika necaurlaidigas
sistémas ar augstu tvaika difiizijas pretestibu neietekmeé iekstelpu relativais mit-
rums, un relativais mitrums starp muri un siltumizolaciju ir atkarigas tikai no ara
gaisa temperatiras.
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2.8. att. Relativa mitruma izmainas starp muri un tvaika caurlaidigu siltumizolacijas materialu,
kad telpas relativais mitrums: a) samazinas; b) pieaug.

Ja iekStelpu relativais mitrums ir stabils un ara temperatira svarstas, tvaika
caurlaidigas siltumizolacijas sistémas ar zemu tvaika difiizijas pretestibu relativais
mitrums zem izolacijas seko temperatiiras profilam. Jo zemaka ir tvaika difazija,
jo tuvak relativa mitruma vilni zem izolacijas seko temperatiiras profilam. Tvaika
necaurlaidigam sistémam relativa mitruma vertibu amplitida samazinas, kad
tvaika diftizijas pretestiba samazinas. 2.9. attéla redzams, ka mainas relativais mit-
rums starp siltumizolaciju un miiri, ja iekstelpu relativais mitrums ir stabils un ara
temperatura svarstas.

Kad svarstas gan iekstelpu relativais mitrums, gan ara gaisa temperatiira,
tvaika caurlaidigas sistémas ar zemu tvaika difizijas pretestibu vairak seko ieks-
telpu relativa mitruma profilam.
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2.9. att. Relativais mitrums starp siltumizolaciju un miri, ja iekstelpu relativais mitrums ir
stabils un ara temperatiira svarstas (dinamiskais cikls).
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2.10. att. Véja dzita lietus testa rezultati devinam siltumizolacijas sistémam.

2.10. attéla redzami véja dzita lietus testa rezultati devinam siltumizolacijas

sistémam. Rezultati liecina, ka véja dzita lietus apstaklos relativa mitruma palie-
linasanas zem siltumizolacijas sistémam ir saistita ar materiala tvaiku difiizijas
pretestibu. Jo lielaka pretestiba, jo lielaka ir veja dzita lietus ietekme, jo samazinas
ZuSanas iespéja uz telpas pusi.

Tvaika caurlaidigi materiali, pieméram, korkis, uzpusts korkis un augsta bli-

vuma kokSkiedru platnes bez tvaika barjeram, darbojas lidzigi ka tvaika necaur-
laidigas sistémas. Relativais mitrums zem izolacijas ir mazak jutigs pret iekStelpu
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relativa mitruma izmainam un jutigaks pret ara temperatiras svarstibam. Korkis
ir mazak jutigs pret mitrumu neka koks un koksnes materiali.

Pétijums rada, ka testésanas periodam jabit ilgakam, lai noteiktu mitruma
uzkrasanos miira paraugos un ta ietekmi uz temperatiiru un relativo mitrumu zem
siltumizolacijas materiala. Lai noteiktu mitruma uzkrasanas ilgtermina ietekmi,
nepiecieSams veikt vai nu garakus testa ciklus, vai ar1 matematiska modela simula-
ciju, validéjot modeli ar jau iegiitiem 1stermina datiem.

Skaitliskie eksperimenti simulacijas rika Delphin paradija, ka simulacijas kvali-
tate ir atkariga no ievades datiem. Lai simulacija nodrosinatu visprecizakos ieva-
des datus, visiem materialiem, ieskaitot siltumizolaciju un javu, jabut péc iespé€jas
tuvakam faktiskajam vértibam. Materiali ir jatesté pirms simulacijas, un katram
jaizveido pielagots materiala fails, lai simulacija biitu péc iespéjas tuvaka reali-
tatei. Citos pétijumos ir 1idzigi secindjumi [20], ilustréjot to ar kiegelu parametru
nozimibu - diviem kiegeliem ar lidzigu tdens uzsices koeficientu ir at$kiriga
tdens vaditspéja, arl higrotermala uzvediba ir atskiriga. (Kloseiko et al, 2022)
[23] secinaja, ka iek$éjas siltinasanas projektos katram gadijumam joprojam ir
nepiecieSama specifiska pieeja. Cits pétijjums atklaj, ka daudzus materialu para-
metrus, kas nepiecieSami higrotermiskam simulacijam, ir grati noteikt, jo 1pasi
tvaika vaditspéju un kapilaro vaditspéju ka mitruma satura funkciju [24]. Savukart
(Leone et. al., 2019) [25] iesaka veikt detalizétu planoSanu, lai iegttu visas para-
metru vertibas, kas nepiecieSamas katram iek$éjas siltinasanas projektam.

S1 pétijuma gaita tika apskatits ari inovativs biologiskas izcelsmes siltinasa-
nas materials no priedes (Pinus Sylvestris) skujam, kas razots péc bioekonomikas
principiem, un ta lietojums siltinasanai no iekSpuses vésturiskdm masivam sie-
nam [26]. Pétijums tika veikts, lai noteiktu materiala higrotermalas ipasibas un
novertétu temperatiiras un relativa mitruma ietekmi uz mitruma transportu un
uzkrasanos, ka ari kritiskos apstaklus peléjuma augsSanai. Skuju siltumizolaci-
jas materials tika apstradats ar kalki, lai novérstu peléjuma veidoSanos, un tika
salidzinats ar neapstradatu materialu. Inovativais biologiski razotais materials
tika sagatavots, pamatojoties uz bioekonomikas principiem un ar samazinatu dzi-
ves cikla ietekmi. Sis augstas pievienotas vértibas produkts tika radits no priezu
skujam no meza atliekam. Skujas tika sajauktas ar kalki un ksantana svekiem, lai
izvairitos no tadu produktu izmantosanas, kuru pamata ir fosilie produkti ar lielu
ietekmi uz vidi.

legiitie rezultati liecina, ka pétitais materials ir loti porains un kalka pievieno-
Sana palielina materiala mitruma absorbcijas atrumu, jo palielinas poru laukums.
Skuju siltumizolacijas materialam ir lielaka mitruma parneses un uzglabasanas
spéja, un tas ir labs higriskais regulators. S1 ir svariga vésturisko éku iek$éjai sil-
tinasanai lietojama siltumizolacijas materiala ipasiba, jo, samazinoties apkartéja
gaisa relativajam mitrumam, tas sp€j atri izzit. Siltumizolacijas materiala apstra-
dei ar kalki ir neliela ietekme uz siltumvaditspé€ju, bet ir ietekme uz peléjuma aug-
$anas samazinasanos (2.11. att.).
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2.11. att. Peléjuma augSana uz materialu paraugiem dazados relativa mitruma apstaklos.

Ar kalki apstradatam paraugam netika novérota peléjuma veidoSanas 85 %
relativaja mitruma, savukart pie relativa mitruma 94 % un 100 % peléjums tika
atrasts visos paraugos (2.12. att.).

4

Abe 140.696pm

a) Zaacit b)

2.12. att. Peléjuma veidoSanas uz paraugiem pie 100 % relativa mitruma: a) Cladosporium uz
parauga virsmas bez kalka; b) Trihodermija viride uz apstradata parauga virsmas.

Lidzsvara apstaklos zemaka temperatiira rada augstaku relativa mitruma
limeni starp akmens sienu un skuju siltumizolacijas materialu un sasniedz kritisko
vértibu peléjuma augSanai. Dinamisku apstak]u testa rezultati (2.13. att.) liecina,
ka galvenais relativa mitruma izmainu virzitajspeks ir iekStelpu gaisa relativais
mitrums, nevis temperatiras izmainas siena. Pat tad, ja siltumizolacijas materials
tiek apstradats ar kalki, ir jaupureé siltuma ietaupijumi, lai samazinatu kritiskos
apstaklus peléjuma augsanai.
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2.13. att. Relativais mitrums un temperatiira mainigos apstaklos starp akmens sienu un adatas
izolaciju ar kalki un bez ta.

Pétijuma secinats, ka turpmakajos pétijumos galvena uzmaniba japievérs kalka
un izolacijas materiala svara attiecibas optimizacijai, lai uzlabotu higrotermisko
uzvedibu un kritiskos apstaklus riska rezimiem. Ir javeic ar1 papildu testi, lai sama-
zinatu izolacijas materiala sablivéSanos siena. Japarbauda ari citi materiali kalku
putekloSanas samazinasanai.

2.3. lekséjas siltinasanas lietojums veésturiskas ékas

Gan in-situ mérijumi, gan higrotermiskd simulacija viengimenu majas (Secé)
abas telpas uzradija apmierino3us higrotermiskos apstaklus siena [12]. Arsienas
higrotermiska uzvediba liecina, ka peléjuma augsSanas riska nav, jo normalos ékas
ekspluatacijas apstaklos (iznemot tidens nopliides negadijumu) relativais mitrums
starp siltumizolacijas slani un gipSkartona plaksném ir salidzino$i zems (zem
60 %). 2.14. attela redzamas meritas relativa mitruma izmainas telpa, ara gaisa un
zem siltumizolacijas, ka arl simulétas relativa mitruma vertibas dzivojama istaba.
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2.14. att. Méritas relativa mitruma izmainas telpa un zem siltumizolacijas, ka ari simulétas
relativa mitruma vértibas dzivojama istaba.
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2.15. attela redzamas meritas relativa mitruma izmainas telpa un zem sil-
tumizolacijas, ka ari simulétas relativa mitruma vértibas vannasistaba.

Relativais mitrums, %

Datums (d.m.g)
Relativaismitrums . Relativaiz mitrums (%) zem giptkarttona . Relativais mitrums (%) zem giptkartona
[36) duss [Delphin] [n-situ)

2.15. att. Meéritas relativa mitruma izmainas telpa un zem siltumizolacijas, ka ar1 simulétas
relativa mitruma vertibas vannasistaba.

Relativais mitrums virs kritiskajiem 80 % starp dolomita sienu un izolacijas
slani sasniedz tikai 1su laiku. Bet $ajos briZos un $aja vieta temperatira ir zemaka
neka nepiecieSama sporu digSanai (sakotnéjai peléjuma augSanai). Pelejuma vei-
doSanas var notikt pie 80 % augsta relativa mitruma, ja porainiem materialiem
temperatiira ir vismaz 20 °C. Tacu, nemot véra to, ka 2015. gada renovacijas laika
irnieki uz vannasistabas sienam konstatéja peléjumu, pastav peléjuma augSanas
potencials, ja izveidojas atbilstosi apstakli (augsts relativais mitrums un tempera-
tura) un tie saglabajas pietiekami ilgi, jo sienu materiali satur peléjuma sporas.

Temperatiiras mérijumi liecina, ka dolomita sienas aréja dala piedzivo atkarto-
tus sasalSanas un atkus$anas ciklus, tacu sabruks$anas risks no sasalSanas un atku-
Sanas cikliem ir arkartigi mazs, jo dolomits nesasniedz piesatinajumu.

Simulacijas rezultati rada, ka gada siltuma patérinu telpu apkurei bazes scena-
rija var samazinat par 35 %, ja pirma un otra stava sienas tiek siltinatas no ieks-
puses. Ja tiek veikta butiska energoefektivitates paaugstinasana (ieksSéjo sienu
siltinaSana, pagraba griestu, jumta siltinasana, logu nomaina), bazes energijas
patérin$ var samazinaties par 72 %. Faktiskais energijas patérins tiek aprékinats,
pamatojoties uz iedzivotaju sniegtajiem datiem, kuri rékina primaros energoresur-
sus - malku, kas daléji tiek piegadata tieSi no meza un zaveéta uz vietas. Ja koksnes
balku patérinu parvers gala energija, energijas patérinam gada uz apsildamo pla-
tibu jabat 87 kWh/m?. Energijas ietaupijums ir par 17 % mazaks, neka aprékinats
simulacijas modeli. So at$kiribu var radit vairaki iemesli, pieméram, nenoteiktiba
par buvdarbu kvalitati un atlikusajiem siltuma tiltiem, modela ievades dati, tostarp
faktori, kas saistiti ar noslogojuma bieZumu (siltuma pieaugums, telpas tempe-
ratiira un ventilacijas biezums). Simulacijas rezultati ir jutigi pret ievades datu
kvalitati, pieméram, telpas temperatiru, relativo mitrumu, ventilaciju un mate-
riala ipasSibam. Vesturiskajas ekas trukst detalizétas informacijas par sienu dobu-
miem, akmenu un javas attiecibu un tipologiju, bavniecibas defektiem, materialu
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specifiskajam ipasibam. Savukart faktiska primaras energijas patérina nenoteik-
tiba, tai skaita energijas parveido$anas tehnologiju malkas efektivitates apjoms un
kvalitate, butiski ietekmé galaenergijas patérina vértibas.

Veésturiskajai e€kai Biskapa gaté Riga tika konstatéti butiski bojajumi fasa-
des apmetuma, un ékai uz fasades ir daudz plaisu un spraugu. Sis atvértas zonas
nodros$ina ara mitruma, tai skaita véja dzita lietus, iekluiSanu arsienas. Balstoties
laikapstaklu datu analize, pétijjuma tiek secinats, ka fasadi spéecigi ietekmé ara
relativais mitrums un lietus. Uz fasades augos$as alges liecina, ka uz sienu virsmas
ir bijis lietustudens. Laika apstaklu dati rada, ka valdoSais véj$S monitoringa perioda
ir no dienvidaustrumiem un €kas lielaka fasade ir paklauta véja dzitam lietum.
2.16. attéla redzami temperatiiras mérijumi monitoringa perioda. Telpas tempe-
ratlira un temperatiira starp miri un siltumizolaciju seko ara gaisa temperatiiras
profilam, jo telpa ir nepietiekama apkures radiatora jauda.
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2.16. att. Temperatiiras mérijumi monitoringa perioda.

Ara laikapstakli ietekmé ari apstaklus starp siltumizolaciju un miiri, ta¢u moni-
toringa perioda intersticiala kondensacija nav novérota. Relativa mitruma svarsti-
bas starp miiri un siltumizolacijas materialu (2.17. att.) ir saistitas ar temperatiiras
izmainam. Augstakais relativais mitrums zem izolacijas materidla monitoringa
perioda sasniedz 84 %, un lielako dalu laika relativais mitrums saglabajas zem
80 %. Sadi mitruma apstakli nerada lielu peléjuma veido$anas risku.
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Relativais mitrums 3r3

2.17. att. Relativa mitruma izmainas monitoringa perioda.

Neinvazivie mitruma meérijumi veikti ar mikrovilpu merijjumu metodi 20 cm
dziluma un dielektrisko metodi 2 cm dziluma. legiitas vértibas norada mitrumu
relativa meéroga - no sausakas lidz mitrai zonai, kur 0 ir sausaka, 250 - mitraka
vertiba. Sienas apaks$éja mérijumu zona ir lidz 0,8 m virs zemes, vidéja dala - no
0,8 mlidz 1,6 m virs zemes, augs€ja dala - no 1,6 m lidz 2 m virs zemes. 2.18. attela
redzamas vidéjo vertibu izmainas augséja, vidéja un apakséja dala mikrovilpu
meérijumiem 20 cm dziluma. Mérjjumu perioda ir vérojama augsSupejosa tendence
sienas apakséja dala. Ar1 augséja dala seko augSupejosai tendencei ar nelielu sama-
zindjumu no 1. uz 2. mérijumu. Vidéja posma mitruma mérijumos janvari bija
vérojams vidéja mitruma limena kritums, bet péc tam tas sak sekot augSupejosai
tendencei.

2.19. attéla redzamas vidéjo vértibu izmainas aug$éja, vidéja un apakséja dala
dielektriskajiem mérijumiem 2 cm dziluma.

55,00

f 51,00
g 50,00
£ 49,00
e 48,00
= 47,00
o | | i K

21, septembris 22, novembris 18, janvaris 12, februdris 5. marts

M&rTfjuma menesis
B apakia B vides B augia

2.18. att. Videjo véertibu izmainas augséja, vidéja un apakséja sienas dala, mikrovilnu
meérijumiem 20 cm dziluma.
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2.19. att. Videjo vertibu izmainas augséja, vidéja un apakséja dala, dielektriskajiem
meérijumiem 2 cm dziluma.

Pétljjuma [13] veikSanas laika netika novérotas skaidras mitruma problému
pieauguma pazimes, tacu janem véra, ka monitoringa periods bija tikai septinus
méneSus gada aukstaja perioda, palielinata mitruma probléma varétu rasties gada
siltajos ménesos. Fasades neviendabigums varétu biit célonis mérijjumu svarsti-
bam, 1pasi dielektriskajiem meérijumiem, kas veikti tuvu virsmai. Lai iegiitu par-
liecinoSakus rezultatus, uzraudziba jaturpina vismaz vienu pilnu gadu. Javeic véja
lietus mérjjumi uz fasades un nepartraukta mitruma uzraudziba dazados miira
augstumos.

2.4. Pozitivas energijas bilances kvartals vesturiska pilsétvide

Kvartali ar energoefektivitates potencialu atrodas RVC aréja perimetra, savu-
kart kvartali ar augstaku kultiirvértibu koncentrejas RVC centralajas dalas, tapéc
lemumu pienemsanas hierarhija tika noteikti divi apakSmerki: 1) atrast RVC pil-
setas kvartalu ar augstako energoefektivitates potencialu; 2) atrast RVC pilsétas
kvartalu, kas parstav kultiras mantojuma un pilsétvides dzivotspéjas augstakas
kvalitates.

Izmantojot daudzkritériju analizi, tika veikta “Kultiiras mantojuma kvartala”
izvéle. Kritériju svari tiek iegiiti paru salidzinasanas matrica péc analitiskas hie-
rarhijas procesa metodologijas. 2.20. attéla redzams kritériju svars. Ka svarigakie
kritériji ir noteikti kultiiras nozime un buvniecibas periodu dazadiba. No dzivosa-
nas kvalitates viedokla vissvarigaka ir aizsardziba pret noziedzibu, laba manu pie-
redze un eku renovacija.
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2.20. att. Kultiiras mantojuma un dzivosanas kvalitates kritériju svars.
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2.21. att. Energeétikas kvartala kritériju ipatsvari. (BD - Apbuves blivums; RF - Dzivojamo
éku blivums; FD - Nakotnes attistibas iespéjas; ER - Eku atjauno$anas iespéjas;
EiF - Energoietilpigs uznémums; ToF - Energoietilpiga uznémuma veids)

Petijuma gaita tika identificeti divi atskirigi kvartali, kas ieguva visaugstako
vertéjumu ka “Kultiiras mantojuma kvartals”. Pirmais kvartals atrodas pie RVC
robezas, ietver izcilas kultiiras mantojuma vértibas - ievérojamakos jiigendstila
paraugus Rigas vésturiskaja pilséta. Parsvaru nodrosina gan kultiiras mantojums,
gan dzivoSanas kvalitates Kkritériji (noziedziba, nepatikami sajiitu pardzivojumi un
éku renovacija). Otrais kvartals, kas ienem augstako vértéjumu no kultiiras manto-
juma un apdzivojamibas viedokla, ir neliels pilsetvides kvartals RVC ieks$éja dala.

[zmantojot daudzKkritériju analizi, tika noteikti visatbilstoSakie “Energétikas
kvartali”. Galvenais merkis ir noteikt kvartalus ar lielako potencialu partapsanai
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par pozitivas energobilances kvartalu. Sakotnéji kvartali tika atlasiti, balsto-
ties Sados izvéles kritérijos: 1) kvartala atrodas energoietilpigs uznémums; 2)
kvartalam ir vismaz 10 % dzivojama funkcija; 3) pilsétas kvartala ir neapbivéts
zemesgabals augsti efektivai attistibai. Balstoties Sajos kritérijos, tika atlasiti
12 kvartali detalizétakai izpétei un daudzkritériju analizei ar TOPSIS metodi.
2.21. attela redzamti veértesanas kritériju ipatsvari.

Pétijjums liecina, ka kvalitativaka arhitektiira ar nozimigaku kultiras ver-
tibu koncentréjas RVC centralajos rajonos pa galvenajam trasém, kur savulaik tai
bijusi reprezentativa funkcija - eksponét tehnologiskos sasniegumus un koncep-
tuali jaunas idejas. Diemzel laika gaita galvenie marsruti ir zaudéjusi savu nozimi
jaunu arhitektiiras koncepciju un ideju demonstrésana un kluvusi par transporta
infrastruktiru. Automasinas nem virsroku par cilvékiem, un kulturali vértigakas
teritorijas satiksmes dél zaudé savu dzivotspéju. Konstatéts, ka kvartali ar lielaku
apdzivojamibu atrodas nedaudz talak no galvenajam ielam, bet tomér RVC centrala-
jos rajonos. Siem kvartaliem ir zemaka kultiiras vértiba, bet augstakas dzivosanas
kvalitates ipaSibas. “Energétikas kvartali” parsvara atrodas RVC malas. Lielaka
dala identificéto energoietilpigo kvartalu ir uzbuveti péc Otra pasaules kara. Péc
kara planosana publiskas telpas tika integrétas esosaja pilsétas struktura.

Pétijuma rezultati rada, ka abos (“Energétikas kvartals” un “Kultiiras manto-
juma kvartals”) sarakstos bija tikai divi kvartali, tacu neviens no tiem neienéma
augstu vietu individualaja alternativu reitinga un netika apspriests turpmakai
izpétei. Viens no tiem tika izvélets talakai analizei. Kvartala ilustracijas redzama
2.22. attéla.

4 k' \ : - - § P - 'ia d #
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2.22. att. Petijuma izvelétais pilsétas kvartals, kas ir visatbilstosakais parejai uz pozitivu
energobilances kvartalu gan no energétikas, gan kultirvésturiska vértibas aspekta.

Tiecoties uz oglekla neitralu nakotni 2050. gada, butiska uzmaniba ir japievers
esoSajam ékam, jo tajas ir liels CO, emisiju samazinasanas potencials. Tacu janem
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verd tas, ka vesturiskas pilsétbiivniecibas struktiiras ir sarezgitas - apbiives
blivums ir augsts, attalums starp ékam ir mazaks neka jaunbivém un saglaba-
jama vésturiska vertiba, kas ierobezo energoefektivitates pasakumus. 2.2. tabula
apkopoti pétijuma rezultati par energoefektivitates potencialu, atjaunojamo ener-
goresursu potencialu un CO, samazinajumu izvélétaja Rigas vesturiska centra
kvartala. Pétijuma aprekini par iespéjamo CO, ietaupIljumu, parejot no tradicionala
vésturiska pilsétas kvartala uz pozitivas energijas kvartalu, liecina par aptuveni
45 kg/m? CO, ietaupljuma potencialu gada, samazinot CO, emisijas no 50 kg/m?
lidz 5 kg/m? gada un kopuma 1627 tonnas gada. Atbilstosi aprékinatajiem rezulta-
tiem siltumenergijas pieprasijumu var pilniba segt ar uz vietas sarazoto energiju
(izmantojot akumulaciju vai pievadot centralizétas siltumapgades tiklu), bet elek-
troenergijas pieprasijuma segSanai energoietilpigu patérétaju gadijuma nepiecie-
$ama aréja razo$ana. Rezultati parada potencialu, ka sasniegt loti zemu energijas
pieprasijumu kvartala.

2.2.tabula

Pétijuma rezultati par energoefektivitates potencialu, atjaunojamo
energoresursu potencialu un CO, samazinajumu izveletaja Rigas vésturiska
centra kvartala

Energijas ietaupijumi | Energijas raZzoSana co,
Izmantota tehnologija Sil- | Elek- Elek- Siltu- | CO, ietau-
tums | triba triba | menergija | pijumi
MWh | MWh | m? | MWh MWh tonnas
Energijas ietaupijumi no éku 2686 | 2400 - - - 970
energoefektivitates
Atlikumu siltuma izmantoSana - -
Datu centra atlikumu siltums - - - - 338 89
[zmanto dzeséSanas energijas - - 83 22
patérinu
Energijas razo$ana
Izmantojama jumta platiba
Jumta platiba parklata ar PV - - 5965 | 1014 - 111
Jumta platiba parklata ar PVT - - 3895 425 1380 411
Fasades - -
[zmantojama platiba uz dienvid- - - 1307 | 135 - 15
austrumu fasades
[zmantojama platiba uz dienvidrie- - - 835 89 - 10
tumu fasades
1663 1800 1627
Procentualais ipatsvars no 69 % 100 %
kopéja izveléta energijas
patérina
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SECINAJUMI

1. hipotéeze

Vesturiskiem Kkiegeliem ir atSkirigas higrotermalas ipasibas, un tas
ietekmé higrotermalos procesus no iekSpuses siltinatas masivas miira
sienas.

Hipotéze apstiprinajas, jo 40 vésturisku kiegelu paraugu testéSanas rezultati
rada, ka tiem ir atSkirigas higrotermalas ipaSibas. legiitie rezultati rada, ka kie-
gelu paraugu sadalijums klasteros ir lidzigs kiegelu paraugu tipu sadalijumam,
pamatojoties uz to aprakstu, tapéc visparinatus secinajumus nevar izdarit. Tomér
pétijuma noverots, ka sarkanajiem mala kiegeliem, kas razoti no 19. gadsimta
beigam lidz 20. gadsimta sakumam, ir izteikta atskiriba starp diviem galvenajiem
klasteriem un tikai divi no paraugiem atrodas citas kopas. Lai iegttu detalizétakus
rezultatus par iespéjamiem klasteriem, nepiecieSams turpinat pétijumus ar lielaku
paraugu skaitu. Pétijjuma par 40 testéto kiegelu mira siltinasanu no iekSpuses ar
tvaika caurlaidigu kapilari aktivu siltumizolacijas materialu auksta klimata seci-
nats, ka visos sienu paraugos ir loti lidzigas temperatiiras tendences, savukart
mitruma uzvediba ir vérojama liela atskiriba. Temperatiiras svarstibas starp daza-
diem sienu veidiem ir atkarigas no kiegelu termiskas pretestibas. Mitruma satura
limeni dazadiem sienu veidiem atSkiras Cetras reizes, un mitruma satura uzvediba
ir loti atSkiriga. Simulacijas rezultati rada, ka mitruma saturu muri1 un siltumizo-
lacijas materiala, ka ari relativo mitrumu starp miiri un siltumizolacijas materialu
ietekmeé lietus un limes uzklasanas kvalitate. Simulacijas rezultati liecina, ka, ja
siltinasana no iekSpuses notiek ar tvaika caurlaidigu kapilari aktivu materialu
eka, kas atrodas auksta klimata un ir ar normalu iekStelpu mitruma slodzi, relati-
vais mitrums starp miri un siltumizolaciju neparsniedz 96 % un tiek uzskatits par
drosu. Sis secinajums attiecas gan uz izolaciju ar Iimi, gan bez tas.

2. hipoteéze

Klimatiskie ara apstakli ietekmeé higrotermalos procesus no iekSpuses sil-
tinatas masivas mura sienas.

Hipotéze apstiprinajas dal€ji, jo dazadu siltumizolacijas materialu testéSanas
rezultati rada, ka atkariba no siltumizolacijas sistémas veida (tvaika caurlaidiga
vai tvaika necaurlaidiga) higrotermalos procesus no iekSpuses siltinatas masivas
mira sienas ietekmé ne tikai klimatiskie ara apstakli, bet ari iekStelpas gaisa para-
metri. Turklat tika secinats, ka testétajam siltumizolacijas sistémam ir lidziga ter-
mala uzvediba, bet tam ir atS§kiriga mitruma uzvediba. Siltinasanai no iekSpuses ir
liela ietekme uz sienas higrotermisko uzvedibu, jo pieaug relativais mitrumu starp
siltumizolaciju un mira sienu, kas savukart palielina peléjuma rasanas, sala boja-
jumu un koka siju sabruksSanas risku. Konstrukcijas rodas siltuma plismas kave-
jums starp konstrukcijas iek$€jo virsmu un aréjo virsmu, un ta lielums ir atkarigs
no robeznosacijumiem - jo lielaka ir atSkiriba starp iekStelpu un ara temperattru,
jo lielaka ir laika nobide. Temperatiras samazinajuma koeficients, kas atspogulo
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siltuma plismas vilpu amplitiidu attiecibu, dazadam siltumizolacijas sistémam
atSkiras un pozitivi korelé ar tvaika difuzijas pretestibu.

Relativo mitrumu zem izolacijas materiala ietekmé ara gaisa temperatiiras un
iekStelpu relativa mitruma izmainas. Ja ara temperatiira ir nemainiga un iekStelpu
relativais mitrums vides apstaklos svarstas, relativais mitrums zem izolacijas
tvaika caurlaidigas siltumizolacijas sistémas ar zemu tvaika diftizijas pretestibu
uzvedas ka iekStelpu relativais mitrums. Kavéjums ir atkarigs no S, vértibam. Jo
mazaka ir tvaika pretestiba, jo mazaka ir laika nobide relativa mitruma vilna
izplatibai no sienas are€jas virsmas uz tas iekSéjo virsmu, un jo lielaka ir relativa
mitruma vilnu amplitidu attieciba abas sienas virsmas. Tvaika necaurlaidigas
sistémas ar augstu tvaika diftizijas pretestibu neietekme ieksStelpu relativais mit-
rums, un relativais mitrums starp miri un siltumizolaciju ir atkarigas tikai no ara
gaisa temperatiras. Ja iekStelpu relativais mitrums ir stabils un ara temperatiira
svarstas, tvaika caurlaidigas siltumizolacijas sistémas ar zemu tvaika diftuzijas pre-
testibu relativais mitrums zem izolacijas seko temperatiiras profilam. Jo zemaka
ir tvaika difuzija, jo tuvak relativa mitruma vilni zem izolacijas seko temperatiiras
profilam. Tvaika necaurlaidigdm sistémam relativa mitruma vértibu amplitiida
samazinas, kad samazinas tvaika diftizijas pretestiba. Kad svarstas gan iekStelpu
relativais mitrums, gan ara gaisa temperatira, tvaika caurlaidigas sistémas ar
zemu tvaika diftizijas pretestibu vairak seko iek$telpu relativa mitruma profilam.

Rezultati liecina, ka véja dzita lietus apstak]os relativa mitruma palielinasanas
zem siltumizolacijas sistemam ir saistita ar materiala tvaiku diftizijas pretestibu.
Jo lielaka pretestiba, jo lielaka ir véja dzita lietus ietekme, jo samazinas zZiiSanas
iespéja uz telpas pusi.

Tvaika caurlaidigi materiali, pieméram, korkis, uzpusts korkis un augsta bli-
vuma kokskiedru platnes bez tvaika barjeram, darbojas lidzigi ka tvaika necaur-
laidigas sistémas. Relativais mitrums zem izolacijas ir mazak jutigs pret iekStelpu
relativa mitruma izmainam un jutigaks pret ara temperatiras svarstibam. Korkis
ir mazak jutigs pret mitrumu neka koks un koksnes materiali.

Skaitliskie eksperimenti simulacijas rika Delphin rada, ka simulacijas kvalitate
ir atkariga no ievades datiem. Lai simulacija nodroSinatu visprecizakos ievades
datus, visiem materialiem, ieskaitot siltumizolaciju un javu, jabit péc iespé€jas
tuvakam faktiskajam vértibam. Materiali ir jatesté pirms simulacijas, un katram
jaizveido pielagots materiala fails, lai simulacija butu péc iespéjas tuvaka realita-
tei. Petijums rada, ka auksta klimata vésturiskajam mirim uzliekot iekséjo izola-
ciju, ir rupigi janovérté kombinétas vesturiska mira un izolacijas materialu sienu
konstrukcijas higrotermiskas ipasibas. Simulacijas rezultati var nesakrist ar izmé-
ritajiem datiem sienas sakotnéja mitruma satura vertibu dél, ka ar1 parametru vér-
tibas ietekmes de].
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3. hipoteze

Vésturiskas miira un akmens sienu siltinaSana no iekSpuses ar tvaika
necaurlaidigu siltumizolaciju auksta klimata ir droSs energoefektivitates
paaugstinasanas pasakums.

Hipotéze apstiprinajas, jo meérijjumu un datorsimulaciju rezultati rada, ka
arsienu siltinasana no iekSpuses ar tvaika necaurlaidigu siltumizolacijas sistému
auksta klimata Sajas divas ékas ir dross energoefektivitates paaugstinasanas pasa-
kums. Abos gadijumos relativais mitrums starp arsienu un siltumizolacijas sistemu
parsniedz 80 % salidzinosi neilgu laika posmu gada aukstajos méneSos un nepie-
tuvojas kondensata veidoSanas procesam. Peléjuma veidoSanas risks ir zems, jo
perioda, kad ir paaugstinats relativais mitrums, temperatira ir zemaka neka nepie-
cieSama sporu dig$anai un sakotnéjai pelejuma augsanai. Abos gadijumos relativais
mitrums starp sienu un siltumizolacijas materialu seko ara gaisa temperatiiras
izmainam.

4. hipotéze

Veésturiskas apbiives saglabasana nelauj sasniegt pozitivu energobilanci
vesturiskajos pilséetas kvartalos.

Hipotéze apstiprinajas, jo rezultati liecina, ka kvartaliem ar augstaku kultir-
vertibu ir mazaks energoefektivitates potencials, un otradi. Pétijjuma tika izman-
tota dubulta daudzkritériju analize, kas rada, ka pilsétu kvartalus var vértét gan no
energoefektivitates, gan kultiiras mantojuma perspektivas. Piedavatie daudzkri-
tériju analizes kriteriji, lai novertétu kultiras mantojumu, dzivotspéju un energo-
efektivitates potencialu, raksturo pilsétas kvartala specifiskas ipasibas. Turklat
rezultati liecina, ka, lai sasniegtu pozitivu energijas kvartalu, nepiecieSami loti
ambiciozi energoefektivitates uzlaboSanas mérki. Petijums rada, ka sadas analizes
par pareju no tradicionala vesturiska pilsetas kvartala uz pozitivas energobilan-
ces kvartalu, kura jasaskano divas pretrunigas koncepcijas - kultiiras mantojuma
saglabasana un koncepcija “energoefektivitate pirmaja vieta”, katram solim ir
vajadzigas zinasanas par konkréto kvartalu: 1) energoefektivitates pasakumi ir
japielago vietéjam klimatam; 2) atjaunojamas energijas tehnologijam jaizmanto
ipasas vides un klimata apstak]u prieksrocibas; 3) saglabajamam veésturiskajam
vertibam ari ir lokals raksturs.
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HYGROTHERMAL PROPERTIES OF HISTORIC BRICKS FROM
VARIOUS SITES OF LATVIA

Introduction

There are available hygrothermal simulation tools that allow to model possible
scenarios for optimisation of thermal transmittance of historic wall, creating complex
insulation systems. The accuracy of the results depends on the conformity of the input data
to the specific design of existing wall. The properties of materials selected in the simulation
tool should reflect as close as possible the properties of the wall under investigation.

For theses tools to be widely applicable the material library has to include various
materials from various regions, thus allowing architects, planners, real estate developers
and homeowners of Latvia to use the simulation tool with greater reliance on the accuracy
of the simulation results.

In order to obtain a result in mathematical modelling programmes simulating the
humidity transfer processes, which would reflect the situation as close to the real conditions
as possible, the database built into the modelling programme should be supplemented with
materials specific to the Latvian construction periods and obtained in different locations.
Samples from different regions of Latvia were collected during brick collection
(see Fig. 1 tab. 1).

Material Samples

Figure 1. Sites of the collection of brick samples in Latvia
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Table. 1. List of brick samples

Material No. Year of construction Address
18_4 1910- 1915 A. Bridna, Riga
18.5 before 1960 Pulka iela 8, Riga
18_6 19th century Brivibas iela 78a, Riga
187 18th century Jéekaba iela 24, Riga
18_15 1920 - 1930 Lacplesa iela 1, Altiksne
18_16 19th century T- Breik$a iela 41, Liepaja
191 before 1903 Kugu iela, Riga
19 2 before 1903 Kugu iela, Riga
19 4 19th century Irlavas pagasts, Tukuma rajons
195 20th century 0. Vaciesa 6. Riga
19.6 20th century Irlavas pagasts, Tukuma rajons
197 18th century Malpils
19.8 18th century Malpils
19.9 19th century Malpils
19_10 1920 - 1930 Lacplesa iela 1, Altksne
19_11 20th century 0. Vaciesa 6, Riga
19 12 20th century Pulka iela 8, Riga
1913 1930 Raudas pag., Tukuma rajons
19 14 1830 Dundaga
19_15 1960 Irbene
19_16 1960 Irbene
19_17 1960 Dundaga
19_18 1902 - 1903 Ogresgals
201 1985 Dundaga
20_2 19th century Rozupes pagasts, Livanu novads
203 1960 Upenieki
204 17th century Rigas iela 216b, Jekabpils
20 5 1932 Cukurfabrikas iela 2, Jekabpils
20_6 1850 Sélpils
20_7 1940 Jékabpils
20_8 1910 Jelgava
20 9 20th century Kr. Valdemara iela, Riga
20_10 19th century Eleja
20_11 1922 Dundaga
20_12 19th century Talsu iela 2, Dundaga
20_13 17th century Pils iela 14, Dundaga
20 14 - Berkava
20_15 1900 Brivibas 120, Jékabpils
20_16 - Ziguri
20 18 Balvi
SR A0e RTU
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Methodology

Standard measurement methods with some adjustments were used (see table 2. and 3.).

Table 2. Standard measurement methods for material properties tests of historic bricks

Density EN 772-13:2000. Methods of test for masonry units. Determination of net and
gross dry density of masonry units (except for natural stone)

Porosity EN 772-3:1998. Methods of test for masonry units. Determination of net volume
and percentage of voids of clay masonry units by hygrostatic weighing

Vapor CUP-Tests (u values). EN ISO 12572:2001 — Hygrothermal performance of

permeability building materials and products — Determination of water vapour transmission
properties

Free water ISO 15148:2002, 2002: Hygrothermal performance of building materials and

uptake products — Determination of water absorption coefficient by partial immersion

The material properties were determined for a specific reason, to be used as a input
data for creation of hygrothermal simulation tool material file, in this case DELPHIN
simulation tool. Therefore, some deviations from the testing standards were implemented.
These deviation were developed by Dresden University of Technology (also the developers
of DELPHIN simulation tool) and will be described further on. Measurement methods for
material properties test developed by Dresden University of Technology are compiled in
Table 3.

Table 3. Measurement methods for material properties tests approved and developed by
Dresden University of Technology

Moisture Hygroscopic sorption and water retention properties are tested following the

storage method developed in Dresden University of Technology based on DS/EN ISO
12571:2013 Hygrothermal performance of building materials and products —
Determination of hygroscopic sorption properties and (DS/EN 1SO 11274 Soil
quality - Determination of the water-retention characteristic — Laboratory methods
[38], [39]

Drying Curve Non-isothermal combined vapour and liquid transfer testing method developed in
Dresden University of Technology

Heat capacity ~ heat pulse technology by means of ISOMET equipment
and thermal
conductivity

Only general explanation of tests and included deviations are described, as the
detailed description of all tests perfomed can be found in the corresponding standarts.

Density and porosity

Density is determined according to the standard EN 772-13:2000. Methods of test
for masonry units. Determination of net and gross dry density of masonry units (except for
natural stone). Porosity is determined according to the standard EN 722-3:1998. Methods of
test for masonry units. Determination of net volume and percentage of voids of clay masonry
units by hydrostatic weighing.
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To determine bulk density, the bulk volume and the dry mass must be determined.
For the determination of the dry mass, samples were oven dried in the 105 °C, until the
constant mass of the samples is reached. Mass was assumed to be constant, when it doesn’t
change more than 0,2 % over the 24 h period. For the determination of the volume three
methods were used. First method was hygrostatic weighing, second method was
measurements of sample dimensions using a caliper and the third was immersion method.
Hygrostatic weighing was used on the full-size bricks, and was done in three steps:

1) Brick was saturated with water;
o This is done, to avoid water uptake by the brick during weighing;
2) Weight of the saturated brick was determined (in the air);
3) Weight of the brick was determined (immersed under the water);
e Brick in hanged under the scale, and the determined weight is lower due to buoyance.

To determine the bulk volume of the samples, equation (1) was used:

V, = (o) (1)
where

Vs — bulk volume of sample, cm3

ms - weight of the saturated sample, g

msw - weight of the saturated sample, when weighted under the water, g

pw - density of the water, g/cm3.

Immersion method was used for the cut-out samples of the brick and was performed
in three steps:

1) Filling the container with water, up to the rim;

2) Immersion of the water saturated sample into the water filled container, while the
overflowing water is collected, in another container;

3) The overflowing water volume equals the volume of the sample;

4) Weighing of the collected overflowing water;

5) Calculating of the overflowing water volume, (assuming that 1 g of water equals 1cm3 of
water, the mass of water in grams equals the volumes of sample in cm3).

Prior to determination of the sample volume by immersion method, the samples had
to be conditioned by saturation with water. After the samples were saturated, for
determination of the volume two different size cups were used. Smaller cup was filled with
the water, up to the rim and put into the larger cup, after that the brick sample was immersed
into the smaller cup, with the help of an adhesive tape. The overflowing water from the
smaller cup was collected into the larger cup, and the mass of overflown water was
determined.

To calculate the bulk density equation (2) was used:

ps =12 2)
where
mg - Dry mass of the sample [g];
Vs — Bulk volume of sample [cm3];

ps - Bulk density of the sample [g/cm3].
The average value of the bulk density was used for further calculations.
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To determine open porosity, samples were saturated with water under the vacuum.
Vacuum saturation was used to determine maximum saturation of the samples. For the
vacuum saturation a desiccator filled with water and vacuum pump CVC 3000 vacuubrand
was used (fig. 2.). The samples were kept under approximately 3 mBar pressure until the
constant mass was reached. To determine open porosity, the equation (3) was used:

P, = (ﬁ) x100% (3)
where

Po — open porosity of the sample, %

my- mass of vacuum saturated sample, g

pw - density of the water, g/cm3

md - dry mass of the sample, g.

Figure 2. Vacuum saturation of brick samples

Prior to determination of the sample maximum (vacuum ) saturation, the effective
saturation of the material were determined by submerging the samples under the water
(fig. 3.).
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Vapor permeability

Vapor permeability test (cup test method) are performed according to the standard
ENISO 12572 Hydrothermal performance of building materials and products -
Determination of water vapour transmission properties.

For the cup test method 3 samples of the brick are used in the cut sizes of 7 x 7 x 1
cm. Samples are installed in the lids of the cups, with the help of a wax (fig. 4.). Test is
repeated two times, first time in low humidity conditions (Dry-cup test) and the second time
in high humidity conditions (Wet-cup test).

a) b)

Figure 4. Cup tests a) sample installed in the lid of a cup b) cups inserted in the controlled environment

For the Dry-cup test silica gel desiccant is used, to keep low (5 %) relative humidity
inside the cup. The desiccant is poured in the bottom of the cups and the cups are inserted
in the climatic chamber TH-G-1000 with the constant temperature of 23 C° and relative
humidity 35 %. For the Wet-cup test saturated salt solution of KH2PO4 is used, to keep high
(96 %) relative humidity inside the cups and the cups are inserted in climatic chamber with
constant temperature 23 C° and relative humidity 65 %. To calculate water vapour resistance
factor, increasing mass of the cups in the case of Dry-cup test, or decreasing mass of the
cups in the case of Wet-cup test, are determined, by the weighing of the cups over the period
of time. Mass increase/decrease of the cup indicates how much water vapour is passed
through the samples, due to the difference in the water vapour pressure in climatic chamber
and cups caused by the difference in relative humidity inside the cups and in the climatic
chamber. Several equations are used to calculate water vapour resistance factor. The main
equations are showed below:

Density of water vapour flow:

g=1 4)

where

g — density of water vapour flow, kg/(m2-s)

A - surface area of the sample (exposed to vapour transfer), m2

G - slope of the mass plotted as a function of time (cup mass increase/decrease),
kgls.
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Water vapour pressure:
17.269 —6

Py =@ - 610.5 - e 237316 (5)
where
pv — water vapour pressure, Pa
@ — relative humidity, [-]
e - base of natural logarithm (2.718...), [-]
© - temperature, °C.
Water vapour permeance:

W= 6)

where
W — water vapour permeance, kg/ (m2's-Pa
g - density of water vapour flow, kg/(m?s)
Ap - pressure difference (cup, chamber), Pa.
Water vapour permeability of still air:

2.306-1075-P, o \81
ba = Ry-0-Py . (273.15)
where
0a — water vapour permeability of still air, kg/ (m-s-Pa
Rv — gas constant of water vapour (461.5), N-m/(kg-K)
© - temperature, °C
Po - standard barometric pressure (101325), Pa
Pa — pressure in climatic chamber, Pa.
Water vapour permeability:

§=W-d (8)
where
0 — water vapor permeability of a sample, kg/(m-s:Pa)
W - water vapor permeance, kg/(m?'s-Pa)
d - height (thickness) of a sample, m.
Water vapour resistance factor:

p=lo ©

where

U - water vapour resistance factor, [-]

0 - water vapour permeability of still air, kg/(m-s-Pa)

0 — water vapour permeability of a sample, kg/(m's-Pa).

Free water uptake

Free water uptake tests are performed according to the standard 1SO 15148:2002,
2002: Hydrothermal performance of building materials and products — Determination of water
absorption coefficient by partial immersion.

Free water uptake test are performed, to determine capillary moisture content and
capillary absorption coefficient of the brick. After preparing the bricks samples for the test

.
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and pre-conditioning, side edges of the samples are sealed with the aluminium tape, to
protect samples from drying out sideways. The top and bottom part of the sample is left
uncovered. The prepared samples were put into water, and only up to 5 mm of the bottom
part is immersed. The sample itself is put on the pins, so that bottom plane is opened to
water contact (fig. 5.).

Figure 5.. From left. Tape, sample prepared, partial immersion

During the free water uptake test mass of the samples is determined periodically
with decreasing frequency of period. In the beginning of the test, when the free water uptake
happens faster, the mass is determined with a higher frequency (from 5 min. interval to 1 h
interval), when test progresses, the weighing interval can be as long as 24 h. Test frequency
and duration of the test varies for different bricks due to different material properties.

The main results of the free water uptake test is a water uptake coefficient, capillary
saturation level and suction curve, with corresponding boundary conditions.

Moisture storage

Two methods are used to determine water storage properties. In hygroscopic range
a desiccator method is used to determine sorption curves, and in over-hygroscopic range,
the pressure plate method is used to determine water retention curve.

Desiccator method are performed according to the standard EN ISO 12571:2013.
Hydrothermal performance of building materials and products - Determination of hygroscopic
sorption properties. In this test series of decreasing/increasing equilibrium relative humidity
at a given temperature are established. Five different equilibrium relative humidity are
established in this test. To achieve different relative humidity, individual desiccators for each
relative humidity are filled with saturated salt solution and are kept at the constant
temperature (23 °C), to maintain specifi relative humidity above saturated salt solution
(see table 4.).

Table 4. Relative humidity above saturated salt solution at 23 °C [73]

Salt solution Relative humidity
Potassium hydroxide (KOH) 7.38 %
Magnesium chloride (MgCl2) 329%
Magnesium nitrate (MgNO3) 53 %

Potassium chloride (KCI) 84.7 %

Mono potassium phosphate (KH2PO4) 96 %
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In total 10 samples with cut out size of 4 x 4 x 1 cm are used for each brick to
determine sorption curves with desiccator method. Before the test samples are conditioned,
by oven drying until the constant mass is reached, indicating that the samples are dry. Then
the samples are divided in two groups with 5 samples in each group. One group of the
samples is inserted in the desiccator with highest relative humidity (96 %) and the other
group is inserted in the desiccator with the lowest relative humidity (7.38 %) (fig. 6). When
the equilibrium is reached, the samples are weighed and moved to the next desiccator with
lower or higher relative humidity, respectively, from 7.38 % to 32.9 %, and from 96 % to 84.7
%. The moving of the samples is continued until both groups of the samples have reached
the equilibrium state in each of 5 relative humidity environments. Weighing results of the
sample group moving from lowest relative humidity to higher relative humidity are used to
obtain adsorption curve and the weighing results of the sample group moving from the
highest relative humidity to the lower relative humidity are used to obtain desorption curve.

a) b)

Figure 6 Setup of desiccator method a) chamber with a constant temperature of 23 °C b) desiccator filled with
samples

To calculate the moisture content (MC) [g/g] of the sample, equation (10) is used:
Mc ="""d (10)

mq

Where

MC —-moisture content, g/g

m — mass of the weighted sample, g

md — dry mass of the sample, g.

Pressure plate tests are performed according to the standard DIN EN ISO 11274
Soil quality - Determination of the water-retention characteristic - Laboratory methods.

Pressure plate method is similar to desiccator method, but instead of the different
relative humidity, a different pressure levels are applied to the test samples. Equilibrium of
the samples is achieved when there is no water flow from the pressure chamber outlet. With
the desiccator method moisture storage are expressed as the dependence of the relative
humidity, but with the pressure plate method as the dependence of the capillary pressure.
Both of parameters can be expressed as the other with the Kelvin equation (Eq. (11)). The
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same formula is used to calculate MC after the equilibrium of the samples is reached at each
pressure. Two pressure plate chambers are used in this test. To increase testing procedure,
both pressure chambers are used in parallel with four different samples in each chamber. In
total 8 samples with cut out size of 4 x 4 x 1 ¢cm are used in pressure plate method. Before
the test samples are saturated for 1 month by partially immersing them in the water.
Saturated samples are placed on the ceramic plates; and the kaolin clay and the filter paper
are used to provide better contact between samples and the plates. Ceramic plates together
with samples are inserted into a pressure chamber and the pressure is applied (fig. 7.). When
the pressure is applied to the chamber, the samples are drained until the equilibrium is
reached. When the equilibrium is reached, the samples are weight and the applied pressure

increased to the next step. In total 5 different pressures are applied: 0.1 bar, 0.3 bar, 4 bar,
8 bar and 15 bar.

Kelvin equation:

P.(p) =p, R, T Ing (1)

where

Pc — Capillary pressure, Pa

pi - Density of the liquid water, kg/m?

Rv — Gas constant of water vapour, J/kg-K
T — Absolute (Kelvin) temperature, deg

@ - Relative humidity, [-].

Figure 7. Pressure plate method a) saturation process of the samples b) water outlet of the pressure chamber c)
pressure regulation system d) left: pressure chamber up to the 5 bar, right: pressure chamber up to the 15 bar
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Drying curve

To determine a drying curve a non-isothermal combined vapour and liquid transfer
testing method, developed in Dresden University of Technology, is used. In this method
samples are conditioned by submerging in the water, until the effective saturation is reached.
After conditioning, the brick samples are placed in the drying cabinet and measurements are
made periodically to record changes in the weight and surface temperature of the samples.
In the drying the cabinet flowing air above the samples is maintained, temperature and
relative humidity is monitored. The placement of the samples inside the cabinet are managed
in the manner, so that only the top surface of these samples are exposed to the moving air
above these samples (fig. 8.).

Figure 8. Samples in drying cabinet

Results of the drying test is a drying curve and corresponding boundary conditions,
that are mainly used to calibrate the relevant Delphin material file (see chapter 3.).

Specific heat capacity and heat conductivity

Thermal conductivity and specific heat capacity are determined with the ISOMET
2114 from Applied precision. Surface probe IPS 1105 with the measurement range from
0.3 to 3 W/(m-K) is used. Precision of the measurements are 3 % of reading + 0.001 W/(m-K)
for thermal conductivity and 3 % of reading + 1.103 J/(m3-K) for the volume heat capacity.
Prior to the test the brick samples are oven dried in 105 C°. After preparing the bricks
samples for the test, the brick samples are placed in desiccator, and measurements are
performed with ISOMET 2114.

Rsults are included in separate excel file, with all the single value results in sheet1
and individual sheet for each curve.

.
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Abstract: Energy consumption in historic building stock is high compared to current energy effi-
ciency standards. The heritage value of the facade and the limited space on the external surface in
densely populated urban streets limit the application of external insulation. Internal insulation can
be applied instead. However, it is considered to be a riskier technology due to moisture-related
damage. In addition to mold growth and wood rot, frost damage should be considered in cold cli-
mates. This study aims to assess the impact of a vapor-open capillary-active calcium silicate internal
insulation system with and without adhesive glue on the hygrothermal behavior of masonry from
various historic bricks in cold climates by performing numerical simulations in the software Delphin.
Test results of hygrothermal properties of 40 historic brick samples were used in numerical exper-
iments to assess the impact of a brick type, the quality of the application of calcium silicate (with or
without adhesive), and the impact of cold climate on the hygrothermal behavior. Results show that
temperature behavior is similar to all wall types whereas a large difference is observed in moisture
behavior. The application of adhesive glue tends to reduce moisture spikes caused by rain events
when compared to the same samples without adhesive. Findings only partly correspond to other
studies on factors affecting moisture behavior.

Keywords: internal insulation; historical bricks; capillary-active insulation; Delphin simulation;
numerical experiment; digital experiment

1. Introduction

The high energy consumption in historic buildings is determined by the poor thermal
properties of a building envelope. As a significant share of the thermal energy losses are
through the opaque building envelope (exterior walls), the insulation of exterior walls can
significantly reduce energy consumption of the building and thereby reduce greenhouse
gas emissions [1]. Existing buildings can face restrictions for applying external wall insu-
lation. First, due to the cultural heritage value of a building, and, second, technical limita-
tions due to the geometry of the building or location within the densely built urban envi-
ronment. In these cases, internal insulation should be applied. This type of energy effi-
ciency measure has a high impact on the hygrothermal behavior of the wall, leading to a
higher risk of frost damage, mold growth, and decay of embedded wooden beams [2]. If
thermal insulation is applied without preliminary investigation of the existing moisture
issues in the building, it can lead to increased moisture-caused problems. Moreover, if
these problems are not eliminated prior to the refurbishing, they will intensify in a short
period of time and can cause irreversible damage to the building’s thermal envelope and
construction [3].

The assessment of heat and moisture transfer in porous building materials is the cen-
tral issue when internal insulation is applied in buildings. Material properties are crucial
when internal insulation is considered. They include general, thermal, and hygric prop-
erties. General properties that are essential for hygrothermal behavior are bulk density
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and open porosity. Thermal properties include thermal conductivity and specific heat ca-
pacity. Moisture storage in a material is characterized by saturated moisture content, ca-
pillary moisture content, sorption isotherms, and retention curves. Transport properties
include the capillary absorption coefficient, vapor permeability, liquid permeability, and
liquid diffusivity [4]. Various test methods are available to test the thermal and hygric
properties of porous building materials in the full humidity range [5].

Existing masonry and historic bricks and their hygrothermal properties have been
studied [6-12]. If historic masonry is covered with an external render, the hygrothermal
performance of internally insulated walls depends mainly on the liquid permeability of
the exterior finishing render [13]. De Mets et al. (2017) found that brick type and driving
rain load significantly impact the moisture levels in masonry with internal insulation.
They concluded that the absorption coefficient of a brick cannot be used as a single factor
to assess the hygrothermal impact of interior insulation, and the liquid water conductivity
has a higher impact [2]. However, the liquid water conductivity is difficult to estimate
because there is a lack of a single method to directly measure the liquid permeability at
low and intermediate moisture content [14]. Isothermal measurements alone are not suf-
ficient to correctly simulate the capillary condensation process and the drying-calibrated
model underestimates the moisture content [15]. A vapor-open exterior water-repellent
fagade impregnation or rendering is an important measure against wind-driven rain if
internal insulation is applied [2]. Another study found that the pore size of a material
strongly influences its hygric properties. Small pores mainly increase the hygroscopicity
(e.g., the sorption isotherms), while large pores primarily enhance the capillarity (e.g., the
capillary absorption coefficient). If pore size distribution is known, one can estimate the
overall hygric performance of a material [14].

For capillary-active internal insulation systems, driving rain load and the drying po-
tential of the wall are the main factors affecting their hygrothermal performance [2]. They
are safe if capillary-active internal insulation is applied in spaces with low or normal oc-
cupancy with no additional moisture source. Capillary-active internal insulation is con-
sidered to be safe if the relative humidity under the insulation does not exceed 99% [16].

A capillary-active insulation system of calcium silicate insulation is adhered to the
masonry wall by a glue mortar so that the interstitial condensation can be buffered [17-
21]. Good contact between the masonry wall and the insulation should be provided [20].
The functionality of the system is disturbed if contact between the masonry wall and the
capillary-active material is discontinued. The adhesive glue limits the redistribution of the
moisture from the interstitial condensation that occurs at the warm side of the masonry
wall by the capillary-active material. A low capillary absorption coefficient of the adhesive
glue diminishes the risk of moisture from wind-driven rain. The glue reduces the redistri-
bution of potential condensation toward the masonry. The absorption coefficient of the
glue depends on the curing conditions. The glue mortar can capture a large amount of
moisture [22]. In another study, [23] conclusions are that capillary-active interior insula-
tion cannot be applied in a cold continental climate and vapor-tight insulation has to be
applied. They found that condensation in the masonry can appear if the capillary-active
interior insulation with a relatively small water vapor resistance factor, high indoor mois-
ture load, and no adhesive glue is applied.

This study aims to assess the impact of a vapor-open capillary-active calcium silicate
internal insulation system with and without adhesive glue on the hygrothermal behavior
of masonry from various historic bricks in cold climates by performing numerical simula-
tions.
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2. Methodology

In this study, the simulation software Delphin 6.1 is applied. Delphin is designed to
simulate the heat, moisture, and air transportation and storage processes in porous con-
struction materials. The brick files to be used in Delphin were created during laboratory
tests of hygric and thermal parameters of 40 historic bricks from Latvian historic buildings
from the 17th to the 20th century (Appendix A). Tests were carried out based on the testing
standards defined by Dresden Technical University and ISO standards. The following pa-
rameters were determined: density, open porosity, thermal conductivity, specific thermal
capacity, sorption isotherms, retention isotherm, water absorption coefficient, capillary
saturation moisture content, water vapor diffusion resistance factor, vapor diffusivity, and
vapor conductivity. Tests and test results have been published [24]. A clustering analysis
of tested brick samples was carried out after material tests were performed. The clustering
results of hygrothermal properties were cross-examined with clustering results of the Del-
phin simulation data. Six and three clusters were found to be optimal, accordingly for the
hygrothermal properties and the Delphin results data groups. After cross-examination, a
total of nine combined clusters were recognized, with two dominant clusters containing
67.5% of all samples (30% and 37.5%), four of the clusters containing only one sample in
them, and other clusters containing two, three, and four samples in them [25].

Two slightly different Delphin models were created: one for the situation where cal-
cium silicate insulation was glued to the masonry and another where calcium silicate was
not glued to the masonry. Figure 1 shows the simulated structure with masonry (0.25 m)
and calcium silicate (0.05 m), with an adhesive layer of 5 mm. Simulations were carried
out for each of the 40 types of masonries: with and without adhesive glue under the insu-
lation material. For the model without adhesive, the adhesive layer was not present in the
model and the gap in between the insulation and the masonry was removed.

B 5 v r=1

CasiPlus [837]

brick sample 20_16

CaSi adhesive mortar (Iig

Materisls  OutputFles O

Surfaces/Boundaries

7 P=4¢

Surfaces/Boundaries  Climate

Figure 1. Simulation model.
The properties of the insulation material and the adhesive glue are shown in Table 1.

Table 1. Properties of the insulation material and the adhesive glue.

Parameter Calcium Silicate Adhesive (Glue) Unit

Bulk density 225.04 820.033 kg/m3
Specific heat capacity 1129 1306.5 J/kgK
Open porosity 0.9136 0.690553 m3/m?
Effective saturation 0.90408 0.34 m3/m3
Capillary saturation 0.7211 0.316 m3/m?
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Hygroscopic sorption value

at 80% relative humidity 0.00622307 0139855 me/m?
Thermal conductivity 0.061 0.216 W/mK
Water uptake coefficient 0.7831 0.00801211 kg/m?2s05
Wa.ter vapor diffusion 23973 18.9365 )
resistance factor

Liquid water conductivity ~ 3.08745 x 10-10 6.80328 x 1012 s

As there are no strict criteria or threshold values that are used to determine whether
climate can be considered to be a cold climate, in this study, a cold climate is referred to
as climatic conditions where four seasons can be distinguished and outdoor temperature
below 0 degrees Celsius are common during one of those seasons as well as a yearly av-
erage temperature close to 0 degrees Celsius. In the simulations, the outdoor climate uses
data from the year 2022 from the Riga University weather station, gathered by the Latvian
Environment, Geology and Meteorology Centre. Hourly rain loads are shown in Figure 2

[26].
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Figure 2. Hourly rain load.

Indoor climate conditions are set as a function of outdoor temperature (see Figure 3).
The simulation period is set to 3 years to allow for stabilization of the initial values.
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Figure 3. Indoor climate conditions functions.

3. Results

Indoor relative humidity

oy
o
Indoor relative humidity [%]

3.1. Hygrothermal Behavior of Masonry with Capillary-Active Insulation without the Adhesive

Glue

Figure 4 presents temperature profiles under insulation material for each brick type.
The overall trend follows outdoor temperature behavior. However, the distribution of
temperature varies due to the thermal conductivity of the bricks (varies from 0.4 W/mK
to 2.7 W/mK). The higher the thermal conductivity, the lower the temperature level under
the insulation. Only five walls reached the freezing point during the winter months.
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Figure 4. Temperatures under insulation.
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Figure 5 illustrates that the amplitude of the temperature under the insulation is dif-
ferent for various bricks. The higher the temperature under the brick, the lower the am-

plitude is.
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Figure 5. Temperature under insulation (zoomed in hours 7800 to 8300).

The relative humidity under the insulation also follows the trend of outdoor temper-
ature (see Figure 6). The relative humidity does not exceed 96% in winter for any of the
wall types. The relative humidity level reaches different values. Some walls are more sus-
ceptible to rain events than others. However, no correlation between relative humidity
level and any other parameters (water absorption coefficient, liquid water conductivity,
porosity, density) is seen.
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Figure 6. Relative humidity under the insulation.

Figure 7 shows the impact of rain on the relative humidity under the insulation. Be-
fore the rain, the distribution of relative humidity was 10%. During the rain, the relative
humidity behavior changes: some of the bricks are more sensitive to rain, and the relative
humidity level increases soon after the rain while, in other walls, it either happens with a
delay or the wall does not show an impact from the rain.

76



Buildings 2023, 13, x FOR PEER REVIEW 7 of 14

100
95
90

Relative humidity, %

50

O 1w 9 N 9 N 9 M 9 M Q ! 9O W 9O WM 9 ;M O WM 9O ;M 9 W 9O MW O ;M 9 ;W 9O M © 1} 9 ;W 9O ! O N O
2 3§ 2 5 2§ B3 g3 BB e N 2R gYg 8 Regd 2 r g Y8 B g N2y gy 4N g I 2R g
§ § § 3 O ¥ 3 8 0 8 8 8 K KRKN® O 8 B & Q % § © 0 0 O = oS o o & &N &4 N @® ®H @ oM
¥ 3 3 F Y ¥ ¥ ¥ F ¥ F I &S I F F I F I FTF T F AAmd b 0 A A ow D Hom i d b5

Time, h

—184 —185 ——186 187 ——1815 —18 16 —191 ——192 ——194 —195 ——196 ——197 —198 ——199
19.10 1911 — 1912 ——1913 ——19 14 ——19 15 ——19 16 ——19_17 ——19 18 —201 ——202 203 204 205
206 207 ——208 ——209 ——20.10 ——20_11 ——20 12 ——20_13 ——20_14 2015 2016 2018

Figure 7. Relative humidity under the insulation for hours 4400 to 5400.

An example of relative humidity under the insulation for two wall types shows (see
Figure 8) that, in wall 20_8, relative humidity increases at a slower pace during autumn
and decreases at a higher rate during spring compared to wall 18_4. Wall 18_4 stabilizes
at 95%, but wall 20_8 does not stabilize and it reaches 96% for a short period of time.
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Figure 8. Relative humidity under the insulation for two wall types.

Figure 9 presents masonry moisture content in all wall types. The moisture content
trend follows seasonal changes: increases during autumn and winter and decreases
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during spring and summer. The difference between the lowest and the highest moisture
content in walls is fourfold. Spikes in the moisture content indicate rain events (see Figure
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Figure 9. Masonry moisture content.
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For the majority of walls, the moisture under the insulation was not influenced by
rain events if the adhesive glue was not applied under the insulation (see Figure 10). How-
ever, 16 walls exhibited behavior that was influenced by rain events in winter and summer.
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Figure 10. The moisture content of insulation material.
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3.2. Hygrothermal Behavior of Masonry with Capillary-Active Insulation with the Adhesive Glue

When adhesive glue is applied under the insulation, moisture content spikes in the
insulation layer are eliminated because the glue acts as a vapor barrier and a moisture
buffer. Figure 11 shows the moisture content in the insulation for the wall 20_16 with and
without the adhesive glue. It represents a wall type with high peaks in moisture content

78



Buildings 2023, 13, x FOR PEER REVIEW 9 of 14

Moisture content, kg/m3

5.5

4.5

3.5

2.5

15

~
G

i
@

Moisture content, kg/m3
~
S

.
15

1,000

2,000

3,000

4000

after rain. Wall 20_16 has very steep and high peaks. When glue was applied, it eliminated
moisture peaks.
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Figure 11. Example of moisture content in insulation for the wall 20_16 with and without the adhe-
sive glue.

When adhesive glue was applied on the walls that did not have peaks after rain, it
did not affect the moisture content behavior. Figure 12 illustrates the behavior of the mois-
ture content in the wall 20_18 with and without glue.
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Figure 12. Moisture content in insulation for the wall 20_18 with and without the adhesive glue.

Figure 13 shows examples of the temperature, relative humidity, and moisture con-
tent distribution at the end of the simulation (in December); the integral moisture mass
changed over time in the wall 20_16 when the adhesive glue was applied. The moisture
content was slightly higher at the external part of the wall and was stable at a high level
in the masonry in the deeper layers. It peaked in the glue and was at a very low level on
the insulation side. Min and max levels during the simulation show similar trends. The
relative humidity in the masonry was at a very high level at the end of the simulation and
was reduced on the indoor side of the glue.
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Figure 13. Example of the temperature (brown lines in the leaft side graph), relative humidity (blue
lines in the left side graph), and moisture content distribution; the integral moisture mass changed
over time in the wall 20_16 when the adhesive glue was applied (for the temperature and moisture
content graphs, dotted lines represent the min and max values that were reached during simulation;
full lines represent values at the end of the simulation).

Figure 14 presents the temperature, relative humidity, and moisture content distri-
butions, as well as the integral moisture mass, which changed over time in the wall 20_18
when the adhesive glue was applied. The moisture content was high at the external part
of the wall and was significantly reduced in the first 10 cm of the masonry and stabilized
at a relatively lower level in the deeper layers. The absorbed water was transported more
slowly to the inside and was stored in the exterior part of the masonry. It peaked in the
glue and was at a very low level on the insulation side. Max levels during the simulation
show a similar trend to the final values of the simulation. The relative humidity in the
masonry was at a very high level at the end of the simulation and was reduced on the
indoor side of the glue.
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Figure 14. Example of the temperature(brown lines in the leaft side graph), relative humidity(blue
lines in the left side graph), and moisture content distribution; the integral moisture mass changed
over time in the wall 20_18 when adhesive glue was applied (for the temperature and moisture
content graphs, dotted lines represent min and max values that were reached during simulation;
full lines represent values at the end of the simulation).

The adhesive is a highly porous material (porosity 69%) and therefore can absorb a
high content of water. Moreover, we can see a peak in water content for both the 20_16
and 20_18 samples (see Figures 13 and 14).

4. Discussion

The numerical experiments on the hygrothermal performance of 40 types of massive
masonry walls internally insulated with vapor-open capillary-active calcium silicate in
cold climates showed that all wall envelopes showed very similar temperature trends,
whereas a large difference was observed in moisture behavior. This corresponds to the
findings of Zhou et al. (2018) [13] that the influence of brick type on relative humidity and
temperature under insulation is complex. Temperature variations between various wall
types depend on the thermal resistance of the bricks.

Moisture content levels vary fourfold between wall types due to the moisture content
distribution in the masonry that varies significantly between stable moisture levels
throughout the masonry while also displaying stable levels at the external part of the wall
followed by steep decreases in the deeper layers of masonry. At the external part of the
masonry (closer to the outdoor air), the maximum masonry moisture reaches relatively
similar (around 100 kg/m?3) values for all the brick types. Data analysis showed that no
correlation between moisture content, relative humidity level, and any other parameters
(water absorption coefficient, liquid water conductivity, porosity, density) was found in
this study.

The findings do not support conclusions from other studies that the hygrothermal
performance of a massive masonry wall internally insulated with vapor-open capillary-
active materials depends on the pore size distribution which determines liquid water con-
ductivity of bricks: the higher this parameter, the deeper the masonry penetrates rain [14].
It also does not correspond to the finding that wall envelopes with high capillary-active
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bricks show larger relative humidity and temperature indices [13]. The pore size of a ma-
terial strongly influences its hygric properties. Small pores mainly increase the hygrosco-
picity (e.g., the sorption isotherms), while large pores primarily enhance the capillarity
(e.g., the capillary absorption coefficient).

If the quality of the construction is low, and the adhesive glue does not provide full
contact with the insulation material, the moisture from the rain can penetrate into the in-
sulation material. If the adhesive glue is in full contact with the insulation material, the
impact of wind-driven rain does not diffuse into insulation material. These findings cor-
respond with conclusions from a different study [2]. The adhesive glue has a high mois-
ture buffering capacity if properly applied. Similar conclusions were drawn by another
study [22].

Simulation results showed that if internal insulation with capillary-active calcium sil-
icate is applied in a cold climate with a normal indoor moisture load, the relative humidity
does not exceed 96% and is considered safe [27]. This conclusion can be applied to both
insulation with and without adhesive glue.

5. Conclusions

1. Temperature trends display practically no influences by brick type;

2. Brick type has a noticeable impact on the hygrothermal behavior of the insulated
masonry wall;

3. There are no correlations between individual brick parameters and moisture dynam-
ics within brick samples;

4.  Capillary-active internal insulation use in cold climate is safe as long the indoor rel-
ative humidity does not exceed 65% in warm months and 35% in cold months;

5. The application of adhesive glue tends to reduce moisture spikes caused by rain
events when compared to the same samples without adhesive.
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Appendix A
Sample Density Heat' Heat. . Porosity Capillafry Wate.r Vapor Water Uptake Liquid V\.Ia.ter
D kg/m?] Capacity Conductivity [m/m’] Saturation Resistance [kg/m?s0s] Conductivity
[J/kgKI [W/mK] [m3/m3] Factor [-] [s]

18_4 1777.3 1181.0 2.739 0.304 0.198 18.37 0.104 1.00 x 10710
18_5 1516.4 1107.2 0.726 0.414 0.268 14.84 0.473 5.00 x 10
18_6 1580.5 994.4 0.636 0.385 0.239 8.33 0.257 1.00 x 1010
18_7 1641.1 899.2 0.395 0.345 0.263 8.06 0.338 1.00 x 10-10
18_15 1831.3 873.9 0.626 0.380 0.308 15.42 0.369 1.00 x 108
18_16 1828.9 852.5 0.527 0.289 0.154 13.52 0.092 1.00 x 10~
191 1496.9 1010.1 0.686 0.427 0.387 6.82 0.744 1.00 x 108
19_2 1572.4 1023.1 0.645 0.451 0.441 10.38 0.735 1.00 = 100
19 4 1761.9 872.1 0.411 0.297 0.216 16.49 0.158 1.00 x 108
195 1526.0 1024.5 0.545 0.408 0.384 7.08 0.786 1.00 x 10~
19_6 1781.8 845.4 0.498 0.304 0.233 8.10 0.202 1.00 x 1010
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19_7 2118.3 857.9 1.361 0.166 0.077 18.06 0.013 1.00 x 10-°
19_8 1678.1 939.8 0.527 0.348 0.232 14.53 0.182 1.00 x 10-10
199 1656.2 960.7 0.553 0.370 0.280 17.09 0.100 1.00 x 106
19_10 1904.9 766.8 1.037 0.263 0.166 17.39 0.116 1.00 x 107
19_11 1664.6 805.0 0.387 0.410 0.319 9.86 0.339 1.00 x 10-10
19_12 1718.1 907.0 0.637 0.306 0.276 13.86 0.219 1.00 x 108
19_13 1919.9 724.0 0.763 0.265 0.215 19.68 0.187 1.00 x 108
19_14 1891.1 828.2 0.605 0.263 0.226 34.75 0.125 1.00 x 10-°
19_15 1844.4 814.8 1.042 0.292 0.225 14.42 0.165 1.00 x 106
19_16 1757.2 982.6 0.691 0.331 0.275 16.56 0.181 1.00 x 10~
19_17 1941.6 762.5 1.074 0.247 0.192 35.29 0.028 1.00 x 10~
19_18 1731.3 810.3 0.662 0.364 0.223 50.19 0.184 1.00 x 10-°
20_1 1800.0 783.3 0.496 0.308 0.227 16.97 0.137 1.00 x 106
20_2 1931.7 759.0 0.627 0.266 0.214 23.58 0.179 1.00 x 10~
20_3 1887.5 849.4 1.026 0.253 0.218 34.93 0.049 1.00 x 10-°
20_4 1969.4 802.2 0.814 0.237 0.147 40.55 0.095 1.00 x 107
20_5 1920.3 783.5 0.690 0.278 0.212 14.80 0.139 1.00 x 10-°
20_6 2116.6 732.3 0.878 0.202 0.160 12.77 0.117 1.00 x 10~
20_7 1932.2 823.0 0.742 0.269 0.220 11.94 0.201 1.00 x 10-10
20_8 1688.6 902.9 0.554 0.337 0.273 11.36 0.170 1.00 x 10-°
20_9 1500.4 1011.8 0.542 0.438 0.356 6.79 0.544 1.00 x 10-°
20_10 1685.9 941.4 0.536 0.362 0.282 10.88 0.312 1.00 x 10~
20_11 1862.6 820.5 0.602 0.281 0.181 19.59 0.091 1.00 x 10-°
20_12 1954.1 787.1 0.558 0.255 0.232 21.69 0.159 1.00 x 10
20_13 1886.5 793.4 0.695 0.267 0.177 23.85 0.171 1.00 x 10~
20_14 1755.2 874.2 0.617 0.295 0.251 14.38 0.166 1.00 x 10~
20_15 1623.5 998.8 0.602 0.279 0.196 16.42 0.123 1.00 x 10~
20_16 1846.1 878.3 0.602 0.226 0.149 33.87 0.111 1.00 x 10~
20_18 1787.6 851.0 0.552 0.325 0.266 10.97 0.235 1.00 x 10-°
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Finding the Generic Hygrothermal Properties of
Historical Bricks by Supervised Agglomerative
Clustering
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Abstract — Finding the generic hygrothermal properties of historical brick for application in
Heat Air and Moisture (HAM) simulation programs such as Delphin, Wufi, etc., is the main
objective of this paper. In this paper hygrothermal properties and Delphin simulation results
of 40 different historical brick samples from the 17" to 20" Century, were used.
The clustering results of hygrothermal properties were cross-examined with the results of
clustering results of Delphin simulation data. Six and three clusters were found to be optimal,
accordingly for Hygrothermal properties and Delphin results data groups. After cross-
examination, a total of 9 combined clusters were recognized, with two dominant clusters
containing 67.5 % of all samples (30 and 37.5 %), four of the clusters had only one sample in
them, and other clusters had two, three, and four samples in them. Additionally, all the
resulting clusters were compared with the brick sample groups that were created based on
the description of the brick: color, material type, and year of manufacturing.

Keywords — Agglomerative; brick; clustering; Delphin; generic; historical; hygrothermal;
properties; supervised

Nomenclature

ML Machine Learning Method of Data Analysis

P Parameters cluster Cluster group from brick parameters
R Delphin results cluster Cluster group from Delphin results
HAM Heat, Air, and Moisture Type of simulation program

CT Count Unit for figures

FEC Final Energy Consumption Energy consumption by the end user

1. INTRODUCTION

The building sector accounts for one-third of the total Final Energy consumption (FEC)
globally, and up to 42 % in the European Union (EU) [1], [2]. Therefore, by implementing
energy efficiency measures, such as insulation of building envelope we can decrease the
FEC [3]. The building envelope can be insulated either from the outside or from the inside,
and in some cases, for example, for buildings with preservable fagade, internal insulation is
the only option. When insulating a building for the inside, the hygrothermal properties of the
building envelope change and may cause durability and performance problems [4]. As the
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topicality of energy efficiency increases, so is the topicality of internal insulation [5]-[11].
To avoid long and expensive experiments numeric simulations are widely used to find
solutions for complex problems, including the prediction of the performance of
refurbished/insulated historical masonry buildings [12]-[15]. However, these numerical
calculations are based on rather complex functions that describe heat and moisture storage
and transport within the materials [16]. Moreover, hygrothermal properties of the materials
are used as input parameters for this calculation, therefore, accurate measurements of such
parameters determine the accuracy and reliability of obtained results [17]. The amount of
input parameters for such calculations is rather large and to obtain most of the data,
specialized laboratory equipment and procedures must be used, which can be both, time-
consuming and expensive [16]. Moreover, indoor and outdoor climatic conditions also have
an impact on the output results.

By analysing multiple brick samples within one region (Latvia), it should be possible to
obtain a cluster of samples that would generate similar output results. Afterward, general
parameters for these clusters could be identified for use in numerical models. Such clusters
are important to reduce the number of necessary parameters to be tested. With these clusters,
it would be possible to include brick within a specific cluster based on a few properties or
even brick types. Afterward, the numerical simulations could use general properties from
specific clusters.

At the time of writing, no such clusters or attempts to generate one have been found in the
scientific literature by the author. A similar study has been done by Hansen et.al. [18], where
they tried to determine the key parameters that influence the outcome of the Delphin
simulations the most, therefore minimizing the amount of necessary input data for reliable
output data. In their study, they found that the water uptake coefficient has the most impact
on the relative humidity results within the masonry and that water vapour diffusion factor and
thermal conductivity showed seasonal impact on the results, and that density and open
porosity had no significant impact on the results [18].

This study is the further research of the project ‘Improvement of building energy efficiency
technologies’ (No. 03000-3.1.2-¢/163) supported by the National Research Program of
Latvia. In this study, we are trying to find one or more generic materials that could be used
in the Delphin simulations, for the historical buildings in the region of Latvia.

2. METHODOLOGY

To analyse the Hygrothermal properties and Delphin simulation data [19], a Hierarchial
clustering dendrogram, using an agglomerative clustering method, is created. Jupyter Lab
[20] is used as an environment for this supervised Machine Learning (ML) clustering analysis.
To perform the clustering Python Libraries from SciKit Learn are used [21]. Used Python
libraries including Sklearn and Matplotlib. Sklearn is built on NumPy and Scipy and it is used
for the calculations of the clustering process. Matplotlib is used for the visualization of the
results, including the dendrogram.

After the initialization of the used libraries, the data for the clustering are imported and
assigned to the dedicated variable ‘data’. Used data can be found in the Zenodo data repository
[22]. Before the clustering, all the data entries are normalized with the StandardScaler
function, built into the Sklearn library. Data normalization is necessary to avoid some data
having more weight than other data on the results.

When performing clustering analysis, all the possible cluster count solutions are generated
meaning, at the one end of the spectrum all the samples are in one large cluster, and on the
other side of the spectrum, each sample creates an individual cluster.
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The difference between one large and many small clusters is the total distance between all
the samples in the cluster. If there is data only from one sample present in the cluster, the
distance is zero (the smallest possible distance). And if all the samples are combined into one
large cluster, the distance between all the sample data is the largest possible. This can be
shown graphically with the dendrogram (see Fig. 1).

In the hierarchical clustering dendrogram, the vertical axis represents the distance, and the
horizontal lines in the graph represent the clusters. You can see from Fig. 1, that the largest
possible distance for this case is around 20 (the distance has no unit — because we are using
normalized data with different original units). When following the dendrogram from the top
down, it can be traced how this one cluster of 40 samples starts to split into smaller clusters,
containing fewer samples in each cluster, and at the same time decreasing the total distance
of these new clusters.

Hierarchical clustering dendrogram
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7316911524323103923293220168361151417282434332735222638121330021251819

Number of points in node (or index of point if no parenthesis)
Fig. 1. Dendrogram of Hierarchical clustering.

To extract the results, all possible cluster counts (for both datasets) are generated by
changing the n_cluster parameter in Sklearn and taking the array of corresponding results
(in the array each number represents a cluster that the sample belongs to — the location of the
number in the array correspond to the specific brick sample). Afterward, the method model.
labels _is called to show the labels of clusters (meaning each label represents a cluster).
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Fig. 2. Normalized Clustering results
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To find the optimal combination (cluster count vs. distance) of the generated clusters, both
cluster group results are normalized (see Fig.2) and multiplied together (see Fig. 3).
Afterward, for all the optimal combinations of clusters their respective average distance is
compared to their cluster count (see Fig. 4).

To multiply both cluster groups from Parameters (P) and Delphin results (R) together, a
vector of normalized distance data in descending order is created for each cluster group.
These vectors are then multiplied together. All the results of the multiplied cluster results
within the optimal range are shown in Fig. 3.
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Fig. 3. Multiplied cluster results.

33 35

It can be seen in Fig. 3, that there is more than one combination of clusters for the same
cluster count, and because we are looking for the most optimal combination, only the
combinations with the lowest distances are used in those cases.
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Afterward, the cluster count and distance of the selected combinations from Fig. 3, are
normalized to the scale (0—1), with 0 being the worst case (highest cluster count; highest
distance) and 1 being the best result (lowest cluster count, lowest distance), and plotted one
against the other (See Fig. 4).
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Fig. 4. Finding the optimal cluster count (C—Cluster; D-Distance).
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The crossing point of Cluster and Distance lines can be considered as the optimal solution
towards the smallest possible cluster count with the smallest possible distance. The resulting
combination of the P and R clusters is then used to create new Combined clusters and these
Combined clusters are used for further analysis, including, comparison to the clusters, based
on the description of the brick samples (Year of manufacturing, colour, material type) and for
the identification of the general groups/clusters of bricks.

3. RESULTS

All the possible cluster counts from Delphin results data, plotted against those clusters'
corresponding distances, are shown in Fig. 5.
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Fig. 5. Cluster combinations of Delphin simulations data.
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It can be seen if Fig. 5, that there is a significant difference in distance between a cluster
count of 2 and a cluster count of 3 when comparing to the remaining cluster combinations.

All the possible cluster counts for hygrothermal properties data, plotted against those
clusters' corresponding distances, are presented in Fig. 6.
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Fig. 6. Cluster combinations of hygrothermal properties data.

In Fig. 6, there is a visible exponential growth of a distance when the cluster count goes
down, with the ‘knee’ being in a combined range of 3 to 10 clusters.

From the cluster combinations of the combined clusters, the optimal cluster combination
was found to be the 7th combination, this is the combination of the P cluster of 6 and R cluster
of 3, in total 9 original clusters, with the total average normalized distance of 30.3 (see Fig. 7).
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Fig. 7. Distance vs Cluster count of multiplied clusters.
From this cluster combination, 9 new clusters were created (see Table 1). If there is a zero

in the box, it means that this combination of the cluster does not exist (there are any brick
samples that would fit in this cluster).
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TABLE 1. R AND P CLUSTER OVERLAPPING (COMBINED CLUSTERS)

P Clusters Total samples
0 1 2 3 4 5
o 0 1 0 o0 O 1
R Clusters
1 3 0 12 4 15 35
c 2 1 0 1 0 0 4
Total samples 3 4 1 13 4 15 40

In Table 1 the distribution of samples between all the clusters is shown (in total 40 samples).
Clusters ‘A’, ‘B’, and ‘C’ are the R clusters, with 1 sample in cluster A, 35 samples in cluster
B, and 4 samples in cluster C. Clusters ‘0°, ‘1°, ‘2°, <3°, ‘4’, and ‘5’ are the P clusters with 13
samples in cluster 3, 15 samples in cluster 5, etc. After combining P and R clusters new
clusters ‘A1°, ‘B0, ‘B1°, ‘B3, ‘B4°, ‘B5’, ‘C0’, ‘C1’, and ‘C3’ were created.

To cross-examine created clusters groups with the types of the used brick samples, 11
clusters or groups of the brick samples were generated based on the manufacturing year, color,
and material type of the brick. For each group, a unique code was generated from the
denotations of description parameters. Bricks came in three colors: Yellow Pink and Red (Y,
P, R). Three types of material had been used to make these bricks: Silica, Clay, and Concrete
(S, C, CO). The manufacturing year was divided into the groups of 50 years period
representing the half-century with the first half being (I) and the second half (II), the century
is written with Greek numbers (see Table 2).

TABLE 2. CROSS-EXAMINATION OF CLUSTERS AND BRICK TYPES

Groups of Brick Type
YC YS PC RC RC RC CcoO RC RC RC RC
201 201 1911 18I  20I 1911 201 191 2011 1711 171
A2 184
BO 19-9
19-15
Bl 19-17
20-3
19-7  19-13  18-16 19-10 20-2 20-4  20-13
B3 19-18  20-6
z 20-5 20-12
:% 20-11
§ 19-1 20-9
£ B4 1922
! 195
© 18-5 18-6  18-7 19-6 20-1 20-14  19-16
19-11  20-10 20-18
BS 19-12 20-15
18-15 194
20-7
Co 19-8  20-8
Cl 19-14
C3 20-16
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Table 2 can be read the same way as Table 1, only the brick count inside is replaced with
the specific code for each brick sample group, meaning, in group B4 there are in total 4
samples (19-1, 19-2, 19-5, 20-9), in group YC20I there is also in total 4 samples (18-4, 19-1,
19-2, 19-5), but in the combination of these two clusters B4YC20I there are 3 samples (19-1,
19-2, 19-5). All the parameters for each brick sample group can be found in the Zenodo data
repository [22].

4. DISCUSSION

Clusters generated from the Delphin results are creating more concise results with only
three clusters, and the majority (87.5 %) of the samples being in one cluster. There are twice
as many clusters (6) generated from the brick parameters with two dominant clusters
containing 70 % of all the samples (37.5 and 32.5 %). After combining the cluster these three
dominant clusters (B, 3, and 5) created two new dominant clusters (B3 and BS5). In total
67.5 % of all samples were in these two clusters, 30 % in B3 and 37.5 % in BS.

One sample (18-4) has been recognized to be the only sample in both cluster groups. When
comparing to the other brick samples based on their description, there are 3 more bricks with
the same description (Yellow clay brick, manufactured in the 1% part of the 20" century).
Three other bricks belong to group B4 with only one other brick being in this group, and that
brick is red clay brick, manufactured in the 2" part of the 20" century.

The majority of the samples in the largest combined cluster group of B5 are Red Clay bricks
(86.7 %), with most of them being manufactured in the period from the 2"¢ part of the 19
century (30.8 %) to 1% part of the 20" century (38.5 %). In the second largest cluster group
B3, almost all the bricks are red clay bricks, except for one brick that is made of concrete,
and in this group, the majority of bricks has been manufactured in the period from the 2" part
of the 19" century (27.3 %) to 1% part of 20" century (36.4 %).

But it should be noted that the majority of the brick samples are red clay (75 %) and 60 %
are manufactured in the period from the 2" part of the 19™ century (22.5 %) to the 1% part of
the 20" century (37.5 %).

Looking at the clusters from Delphin results, where 35 of 40 bricks are in a single cluster,
it could indicate, that different parameter clusters are generating similar results, in this case,
parameter clusters 5 and 4 have 100 % overlap with results cluster B, followed by parameter
cluster 3 with 92.3 % overlap, and cluster 1 with 25 % overlap. But it should be noted that
the low number of clusters, in this case, 3, from the Delphin results data is due to the high
distance of the first two cluster combination with 1 and 2 clusters, 494.17 and 378.56
accordingly, followed by a distance of 168 in combination with 3 clusters. If the first two
cluster combinations are excluded from calculations of optimal cluster combination, then the
optimal cluster count vs. distance would be the combination with 15 clusters and a distance
of 37.5.

As the input data for P clusters are based on the numerical simulation output, these results
are highly influenced by the chosen numerical calculation program (DELPHIN) and the
performed simulation input data (material properties, chosen geometry, climatic conditions,
boundary conditions, etc.), therefore, interpretation of the results is limited to the specific
climatic condition and set of brick samples used in this study.
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5. CONCLUSION

The distribution of the brick samples in the clusters, is similar to the distribution of the
brick sample types, based on their description, therefore overall conclusions regarding the
genericization of historical bricks cannot be made. However, regarding the red clay bricks,
manufactured from the end of the 19" century till the beginning of the 20" century, there is a
strong distinction between two main clusters (B3 and B5) with only two of the samples being
in other clusters (B0 and C0).

The aim of the study is reached only partially, in the study 3 clusters for numerical
simulation output were found, but no general brick parameters have been yet identified for
those clusters, moreover, no methodology for assigning the brick sample to one of the clusters
has been found.

Further research with an equal amount of brick samples with different descriptions should
be carried out in a future study, moreover, different climatic conditions and geometry should
be considered.

ACKNOWLEDGMENT

European Social Fund within Project No 8.2.2.0/20/1/008 ‘Strengthening of Ph.D. students and academic personnel of
Riga Technical University and BA School of Business and Finance in the strategic fields of specialization’ of the Specific
Objective 8.2.2 ‘To Strengthen Academic Staff of Higher Education Institutions in Strategic Specialization Areas’ of the
Operational Programme ‘Growth and Employment’.

REFERENCES

[1] Freimanis R., et al. In-Situ Moisture Assessment in External Walls of Historic Building using Non-Destructive
Methods. Environmental and Climate Technologies 2019:23(1):122—134. https://doi.org/10.2478/rtuect-2019-0009

[2] Zhou X., Carmeliet J., Derome D. Influence of envelope properties on interior insulation solutions for masonry walls.
Building and Environment 2018:135:246-256. https://doi.org/10.1016/j.buildenv.2018.02.047

[3] Zhou X., Derome D., Carmeliet J. Analysis of moisture risk in internally insulated masonry walls. Building and
Environment 2022:212:108734. https://doi.org/10.1016/j.buildenv.2021.108734

[4] Straube J., Schumacher C. Interior Insulation Retrofits of Load-Bearing Masonry Walls in Cold Climates. Journal of
Green Building 2007:2(2):42-50.

[5] Haupl P., Jurk K., Petzold H. Inside thermal insulation for historical facades. Research in Building Physics. Boca
Raton: CRC Press, 2003:463—469.

[6] Vereecken E., Roels S. Capillary active interior insulation: do the advantages offset potential disadvantages? Materials
and Structures 2015:48:3009-3021. https://doi.org/10.1617/s11527-014-0373-9

[7]1 Johansson P., et al. Retrofitting a brick wall using vacuum insulation panels: measured hygrothermal effect on the
existing structure. Proceedings of the 10th Nordic Symposium on Building Physics 2014:1269-1276.

[8] Kehl D., ef al. Wooden beam ends in masonry with interior insulation—A literature review and simulation on causes
and assessment of decay. CESBP Vienna 2013:299-304.

[9]1 Kohta U., Straube J., Van Straaten R. Field monitoring and simulation of a historic mass masonry building retrofitted
with interior insulation. Proceedings of the 12th International Conference on Thermal Performance of the Exterior
Envelopes of Whole Buildings 2013.

[10] Anker N., e al. Use of sensitivity analysis to evaluate hygrothermal conditions in solid brick walls with interior
insulation. Proceedings of the 5th International Building Physics Conference (IBPC): The Role of Building Physics in
Resolving Carbon Reduction Challenge and Promoting Human Health in Buildings 2012:377-384.

[11] Zhao J., et al. Evaluation of capillary-active mineral insulation systems for interior retrofit solution. Building and
Environment 2017:115:215-227. https://doi.org/10.1016/j.buildenv.2017.01.004

[12] Sun Y., Haghighat F., Fung B. C. M. A review of the the-state-of-the-art in data-driven approaches for building energy
prediction. Energy & Buildings 2020:221:110022. https://doi.org/10.1016/j.enbuild.2020.110022

[13] Ramirez R., ef al. Simulation of moisture transport in fired-clay brick masonry structures accounting for interfacial
phenomena. Building and Environment 2023:228:109898. https://doi.org/10.1016/j.buildenv.2022.109838

[14] Wasik M., Lapka P. Analysis of seasonal energy consumption during drying of highly saturated moist masonry walls
in polish climatic conditions. Energy 2022:240:122694. https://doi.org/10.1016/j.energy.2021.122694

1242
93



Environmental and Climate Technologies

2022 /26

[15] Zhou X., Carmeliet J., Derome D. Assessment of moisture risk of wooden beam embedded in internally insulated
masonry walls with 2D and 3D models. Building and  Environment  2021:193:107460.
https://doi.org/10.1016/j.buildenv.2020.107460

[16] Kunzel H. M. Simultaneous Heat and Moisture Transport in Building Components. Stuttgart: Fraunhofer IRB, 1995.

[17] Freudenberg P., Ruisinger U., Stocker E., Calibration of Hygrothermal Simulations by the Help of a Generic
Optimization Tool. Energy Procedia 2017:132:405-410. https://doi.org/10.1016/j.egypro.2017.09.645

[18] Hansen T., et al. Material characterization models and test methods for historic building materials. Energy Procedia
2017:132:315-320. https://doi.org/10.1016/j.egypro.2017.09.738

[19] Delphin Application [Online]. [Accessed 16.03.2022]. Available: https://www.bauklimatik-dresden.de/delphin/

[20] Jupyter homepage [Online]. [Accessed 16.03.2022]. Available: https://jupyter.org/

[21] Pedregosa F., et al. Scikit-learn: Machine Learning in Python. Journal of Machine Learning Research 2011:12:2825—
2830.

[22] Freimanis R., et al. Hygrothermal Properties of historic bricks from various sites of Latvia. Zenodo 2021.
https://doi.org/10.5281/zen0d0.5656966

1243
94



Environmental and Climate Technologies

1862

B occruvres z;d%%! 2018, vol. 22, pp. 22-41
G e doi: 10.1515/rtuect-2018-0002
UNIVERSITY https://www.degruyter.com/view/j/rtuect

Study of Hygrothermal Processes in External Walls
with Internal Insulation

Edite BISENIECE™*, Ritvars FREIMANIS?, Reinis PURVINS®, Armands GRAVELSINS?,
Aivars PUMPURS®, Andra BLUMBERGA®

1-4.8 Institute of Energy Systems and Environment, Riga Technical University
Azenes iela 12/1, Riga, LV-1048, Latvia

S Institute of Industrial Electronics and Electrical Engineering, Riga Technical University,
Azenes iela 12/1, Riga, LV-1048, Latvia

Abstract — Being an important contributor to the final energy consumption, historic
buildings built before 1945 have high specific heating energy consumption compared to
current energy standards and norms. However, they often cannot be insulated from
the outside due to their heritage and culture value. Internal insulation is an alternative.
However internal insulation faces challenges related to hygrothermal behaviour leading to
mold growth, freezing, deterioration and other risks. The goal of this research is to link
hygrothermal simulation results with experimental results for internally insulated historic
brick masonry to assess correlation between simulated and measured data as well as the
most influential parameters. The study is carried out by both a mathematical simulation
tool and laboratory tests of historic masonry with internal insulation with four insulation
materials (mineral wool, EPS, wood fiber and granulated aerogel) in a cold climate (average
4000 heating degree days). We found disparity between measured and simulated
hygrothermal performance of studied constructions due to differences in material
parameters and initial conditions of materials. The latter plays a more important role
than material parameters. Under a steady state of conditions, the condensate tolerating
system varies between 72.7 % and 80.5 % relative humidity, but in condensate limiting
systems relative humidity variates between 73.3 % and 82.3 %. The temperature between
the masonry wall and all insulation materials has stabilized on average at +10 °C. Mold
corresponding to Mold index 3 was discovered on wood fiber mat.

Keywords — Energy efficiency in buildings; historic buildings; internal insulation; mold growth

1. INTRODUCTION

With climate changes broadly witnessed, cannot afford to use more energy than we need.
Today 40 % of total energy consumption in the European Union comes from the building sector
[1], [2]. The European Union’s research project RIBuild defines historic buildings as buildings
built before 1945 and reports that more than 30 % of final energy consumed by the building
sector is allocated to historic buildings [3]. For example, in Latvia more than 50 % of the
housing stock heated area belongs to multifamily apartment buildings, and out of that about
26 % are built before 1940 [4]. Reduction of energy consumption in existing building stock is
one of the European Union’s energy and climate policy tools [5]. Retrofit of the existing
building stock gives significant contribution in reduction of greenhouse gas emissions and
overall sustainability of the building stock [6].
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Insulation of external walls is an effective way to reduce energy consumption in buildings.
The principles that should be followed when external walls are insulated include the air tightness
of the wall, and the vapour permeability which should increase gradually towards the outside
surface of the wall [7]. Although the best and the most reliable way to install external wall
insulation is insulation from the outside, preservation of the facades of historic buildings
prohibits external insulation in this way. Moreover, there might be other reasons why insulation
from the outside is not possible such as space restrictions, aesthetic reasons, etc. An alternative
solution to insulating the external wall from the outside is to insulate it from the inside.
However, this is associated with risks caused by changes in the hygrothermal behaviour in the
wall. When insulation is applied on the internal surface of the wall, both temperature and
moisture conditions are changed within the wall, exposing it to several risks such as
condensation, mold growth, freezing, deterioration, algae growth, etc. Each of these risks occurs
under different hygrothermal conditions depending on the material properties, e.g. the study
carried out by Purvins et al. found that fully saturated clay bricks used in historic building start
to crack after two freeze-thaw cycles [8], while the study of Pasek and Kesl showed that Central
Europe’s climatic conditions presented high risk of structural damages for historic stone and
brick masonry with internal insulation due to temperature changes [9]. Thus assessment of the
technical condition of the building prior to application of internal insulation is an important
activity which helps to determine the most appropriate retrofit methods and materials as well as
helps to avoid or minimize problems associated with moisture [10].

Hygrothermal behaviour of internally insulated walls can be assessed either by simulation or
experimentally. Mathematical models of heat and moisture transport tools, such as well know
Delphin [11] or WUFI [12] can help to predict hygrothermal behaviour of building envelope.
Nevertheless, accuracy of results from mathematical models depends on the quality of input
data. Databases contain hygric and thermal parameters of certain materials obtained from
laboratory tests and differ from other materials which are not tested in the laboratory. They also
take into account parameters that are not known. Experimental tests can be carried out either in a
controlled environment in a laboratory or on site in actual buildings.

A number of studies have been carried out on laboratory tests of different materials applied on
the internal side of historic walls. Wurtz and Saelle tested two new types of thermal breakers
designed for internal application in historical buildings, and the results showed that 60 % of heat
loss reduction can be reached by using both of the thermal breakers [13]. Haupl and Fechner
described the methodology on how to determine moisture storage and moisture transport
properties in the capillary active insulation material which is widely used for internal insulation
of historic buildings [14]. Vereecken and Roels tested eleven different types of insulation
materials on the massive masonry wall under the steady-state conditions. Vapour tight systems
showed the best performance and capillary active insulation systems with glue mortar showed
the worse performance due to accumulation of water in the mortar [15]. Pavlik and Cerny in
their study with mineral wool insulation showed that, by applying mineral wool on a brick wall,
it performs well while applying it on the argillite wall, the overhygroscopic moisture is present
in the wall [16]. Other research showed that vacuum panels as an internal insulation in historic
buildings cause higher relative humidity in the wooden beam ends, even more so, when wind
driven rain is present, the relative humidity in the wall rises substantially [17]. A non-insulated
zone of 300 mm above and below the floor is proposed for buildings with floor beams. This kind
of solution is proposed to avoid moisture build up for buildings located in humid climates [18].
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A limited number of papers are available on heat transfer and moisture transport in-situ
measurements in historic buildings which have internal wall insulation. In Latvia Biseniece
et al., tested two types of insulation materials: aerogel and vacuum insulation panel. Test results
showed that the temperature between the wall and internal insulation drop to —9.32 °C in case of
vacuum panel and —7.08 °C in case of aerogel. They also concluded that energy savings cannot
be reached if special attention is not paid to energy management issues, and that calcium silicate
masonry faces the freeze-thaw risk if the capillary saturation reaches into the brick during the
below zero outdoor conditions [19]. In Estonia Kloseiko et al., monitored a double leaf rubble
exterior wall of a museum building with internal insulation. Insulation was installed during the
autumn-winter period and consisted of an air cavity, mineral wool and a newly built inner leaf.
During the period of monitoring, very high relative humidity was observed. The research led to
the conclusion that drying of the masonry wall before insulation should be taken into account
and neglect to do so will cause overall high relative humidity levels throughout the structure and
potential risk of mold growth [20]. In another research carried out in Estonia by Kloseiko et al.,
four different insulation materials (polyurethane, polisocyanurate, aerated concrete and calcium
silicate) were tested. Test results showed that calcium silicate and aerated concrete dried out
faster than the other two materials, but they also showed rapid increase of moisture, when the
humidity of the internal climate was increased. The main conclusion was that built in moisture
of the wall during the application of the insulation is responsible for high humidity levels and
can cause interstitial condensation [21]. Similar research was carried out by Pavia where seven
types of insulation materials were tested on the wall of historic brick. Those materials where
compared to the lime plaster finish. It was found out that by an average of 13 % to 25 %
the performance of the insulation materials is overestimated by producers [22]. Bianco et al.
have carried out the investigation on new thermal insulating plaster and studied this material on
a historic building in Turin, Italy. The preliminary results show that thermal conductivity of
proposed new plaster is 2.5 to 3 times lower than conventional plaster, but more research is
needed on the long-term performance of this material [23]. Galliano et al. have carried out
simulations and measurements of two new internal insulation materials [24].

Literature review on internal insulation of historic masonry walls revealed that studies are
scattered and no common solution for all the different cases exists. Each of the studies have different
goals mainly focusing on thermal behaviour of the wall and much less on the moisture transport.
Selection of the right insulation system or material for the specific case is crucial and sometimes in
order to avoid moisture problems it is better to sacrifice a bit of energy efficiency. A better
understanding of the hygrothermal behaviour of internally insulated walls needs to be obtained.

The goal of this research is to link hygrothermal simulation results with experimental results
for internally insulated historic brick masonry to assess correlation between simulated and
measured data as well as the most influential parameters. The study is carried out through the
application of both a mathematical simulation tool and laboratory tests of historic masonry built
from bricks produced around 1900 with internal insulation with four insulation materials in cold
climates (average outdoor temperature in heating season 0 °C and 200 heating days annually).
The paper starts with an introduction, is followed by description of materials, applied
methodology, analysis of results and finally, discussions and conclusions.
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2. BASE WALL AND INTERNAL INSULATION MATERIALS

The experimental set-up was built in the laboratory. Four types of insulation materials, two
types of vapour barriers, gypsum board and historic bricks were used in this study.

The base wall was built from historic bricks collected from the demolition site of a historic
building built around 1900 at O. Vaciesa iela 6, Riga, Latvia. Lime-cement mortar was used.
The base wall samples were built as double leaf masonry with the size of 25 cm x 28 ¢cm and
the depth of 51 cm each.

Expanded polystyrene board, wood fiber board, mineral (rock) wool and granulated aerogel
LA1000 were used for internal insulation. Expanded polystyrene board and mineral wool are
widely used and common insulation materials. Nowadays natural materials such as wood fiber
board and innovative materials, e.g. granulated aerogel are becoming more popular. Vapour
barriers with different equivalent air layer thicknesses (sq¢ values) were used. All materials and
their technical parameters are listed in Table 1.

TABLE 1. TECHNICAL PARAMETERS OF TESTED INSULATION MATERIALS

Insulation Thickness, m  Heat Bulk Vapour Sq values, m Manufacturer
material conductivity, density, resistance

W/(mK) kg/m® coefficient u
Expanded 0.05 0.039 13.5 30 15 Tenapors
polystyrene board (Tenax)
Wood fiber board  0.05 0.038 50 21 0.105 Steico group
Mineral wool 0.05 0.036 28 1 0.05 Paroc
Granulated 0.02 0.016 65-85 N/A N/A Cabot
aerogel corporation
Gypsum board 0.018 021 732 6.8 0.122 Norgips
Vapour barrier (1)  N/A N/A N/A N/A 45 Elkatek
Vapour barrier (2)  N/A N/A N/A N/A 12 Jutadach

Although many insulation materials are available on the market, it is still not clear which of
them can be applied safely internally. Insulation materials can be distinguished by different
parameters. In the scope of this study materials are grouped by parameters attributed to
interstitial condensate. In accordance to the basic properties and following WTA 6-4 [25] and
DIN 4108-3 [26], insulation materials can be divided into three groups:

— Condensate-preventing insulation systems disable vapour transfer from the room side into
the construction by a vapour barrier. Vapour barriers are sealing layers with a vapour
diffusion equivalent air layer thickness sq of minimum 1500 m;

— Condensate-limiting insulation systems include a vapour brake with an sq value of
minimum 0.5 m and maximum 1500 m. Vapour control layer should reduce the vapour
input from the room side into the construction and has to be combined with a sufficient
wind-driven rain protection;

— Condensate-tolerating insulation systems consist of capillary active insulation material
and glue mortar. The only vapour resistance in these insulation systems is given by the
material itself, therefore they show very small vapour transfer resistances (sq¢ value <
0.5 m).

Types of insulation systems used in the tests are presented in Table 2.
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TABLE 2. TYPES OF INSULATION SYSTEMS
Test Round Insulation material ~ Vapour barrier Finishing System sq Insulation system type
material value, m
Testround1  Wood fiber Vapour barrier Gypsum board ~ 4.73 Condensate tolerating
@
Testround1  Mineral wool Vapour barrier Gypsum board ~ 4.67 Condensate limiting
(Y
Testround1l  EPS NO Gypsum board ~ 1.62 Condensate limiting
Testround 1  Granulated aerogel ~ Vapour barrier Gypsum board ~ N/A N/A
(Y
Testround2  Wood fiber NO Gypsum board ~ 0.23 Condensate tolerating
Testround2  Mineral wool Vapour barrier Gypsum board ~ 12.17 Condensate limiting
@
Testround2  EPS NO Gypsum board ~ 1.62 Condensate limiting
Testround2  Granulated aerogel  NO Gypsum board ~ N/A N/A

3. METHODOLOGY

The study was carried out by two methods: simulation of hygrothermal behaviour with heat
and transfer simulation tool Delphin 5.9.3. [11], and measurement of hygrothermal parameters
of internally insulated masonry wall in the laboratory. The simulation was performed before and
after laboratory tests to assess correlation between measured and simulated data, and perform
analysis of parameters that affect the fit between the simulation results and measured results.

3.1. Tests of Bricks

Ten randomly selected bricks were tested to assess density and open porosity. Open porosity
was determined based on standard EN 772-3:1998 [27]. Dry density of bricks was measured
based on standard EN 772-13:2000 [28].

3.2. Heat and Moisture Transfer Model

The 2-dimensional hygrothermal behaviour in transient conditions of the base wall and three
different insulation materials (granulated aerogel was not simulated as it is not available in the
material database) was analyzed. The wall is composed of 2-dimensional layers (see Fig. 1).

Gypsum board

MoTtar I/Bn!cks Internal insulation\j |
| 1
Outdoor 235 Indoor
65
120 250 50
510 18/

Fig. 1. 2-dimensional model of simulated masonry wall with internal insulation (all numbers are in mm).
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Only density and open porosity of bricks were derived from the material tests in
the laboratory prior to the experiment (see Chapter 3.1). These two parameters were used as
decisive values to select brick from the Delphin database. Lime-cement mortar, mineral wool,
wood fiber and EPS were selected from the Delphin database. Before the laboratory experiment
the simulation was performed for insulated masonry with data from the Delphin database
(see Table 3).

TABLE 3. PROPERTIES OF MATERIALS USED
FOR SIMULATION BEFORE LABORATORY EXPERIMENT

Brick Mortar Mineral Wood fiber EPS
wool
Name of the material in Old building Lime Mineral Wood Fiber Polystyrene
Delphin database brick Dresden cement Wool Insulation Board —
ZD mortar Board Expanded
Density of dry material, kg/m®  1619.51 1878.47 37 150 23
Open porosity, m3/m? 0.388864 0.291144 0.92 0.981 0.93
Thermal conductivity, W/(mK)  0.4025 0.803333 0.04 0.042 0.036
Specific heat capacity of dry 953.143 757.939 840 2000 1500
material, J/kg
Water vapour diffusion 10.4726 36.9113 1 3 96
resistance factor
Water uptake coefficient, 0.380526 0.036085 0 0.07 0.00001
kg/m?s®®
Effective saturation (long term  0.361043 0.222606 0.9 0.6 0.92
process), m¥/m?
Capillary saturation content 0.2563 0.2166 0.9 0.55 -
(short term process), m¥/m®
Liquid water conductivity at 2.09E-09 1.02E-11 0 2.16E-08 0
effective saturation, s
Moisture
content, RH 0% 0.001912 6.29E-08 N/A 0.0000683 0.0000528
E mm
(<5
£ RH30% 0.003322 0.01011 - 0.0048476 0.000455
2
s RH50% 0.003445 0.035014 - 0.0080606 0.000617
'§- RH 80 % 0.003662 0.060304 - 0.0176992 0.001078
o
@ RH95% 0.011130 0.083608 - 0.0328964 0.009227
RH 100 % 0.361043 0.222606 - 0.6 0.92
Initial relative humidity within 40 40 40 40 40
material, %
Initial temperature of material, 23 23 23 23 23
°C

Boundary conditions used for simulation before the laboratory experiments: indoor
temperature +20 °C and relative humidity 55 %, and outdoor temperature +3 °C and 85 %
relative humidity. For the simulation after experiment, boundary conditions were used as in
experimental test rounds.
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3.3. Hygrothermal Behaviour Tests of the Test Wall

In the Baltic Sea region the common historic building consists of three to seven stories and
has 45-90 cm thick brick wall [7]. For the hygrothermal behaviour tests of the test wall a double
climatic chamber in laboratory was used. A test wall with four double leaf masonry patterns
(25 cm x 28 cm x 51 cm) was built and inserted inside this chamber (see Fig. 2).

Fig. 2. Laboratory test stand with four historic masonry patterns and four insulation materials: 1 —wood fiber,
2 —mineral wool, 3 — expanded polystirene board, 4 — granulated aerogel.

Relative humidity and temperature were measured between insulation and masonry (on
the middle of the brick), and in both chambers with 8 temperature sensors and 5 relative
humidity sensors. Time step of both measurements is 1 minute.

Two test rounds were carried out (see Table 4). During the first test series the data monitoring
equipment failed on the first day of the test run and data were collected from the second day of
testing. The first test round was carried out for 22 days. The second round was carried out after
drying the test wall in room condition for 8 days. The second test round took 23 days. Outdoor
chamber conditions were changed for the second test round because humidifier was freezing in
the first test round.

TABLE 4. TEST CONDITIONS OF TEST ROUNDS

Test conditions Test 1 Test 2

Preconditioning period length, days 10 8

Preconditioning temperature/relative +23°C/25 % Room conditions

humidity

Length of the test, days 22 23

Indoor temperature/relative humidity +19.5 °C to +20.5 °C/53-56 % +19.5 °C to +20.5 °C/53-56 %
Outdoor temperature/relative humidity —-0.5°C to +0.5 °C/80-90 % +2.5 °C to +3.5 °C/80-90 %

Every masonry pattern was insulated with a different type of insulation system: expanded
polystirene board, wood fiber board, mineral wool with vapour barrier (sq in the first test round
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was 4.5 m and in the second test round was 12 m) and translucent hydrophobic granulated
aerogel (0.7-4.0 mm) (detailed information see in Table 2). The thickness of insulation materials
was selected based on the average U-value of 0.35 W/(m?K) for all four patterns. All patterns
were covered with gypsum board from the indoor side.

4, RESULTS

4.1. Tests of Bricks

Fig. 3 illustrates test results of density and open porosity of historic bricks used in the test
wall. There is no correlation found between these two parameters with R? value only 0.0896.
The average open porosity is 35.86 % and density is 1611.1 kg/m?®.

1800
[ J
& 1700
E [} ° [ J
oo
X o °
> 1600 ®
£ .
& 1500
® °
1400
27 29 31 33 35 37 39

Open porosity, Vol %

Fig. 3. Open porosity and density of tested historic bricks.

4.2. Hygrothermal Simulation before Laboratory Experiment

The relative humidity and temperature between masonry and insulation material in three
simulated wall constructions are presented in Fig. 4. Both relative humidity and temperature
changes at slow rate asymptotically approaching equilibrium conditions only on 14th day for
mineral wool, 17th day for EPS and 21st day for wood fiber. All three samples stabilize at
different temperatures: 11.55 °C for wood fiber, 10.44 °C for EPS and 10.37 °C for mineral
wool. The equilibrium relative humidity also differs and is 39.1 % for mineral wool, 43.9 % for
EPS and 71.4 % for wood fiber.
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Fig. 4. Simulated temperature and relative humidity between masonry and insulation layer before experiment:
a) wood fiber, b) EPS, ¢) mineral wool.

4.3. Hygrothermal Behaviour of the Test Wall

The relative humidity and temperature between masonry and insulation material in four tested
wall patterns measured in both test rounds is shown in Fig. 5. Relative humidity growth rate is
high during first five test days for all materials and is slowing down when approaching
equilibrium conditions. Temperature for all samples is reaching equilibrium in the first 5 days.

Relative humidity between masonry and the wood fiber (see Fig. 5(a)) is higher when
the vapour barrier is not applied and reaches 80 % while if the vapour barrier is installed relative
humidity increases up to 74 %. The growth rate of relative humidity is also higher without
the vapour barrier. The initial temperatures are different for both tests but they stabilize after five
days at +11.3 °C for the sample with vapour barrier and at +9.45 °C without vapour barrier.

Mineral wool with two different vapour barrier types (see Fig. 5(b)) show the same trend of
behaviour of relative humidity and they both reach 83.5 % at the end of the test. The growth rate
of relative humidity is very high during first two days and stabilizes thereafter. The initial
temperatures are different for both tests but they stabilize after five days at +9.7 °C for the first
test and at +10.8 °C for the second test.

EPS (see Fig. 5(c)) shows the same trend of behaviour of relative humidity for both tests
reaching 80 % at the end of the test. The growth rate of relative humidity is very high during
first two days and stabilizes after that. The initial temperatures are different for both tests but
they stabilize after five days at +9 °C for the first test and at +10.7 °C for the second test.

When the vapour barrier is applied to granulated aerogel (see Fig. 5(d)) the relative humidity
increases very quickly during the first two days and increases up to 79 % during the next 20
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days. Ifaerogel is used without the vapour barrier, relative humidity is lower (74 %).
Temperatures are +9.8 °C and +11 °C, respectively.
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Fig. 5. Measured temperature and relative humidity between masonry and insulation layer: a) wood fiber,
b) mineral wool, c) EPS, d) granulated aerogel.

4.4. Mold Growth

Mold growth is one the major risks associated with internal insulation as the hygrothermal
conditions are favourable for spore germination and further mycelium growth. If there are
enough nutrients and time for germination, a high risk of mold growth exists. Fig. 6 illustrates
development of the Lowest Isopleth for Mold from Isopleth of different species for both spore
germination and mycelium growth.
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Fig. 6. The Lowest Isopleth for Mold of different species for spore germination (a) and mycelium growth (b) [29].

If the temperature is +10 °C and there are enough nutrients and time, spore germination and
mycelium growth starts at 76 % relative humidity (see Fig. 6). In both test rounds temperature
stabilized around +10 °C and relative humidity was above 76 % for all insulation materials.
When the test wall was opened on the 22nd day after the beginning of the test, mold was
discovered on one of the corners of the wood fiber mat. According to [5] wood fiber is substrate
class | (biodegradable materials) with higher fungal growth rate and it 22 days was enough to
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have visible fungal growth on the wood fiber. This corresponds to mold index level 3 by VTT
Mold Growth model (visual findings of mold on surface, <10 % coverage) when new spores are
produced [30]. Fig. 7 illustrates wood fiber affected by mold and magnified material with and
without mold on it. After the second test round mold was discovered in the middle of the
insulation material.

@

Fig. 7. Mold on wood fiber mat after test: a) mold on the top right corner, b) magnified wood fiber without mold,
¢) with mold.

4.5. Comparison of Experimental and Hygrothermal Simulation Results

Correlation analysis presented in Fig. 8 shows that satisfactory results are reached for
temperature as correlation coefficient R? is in the range of 0.81 to 0.86. Correlation is good for
simulated and measured results for relative humidity of wood fiber (R?> = 0.84), but good
correlation is not reached for relative humidity for EPS (R? = 0.59) and mineral wool (R?= 0.54).
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Model fitting to measured data was improved by applying the parametric analysis. It was
carried out by modifying parameters of masonry, mortar and insulation materials. Thermal
conductivity, density of dry material, and water vapour diffusion resistance factor for insulation
materials were changed to values supplied by material producers (see Table 1). For bricks and
mortar thermal conductivity, specific heat capacity, liquid water conductivity at effective
saturation, water uptake coefficient and initial relative humidity were adjusted. Adjusted values
are presented in Table 5.

TABLE 5. PROPERTIES OF MATERIALS USED FOR PARAMETRIC ANALYSIS

Brick Mortar Mineral Wood fiber EPS
wool
Name of the material in Old building Lime Mineral Wood Fiber Polystyrene
Delphin database brick Dresden cement Wool Insulation Board —
ZD mortar Board Expanded
Density of dry material, kg/m?® 1619.51 1878.47 28 (24 %) 50 (67 %) 13.5 (-41 %)
Thermal conductivity, W/(mK)  0.482 (+20 %) 0.5 (-38 %) ?'2%60/) 0.038 (-10%)  0.039 (+8 %)
- 0
Specific heat capacity of dry 430 (-55 %) 470 (-38%) 840 2000 1500
material, J/kg
Water vapour diffusion 10.4726 36.9113 1 2.1 (-30 %) 30 (-69 %)
resistance factor
Water uptake coefficient, 0.423587 0,211622 0 0.07 0.00001
kg/m?s®® (+11 %) (+486 %)
Effective saturation (long term  0.761043 0.1(-55%) 09 0.6 0.92
process), m¥/m? (+111 %)
Liquid water conductivity at 2.59E-09 352 E-10 0 2.16E-08 0
effective saturation, s (+24 %) (+3339 %)
Moisture
content, RH 0% 0.004030 2.83E-08 0.0000683 0.0000528
E mm
[}
£ RH30% 0.007003 0.004542 0.0048476 0.000455
é RH 50 % 0.007261 0.015729 0.0080606 0.000617
2 RH80% 0.007720 0.027090 0.0176992 0.001078
o
@ RH95% 0.023461 0.037559 0.0328964 0.009227
RH 100 % 0.761043 0.1 0.6 0.92
Initial relative humidity within 65 (+62 %)* 85 40 40 40
material, % (+112 %)*
Initial temperature of material, 23 23 23 23 23
°C

*Within the material starting from in the depth of 2.5...3.5 cm from the external surfaces of material.

Fig. 9 illustrates the changes of temperature and relative humidity during simulation before
and after the experiment, and measured results in masonry with wood fiber without vapour
barrier. The main gap between measured and pre-test simulation temperatures is observed during
the first 10 days when the pre-test simulation temperature is decreasing at a slower rate than
measured temperature. The post-test simulation results fit well with measured temperatures.
The temperature at the equilibrium differs only 0.6 °C. To reach acceptable results for post-test
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simulation fit, the values of the thermal conductivity, density of dry material, and the specific
heat capacity have been changed (see Table 5).

The same tendency is observed for the relative humidity: the pre-test simulation has a much
lower increase rate at the beginning hence it has not reached equilibrium during the simulation
period. The post-test simulation and measured relative humidity fit well and both are stabilizing
at around 80 %. To reach acceptable results for the post-test simulation, the water vapour
diffusion resistance factor, the liquid water conductivity at effective saturation, water uptake
coefficient and initial relative humidity of the brick and mortar have been changed (see Table 5).
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Fig. 9. Behaviour of temperature and relative humidity between masonry and wood fiber without vapour barrier
insulation layer: simulation before and after experiment, and measured results.

Fig. 10 shows the changes of temperature and relative humidity during simulation before and
after the experiment, and measured results between masonry and EPS insulation layer. The main
gap between measured and pre-test simulation temperatures is observed during the first 10 days
when the pre-test simulation temperature is decreasing at a slower rate than the measured
temperature. The post-test simulation results fit well with measured temperatures. The
temperature at the equilibrium fits well for all three graphs. To reach acceptable results for post-
test simulation the values of the thermal conductivity, density of dry material, and the specific
heat capacity have been changed (see Table 5).

The gap between measured and pre-test simulation results of relative humidity is significant.
The relative humidity cannot gain the speed to increase the rate of change neither at
the beginning nor during the rest of the pre-test simulation. The post-test simulation and
measured relative humidity fit well and both are stabilizing around 81.5 % for measurements
and 83 % for post-test simulation. To reach acceptable results for post-test simulation, the water
vapour diffusion resistance factor, the liquid water conductivity at effective saturation, water
uptake coefficient and initial relative humidity of the brick and mortar have been changed (see
Table 4).
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Fig. 10. Behaviour of temperature and relative humidity between masonry and EPS insulation layer: simulation before
and after experiment, and measured results.

Fig. 11 shows the changes of temperature and relative humidity during simulation before and
after the experiment, and measured results between masonry and mineral wool with vapour barrier
(s¢=12 m) insulation layer. The main gap between measured and pre-test simulation temperatures
is observed during the first 10 days when the pre-test simulation temperature is decreasing at a
slower rate than the measured temperature. The post-test simulation results fit well with measured
temperatures. The temperature at the equilibrium fits well for all three graphs. To reach acceptable
results for post-test simulation, the values of the thermal conductivity, density of dry material, and
the specific heat capacity have been changed (see Table 5).

The gap between measured and pre-test simulation results of relative humidity is large.
The relative humidity cannot gain the speed to increase the rate of change neither at
the beginning nor during the rest of the pre-test simulation. The post-test simulation and
measured relative humidity fit well and both are stabilizing around 83 % and 80.7 %. To reach
acceptable results for post-test simulations, the water vapour diffusion resistance factor,
the liquid water conductivity at effective saturation, water uptake coefficient and initial relative
humidity of the brick and mortar have been changed (see Table 5).
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Fig. 11. Behaviour of temperature and relative humidity between masonry and mineral wool with vapour barrier
(sa= 12 m) insulation layer: simulation before and after experiment, and measured results.
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5. DiscussiON AND CONCLUSIONS

The goal of this research is to link hygrothermal simulation results with experimental results
for internally insulated historic brick masonry to assess correlation between simulated and
measured data as well as the most influential parameters.

We found the disagreement between measured and simulated hygrothermal performance of
studied constructions. Test results showed that the relative humidity growth rate is high during
the first test days for all materials and is slowing down when approaching equilibrium
conditions. The temperature is decreasing at a slightly lower rate than relative humidity and is
reaching equilibrium in about 5 days. The pre-test simulation showed a much lower growth rate
of relative humidity and decrease rate for temperature compared to measured behaviour.

The parametric analysis that was carried out showed the most influential parameters on
the hygrothermal behaviour of the whole construction. Parameters of all three insulation
materials were adjusted to values supplied by material producers: thermal conductivity was
increased by 8 % for EPS and reduced for mineral wool by 10 % and wood fiber by 10 %.
Density was reduced for all three insulation materials to: mineral wool 24 %, wood fiber 67 %
and EPS 41 %, and water vapour diffusion resistance factor which was reduced for wood fiber
by 30 % and EPS by 69 %.

To reach acceptable results, thermal behaviour was changed by increasing thermal
conductivity of bricks by 20 % while reducing for mortar by 38 %. Specific heat capacity was
reduced significantly for both bricks (55 %) and mortar (38 %).

The highest influence on moisture transport growth rate has initial relative humidity of
materials: it was increased by 62 % for bricks and 112 % for mortar compared to pre-test
simulation values. Masonry was dried out for 10 days prior to tests and it was too short a period
of time to dry it out, so the moisture level was still higher at the beginning of tests than
predicted during pre-test simulation. Other parameters that have impact on the moisture
transport are liquid water conductivity at effective saturation and it was increased by 24 % for
bricks and mortar, and consequently water uptake coefficient has increased for bricks by 11 %
and 486 % for mortar. Effective saturation was increased for about 111 % for bricks and reduced
55 % for mortar.

Material parameters as well as initial conditions of materials play an important role in
the simulation but the latter is more influential in respect to material parameters.

Test results showed that under steady state conditions of an average outdoor climate of cold
climate the highest relative humidity is reached by mineral wool (82.9 %), followed by wood
fiber without vapour barrier (80.5 %), EPS (79 %), aerogel with vapour barrier (78.2 %), aerogel
without vapour barrier (73.3 %) and wood fiber with vapour barrier (72.7 %). The temperature
between the masonry wall and all insulation materials has stabilized on average at +10 °C.

Condensate tolerating wood fiber with vapour barrier reached 72.7 % relative humidity and
80.5 % in wood fiber without vapour barrier. Condensate limiting systems: EPS reached 79 %
and mineral wool with vapour barrier reached 82.9 % relative humidity. In other insulation
systems relative humidity has gone up to 73.3 % (aerogel without vapour barrier) and 78.2 % in
aerogel with a vapour barrier.

There is no frost risk as relative humidity has not increased over 95 % which is the state when
capillary saturation starts. This might change if outdoor boundary conditions are changed, e.g.
wind driven rain and solar radiation is applied on the surface. However, there is a risk of mold
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growth for insulation materials with biological origin such as wood fiber as it was detected
during tests.

Considering all issues, our findings demonstrate that when internal insulation is applied to
historic masonry in a cold climate, careful assessment of hygrothermal behaviour of combined
historic masonry and insulation material wall construction has to be carried out. It is possible
that simulation results will not conform precisely to actual measured data due to influence of
values of initial moisture content of the wall as well as parameter value.

Future studies should include cyclic changes in boundary conditions, use of historic bricks
and mortar with different properties.
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Abstract: Energy efficiency renovation of building stock is an essential aspect of the climate change
mitigation strategies in many countries. A large proportion of building stock is historical build-
ings. For this building stock, developing technology for safe internal insulation of external walls
is crucial, preventing possible moisture damage to the building structures. Internal insulation is
a risky technique as it has a high impact on the hygrothermal behavior of the wall. This study
assesses the hygrothermal performance of massive masonry walls with 17 interior insulation systems
exposed to different external boundary conditions, including a steady-state cycle, dynamic dry cycle,
wind-driven cycle, and drying cycle. During the steady state cycle, the highest increase of moisture
was observed under capillary active materials ranging from 39 to 119% increase in absolute moisture,
with the exception of cellulose with an increase of only 7%. All the vapor-tight insulation systems
showed no increase in absolute moisture during the steady-state cycle, with the exception being
mineral wool in combination with a vapor barrier that showed a 30% increase in ablute humidity. In
addition, relative moisture changes in masonry were measured. Results show that tested insulation
systems exhibit similar thermal performance while having different moisture performance. Vapor-
tight and vapor-open insulation systems exhibit different hygrothermal behavior under various test
cycles depending on material vapor diffusion resistance. Numerical simulations are sensitive to the
hygrothermal properties of materials.

Keywords: hygrothermal; DELPHIN; historical bricks; capillary-active; insulation

1. Introduction

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change [1]
urges the mitigation of climate change driven by anthropogenic impact. Many countries
are committed to international climate mitigation goals and continually set new targets for
GHG reduction in climate policy packages. Energy consumption in buildings accounts for
30% of total global final energy demand [2], and energy efficiency is essential to reduce the
climate crisis.

Renovation of historic buildings is an essential aspect of the energy efficiency strategies
in Europe [3]. Historic buildings are often located in historic centers of cities. They are
facing various limitations for measures related to the reduction of thermal losses, e.g.,
heritage value of the facade and space limitation on the street for additional material layers
on the exterior of the building. For this building stock, developing technology for safe
internal insulation of external walls is crucial, preventing possible moisture damage to the
building structures. This measure is a risky insulation technique as it has a high impact on
the hygrothermal behavior of the wall, leading to the risk of mold growth, frost damage,
and decay of embedded wooden beams [4,5].

When considering the application of internal insulation, hygrothermal evaluation
is crucial. Detailed planning reduces the risk associated with changes in hygrothermal
behavior [6,7]. Various factors must be considered during the planning, such as properties
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of bricks in the original masonry, insulation materials, and outdoor and indoor boundary
conditions.

Various studies have found that the hygrothermal properties of bricks are essential
for the estimation of the impact of internal insulation; a single parameter is insufficient to
estimate the hygrothermal impact of interior insulation, e.g., in a study [5], they found that
the water absorption coefficient of a brick is not enough. The liquid water conductivity is
more critical. A study by Johansson et al. (2014) [8] concluded that the thickness of the wall
influences the moisture accumulation rate; the moisture content in the wall highly depends
on the properties of the brick, and the drying rate depends on the mortar type.

Another vital factor is wind-driven rain [8-12]. Studies on the impact of the wind-
driven rain load on the hygrothermal behavior of internally insulated wall show that
under moderate rain protection, some insulation systems perform well at the normal
indoor moisture load [13]. However, higher wind-driven loads have an influence on the
magnitude of hygrothermal changes [5]. A study on a vapor-tight system showed that
the rain load was the dominating factor determining the vapor and water transport in the
wall and the relative humidity under insulation increased significantly during wind-driven
rain [8]. Nielsen et al. (2012) stated that the effect of a vapor barrier and the thickness of
the insulation is negligible, compared to wind-driven rain [14]. In vapor-open capillary
active insulation systems, wind-driven rain can impact hygrothermal behavior by reducing
thermal resistance or increasing indoor relative humidity [15]. High solar exposure on
walls can contribute to drying [9]. However, it may cause inward solar-driven vapor flow.

A study [13] on the influence of indoor humidity on the performance of insulation
systems showed that a high indoor moisture load can increase the risk of mold growth
as it can lead to increased relative humidity behind calcium silicate and perlite insulation
systems. For vapor-tight systems, a high risk of mold growth and interstitial condensation is
predicted between masonry and the insulation and is mainly caused by outdoor boundary
conditions [5].

Diffusion-open and diffusion-tight systems were compared in different studies [4,5,16-21].
When masonry is insulated internally, the moisture content in the masonry wall is higher
for vapor-tight insulation materials [5]. Vereecken et al. (2014) [4] found that for the im-
posed quasi-steady-state winter condition, the increased stored moisture inside walls with
a capillary active system is higher than for walls with a traditional vapor-tight system. The
application of vapor-tight insulation materials prevents drying towards the inner surface [9,22].
Grunewald et al. (2006) [23] found that the moisture equilibrium of the original wall can reach
up to three times higher moisture level when the moisture transport is driven by rain and
evaporation. With calcium silicate insulation, the drying potential of the envelope walls is kept.

Vapor-open capillary active systems reduce the original wall’s drying rate by allowing
inward drying and buffer interstitial condensation. In capillary active systems, the tempera-
ture and vapor gradient induce an outward vapor transfer during the heating season. They
have a high buffering potential and a large liquid conductivity in the capillary moisture
range and can absorb the liquid water and redistribute it toward the room by a liquid flow
that follows the inward capillary pressure gradient [24]. It is essential to ensure good con-
tact between the masonry and insulation material since this guarantees that no interstitial
condensations occur at the warm side of masonry and the capillary active material can
redistribute it [25]. Other studies show that the relative humidity below insulation material
can reach a high level [5,26,27]. Vereecken et al. (2016) [25] found that capillary active
materials have disadvantages, such as the moisture storage having an adverse impact on
the thermal performance, and the buffered moisture transported toward the room possibly
affecting indoor relative humidity. Most bio-based materials such as grass, date palm wood,
Alfa plant, straw, cork, hemp, and plant concrete are vapor-open capillary active because
they are hygroscopic. However, they have a heterogeneous composition, which limits the
assessment of their thermophysical properties [28]. Vegetal materials are more hygroscopic
and their thermal performance is more sensitive to moisture accumulation [7]. In other
natural-based materials, such as cork, the moisture transport phenomenon is limited to
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the first layers of the expanded cork [29]. Analysis carried out by [30] showed that saw
and wool exhibit dynamic response to hygrothermal changes to qualify as moisture buffers.
The quantity of moisture accumulated is material-specific and dependent on the relative
humidity and the temperature of the environment and by controlling these values, it is
possible to accurately track the adsorption/desorption characteristics of bio-based materi-
als [30]. Experimental data indicate that biotic and chemically hydrophilic (e.g., cellulosic)
materials (wood, organic fibers, starches, earth and clay plasters, and plant derivatives)
exhibit higher moisture buffer values than porous, abiotic (e.g., cementitious) materials
(concretes, bricks, and gypsum, and other inorganics) [31].

When vapor-tight insulation systems are installed on the interior side of the wall, the
drying capacity inwards is substantially reduced and the relative humidity in the wall
increases substantially when exposed to driving rain [8]. Compared to the capillary active
systems that are sensitive to small modifications of the wall structure (e.g., interior finishing
coat, wall thickness), the hygrothermal behavior in vapor-tight systems exhibits minor
differences [15]. Kloseiko et al. (2022) found that the vapor open solutions have lower frost
damage and mold growth risks than the vapor-tight systems [32]. Hygrothermal behavior
during winter conditions shows that if a capillary active system has risks of interstitial
condensation due to high level of an accumulated moisture content in the wall and the
glue mortar, a vapor-tight system is preferable [4]. Antolinc et al. (2021) found that in a
room with very high indoor relative humidity, the capillary active interior insulation is not
a suitable solution for improving the thermal insulation of buildings in a cold continental
climate and vapor-tight insulation needs to be applied [33]. However, moist indoor air can
diffuse outwards into the masonry due to mechanical damage to the vapor barrier or poor
craftsmanship [34].

Many studies on the hygrothermal behavior of internal insulation are limited to
pure simulation experiments, laboratory experiments in steady-state conditions, or in situ
measurements in specific cases. Each of them faces limitations. Material properties are
taken from the material database in simulation experiments, assuming perfect installation.
Laboratory experiments with steady-state conditions do not account for the dynamics of
real-world structures. In situ measurements are case-specific and general conclusions that
can be applied to other cases and cannot be withdrawn. Various studies have obtained
more evidence that wind-driven rain is a vital factor influencing the hygrothermal behavior
of internally insulated walls, and other factors are less important. Insulation systems’
laboratory and in situ tests are diverse with various boundary conditions, thicknesses,
vapor barriers, heterogenous bricks, plasters, etc., and are difficult to compare. Simulations
differ from measured data because they assume perfect installation and face uncertainty
of parameter values and initial values. Many insulation systems have specific demands
for installation quality, and if not correctly executed (e.g., vapor barriers, adhesive glue), it
affects hygrothermal behavior. The application of biobased insulation materials as internal
insulation is still uncertain due to hygrothermal behavior and failure modes related to
mold growth.

This study will address these limitations by:

e Investigating the impact of dynamic outdoor climate on the internal insulation of solid
masonry walls in a controlled environment

o  Testing selected insulation systems and comparing them in the same boundary conditions

e  Eliminating the impact of various bricks with heterogenous properties by applying
commercially produced bricks

e  Experimenting with internally insulated masonry walls with U-value as similar as
possible (only limited by the material installation specifics)

e  Eliminating the impact of external plaster by not applying it

e Assessing the effect of installation quality on the hygrothermal performance of the
wall (various vapor barriers, adhesive glue)

e  Using bio-based insulation materials.
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This study aims to answer the following research question: What is the hygrothermal
performance of a solid brick wall with various interior insulation systems with different
moisture diffusion prevention levels under varying external boundary conditions?

The paper starts with a comprehensive literature analysis to define knowledge gaps in
the research field of applying internal insulation on massive masonry walls. It is followed
by describing tested materials and systems and applied methodology, including material
characterization, experimental setup, and testing procedures for the laboratory and nu-
merical experiments. The analysis of results from different test round results is presented,
followed by conclusions.

2. Materials and Methods
2.1. Material Characterization

Eighteen insulation systems underwent testing across two rounds. These systems
combined various insulation materials with or without vapor barriers and binders, some
following manufacturer instructions (e.g., mineral wool with vapor barrier, EPS, XPS, PIR
with Sika cement and glass fiber net, cork, expanded cork, aerogel blanket) and others
intentionally deviating to assess hygrothermal behavior (e.g., vapor-open materials without
vapor barriers such as rock wool, expanded clay, cellulose, various wood fiber plates, and
planing chips plates without external finishes). Insulation materials came from diverse
sources and included both vapor-tight and vapor-open options. Gypsum plaster results
were excluded due to sensor failure. The tested insulation systems encompassed inorganic
mineral-derived materials (mineral wool with vapor barrier, rock wool, expanded clay,
gypsum plaster, aerogel blanket), organic fossil fuel-derived materials (EPS, XPS, PIR with
various coverings, VIP), and organic plants/animal-derived materials (cellulose, wood fiber
plates with different densities, cork, expanded cork, planing chips plates). An overview
of insulation materials, finishing, and mounting technologies is provided in Appendix A
Table Al. Material properties were obtained from the manufacturer’s technical data sheets
or directly contacting manufacturers. The information available was on the material’s
thermal properties, such as the thermal conductivity A, but other parameters, such as the
specific heat or the vapor resistance, were missing from the technical data sheets of some
products.

Vapor-open insulation systems are designed to allow the passage of water vapor.
They have a higher permeability to moisture, which means that water vapor can move
relatively freely through these materials. These systems are often used when moisture
needs to be managed and allowed to escape from the building envelope. They can help
prevent moisture buildup and related problems such as condensation and mold growth.
These insulation systems are condensate-tolerating insulation systems where the material
itself gives the only vapor resistance in these insulation systems; therefore, they have
very small vapor diffusion resistances (sd value < 0.5 m) [35]. Materials such as cellulose
insulation, some types of wood fiberboard, and certain natural insulation materials are
vapor-open. On the other hand, vapor-tight insulation systems are designed to block the
passage of water vapor. They have low permeability to moisture, which means they resist
the movement of water vapor. Vapor-tight systems are used to create a moisture barrier,
often when preventing moisture from entering or leaving a particular area is essential.
They help maintain controlled indoor humidity and temperature levels. They can be
distinguished as condensate-preventing systems that disable vapor transfer from the room
side into the construction by a vapor barrier (min sd value 1500 m), and condensate-
limiting insulation systems include a vapor barrier with an sd-value of min. 0.5 m and
max. 1500 m [35]. Materials such as extruded polystyrene (XPS) and foil-faced insulation
boards are vapor-tight. In summary, vapor-open insulation systems allow water vapor
to pass through, making them suitable for applications where moisture management and
breathability are needed. On the other hand, vapor-tight insulation systems act as barriers
to moisture, ideal for maintaining controlled indoor conditions and preventing moisture
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CROSS SECTION

intrusion. The choice between these systems depends on specific building requirements
and environmental conditions.

In Appendix A Table A1, all materials and systems tested in this study are defined
based on vapor tightness.

2.2. Experimental Setup and Testing Procedures

Two climate chambers (hot-box for indoor climate and cold-box for outdoor climate)
were used to test insulation systems in a controlled environment (see Figure 1).

Box with outdoor
conditions:
~ Temperature;
~Relative humidity
~Wind-driven rain;
~Sun;

wall with Legend:
gsamplels: Box with indoor conditions:
samples K
in grid - Temperature; E Air cooling device
g - Relative humidity;
3by3
H Air heater

(@)

Sun imitation

Water nozzles

Water collection/

A
L’ drain
A / E
Air dryer
(8
! Air humidifier
/ % Masonry

Insulation material

Figure 1. Testing setup for testing insulation systems in controlled environment.

The setup consisted of a test wall built from EPS (Figure 2). The wall had nine samples
of single-leaf masonry wall (40 cm wide, 30 cm high, 25 cm deep each). Two test walls were
built—each for one test round.

(b) (©

Figure 2. Test wall constructed for the laboratory experiment: (a) test wall from the hot-box side;
(b) test wall from the cold box side; (c) test wall before insertion between hot-box and cold-box.

The test wall was installed between hot-box and cold-box climate chambers. The cold
box simulates outdoor conditions by dynamically controlling the chamber’s temperature,
relative humidity, wind-driven rain, and solar radiation. Hot-box refers to indoor con-
ditions; this chamber maintained a constant microclimate, maintaining constant relative
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humidity and temperature. The cold-box chamber was equipped with a water spraying and
collecting system on the outside side of the structure to replicate the effects of wind-driven
rain (when rain is affected by wind, a large amount of water impacts vertical surfaces).
The system consisted of 9 nozzles, one for each wall sample, a pump, plastic pipes for the
water distribution system, and a water collection system (see Figure 2b). Solar radiation
simulation lamps simulated exposure to the sun.

Each insulation system was attached to a single-leaf masonry sample built from
industrially produced new bricks. New bricks were used to reduce the impact of uncertainty
of material properties. Before starting the measurements, a conditioning period in the room
condition was kept for the wall specimens to dry out. Figure 3 provides a simplified 2D
model of the masonry sample in a cross-section from indoors to outdoors.

Insulation material
Wapor bar1rier /Ad.hesive Mlortar
[ r
T

Grypsum - )
boardor 7 Bricks

plaster

Indoors 310 Outdoors

250

Figure 3. Two-dimensional model of the masonry sample (all measurements in mm).

Parameter values for the cold-box for all cycles were based on the weather data from
2014 to 2018 to mimic outdoor environmental conditions. They were obtained from the pub-
lic observation database [36]. The decisive criterion for choosing the month for modeling
the temperature fluctuation cycle was the highest amplitude of the daily temperature fluc-
tuations. After the analysis, it was decided to model the temperature and relative humidity
fluctuations according to the situation in May. Another critical selection criterion for the
month was solar radiation on a vertical surface. The daily average hourly radiation profile
for May was obtained. The average maximum amount of solar radiation was determined
to be 607 W/m?2. On the south-facing wall, the maximum solar radiation was 432 W/ m2,
and the total radiation received was 4037 Wh/day. With a constant solar simulator power
(rounded to 450 W/m?), the solar simulator should be operated for approximately 8 h daily
to reach 4037 Wh/day. In addition to temperature, relative humidity, and solar radiation
data, horizontal precipitation data were also analyzed. The average amount of precipita-
tion over the days in May considered was 10.1 mm. Since the intensity of wind-driven
rain depends heavily on wind speed, horizontal rainfall, and direction, it is impossible
to provide 100% reality-imitating dynamic conditions affected by all these factors in the
laboratory. Therefore, following an analysis of the amount of rainfall, it was decided to use
a different approach to assess the flow of wind-blown rain on the wall. The estimated wind
rain flow was estimated to be 0.278 1/(m? s). This amount of water was sprayed on the cold
side of the wall for five minutes a day for two weeks during the rainy cycle of the test.

Eighteen insulation systems were tested in two rounds: 9 systems per round. The
cycles were developed based on technical options, previous studies’ experience, and
weather data analysis. The experimental plan was based on the following conditions in
chambers:

e  Hot-box chamber temperature +20 °C, relative humidity 50%.
e old-box chamber temperature at the steady state conditions +10 °C and relative hu-
midity 50%. For dynamic cycles, temperature and relative humidity followed outdoor
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daily fluctuations in May (see Figure 4). Wind-driven rain was 0.278 1/m? s (5 min
every day) and solar radiation 300 W/m? (8 h per day)

,_.
o
Temperature,’C

02:24 04:48 07:12 09:36 12:00 14:24 16:48 19:12 21:36 00:00

Relative humidity ====- Temperature

Figure 4. Daily fluctuations in relative humidity and temperature.

The relative humidity between the insulation layer and the masonry was measured
using Honeywell HIH-4000 series humidity sensors. Humidity sensors were installed
under the insulation layer together with K-type thermocouples. The sensors in each
sample measured the conditions between the insulation layer and the masonry wall where
there is a significant risk of condensation. The Campbell Scientific CR1000 data logger
recorded the data on a computer. In addition to the measurements of relative humidity and
temperature under the insulation, measurements of masonry humidity were performed
with non-invasive measurement methods (dielectric and microwave probe). Non-invasive
moisture measurements were taken before and after each test cycle, five times during the
test. Trotec T3000 (Trotect GmbH, Heinsberg, Germany) was used for measurements. A
microwave probe was used to measure moisture at a depth of 20 cm, and a dielectric probe
was used to measure moisture at a depth of 2 cm.

2.3. Numerical Simulation

The simulations for the insulation systems from the first test round steady state
conditions were carried out in the DELPHIN software by using similar materials from
the existing material database. The materials were selected based on the specifications,
which are provided by the manufacturers for the original materials used in the laboratory
experiment. These simulations were carried out both according to the variable outdoor
climate conditions as well as for constant conditions to obtain data and compare it to the
measurement data acquired from the laboratory experiment. The initial temperature and
relative humidity conditions of the simulations were set to comply with the ones measured
at the beginning of the experiment and the outdoor relative humidity was increased to
93% to match the conditions maintained in the climate chamber. The time step for the
simulations was set to 1 h. Each insulation system was also modeled in the DELPHIN
6 software (see Figure 5). The overview of insulation materials is given in Appendix A
Table A2. A DELPHIN file was created for the hygrothermal properties of bricks used in
the test walls. Material tests were performed at the laboratory and test results are presented
in Appendix A Table A3.
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(b)

Figure 5. Test wall brick sample in laboratory (a) and in DELPHIN model (b). The data for further
analysis were taken from the point circled in blue; (red-brick; yellow-insulation; green-plasterboard;
blue-mortar; red dots-data points).

3. Results and Discussion

The first test round started with the first steady-state test for two weeks to gather data
for numerical simulation. After that, the test wall was conditioned for 12 weeks in a room
environment. That was followed by four cycles with various conditions. The second test
round was designed differently from the first to better distinguish the impact of individual
dynamic processes on measurement results, which is essential for drawing more accurate
conclusions.

In all tests, temperature and relative humidity measurements between the insulation
material and masonry look noisy. This is due to conditions in both climate chambers. This
noise is in response to periodic fluctuations of air conditioning equipment working cycles
(heater, humidifier, dehumidifier, refrigerator), and temperature and relative humidity
oscillates in an amplitude of 1 °C. Both test rounds were carried out during the COVID-19
period, and laboratory access restrictions impacted the laboratory team’s ability to react to
issues related to malfunctioning air conditioning equipment in both chambers.

Two test rounds with various test conditions were carried out to simulate steady and
unsteady/transient conditions. The first test round started with the steady-state conditions
to be used as an experimental basis for numerical simulations with eight insulation systems
(insulation systems (1-8) from Appendix A Table Al). Twelve weeks after the first steady-
state test, the second steady-state test started, followed by dynamic conditions, wind-driven
rain, and drying condition. Figure 6 presents measured cold- and hot-box temperatures
and relative humidity during the first test round for each test cycle. Due to a malfunction
of the data logger, cold-box temperature and relative humidity were not logged during the
steady-state cycle.

Figure 7 presents the measured temperature between insulation material and masonry
for tested insulation systems during the first test round. Oscillations followed temperature
dynamics in the cold box. The temperature in all insulation systems followed the same
trend. However, the temperature reached various levels.

Figure 8 illustrates the measured relative humidity between insulation material and
masonry for tested insulation systems during the first test round. The relative humidity in
each insulation system exhibited different behavior in terms of amplitude and value. The
oscillation amplitude was determined by temperature changes in the cold-box relative to
the hot-box temperature and the hygrothermal properties of the insulation system. The
overall relative humidity trend followed the relative humidity in the hot-box based on the
hygrothermal properties of the insulation system.
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Figure 6. Measured cold- and hot-box temperature and relative humidity during the first test round.
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Figure 7. Measured temperature between insulation material and masonry for tested insulation
systems during the first test round.

Figure 9 presents the results of non-invasive moisture measurements for all cycles.
Measurements were carried out to determine relative changes in moisture at 2 cm depth
and 20 cm depth from the exterior surface of the masonry (5 cm from the internal surface
of the masonry). The change in moisture value relative to initial moisture at a 2 cm depth
(Figure 9a) revealed that after two weeks of steady-state conditions, all insulation systems
were in the range of £10% change in moisture level. After two weeks of dynamic dry
cycle, all masonry wall samples had an increase in moisture from 0% to 18% compared to
initial conditions. An increase of 78% to 108% was obtained for masonry moisture change
after a dynamic wind-driven cycle compared to initial conditions. Finally, initial moisture
increased by 38% to 65% after a dynamic drying cycle. The amplitude of the change in
the moisture at the depth of 20 cm (Figure 9b) was less than the 2 cm depth. The shift
in moisture after steady-state conditions was between +3% and —20% relative to initial
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conditions. After the dynamic dry cycle, changes in moisture were in the range of —8%
to +10%. The highest changes occurred after a dynamic wind-driven cycle (5% to 60%).
Finally, the dynamic drying cycle reduced the gap between initial moisture and actual to
the range of —7% to 38%.
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Figure 8. Measured relative humidity between insulation material and masonry for tested insulation
systems during the first test round.
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Figure 9. Change in moisture value relative to initial moisture at a depth (from the external surface
of the masonry) of (a) 2 cm and (b) 20 cm.

The second test round with nine insulation systems (insulation systems (9-18) from
Appendix A Table A1) started with steady-state conditions, followed by dynamic conditions,
drying conditions, and wind-driven rain for spring conditions. Measured cold- and hot-box
temperature and relative humidity during the second test round are presented in Figure 10.
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Figure 10. Measured cold- and hot-box temperature and relative humidity during the second test

round.

Figure 11 presents the measured temperature between insulation material and masonry
for tested insulation systems during the second test round. Similar to the first test round,
the temperature in all insulation systems followed the cold-box temperature, and insulation
systems exhibited various levels.

STEADY STATE

DYNAMIC

DRYING

WIND-DRIVEN RAIN

Expanded clay
—Cellulose

—XPS + surface layer of Sika cement —Rock wool

—Cork
—Expanded cork

tHH B H EEHE

—PIR + aluminum cover
—Aerogel blanket

Figure 11. Measured temperature between insulation material and masonry for tested insulation
systems during the second test round.

The measured relative humidity between insulation material and masonry for tested
insulation systems during the second test round is presented in Figure 12. Similar to the
first test round, relative humidity exhibited very different behavior for insulation systems,

and it mainly depended on the vapor diffusion resistance of the insulation system.
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Figure 12. Measured relative humidity between insulation material and masonry for tested insulation
systems during the second test round.

Measurements made with a dielectric probe at a depth of 2 cm maintained a relatively
small dispersion after steady-state conditions (+5%). The same distribution was observed
after the dynamic cycle. A significant increase in moisture changes was measured after a
wind-driven rain cycle, ranging from 175% (XPS with the surface layer of Sika cement) to
215% (for PIR + aluminum cover). The average increase in moisture after a wind-driven
rain cycle compared to initial conditions was 198%. In contrast to measurements at a depth
of 2 cm, the dispersion between masonry samples was greater. After the first two weeks of
constant conditions, moisture values in 20 cm depth in masonry samples begin to differ
from +9% to —25% compared to initial conditions. The distribution of changes was the
same after the dynamic cycle. After a wind-driven rain cycle, all masonry samples exhibited
an increase in moisture level in the 10 to 35% range. Results are showed in Figure 13.
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Figure 13. Change in moisture value relative to start moisture at a depth (from the external surface of
the masonry) of (a) 2 cm and (b) 20 cm for the second test round.

3.1. Steady-State Conditions
e  The first test round

Figure 14 shows the measured temperature and relative humidity profiles in hot- and
cold-boxes during the first test of steady-state conditions. Relative humidity dropped in
the hot-box from hours 49 to 150 due to the malfunctioning of the humidifier.
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Figure 14. Measured temperature and relative humidity in hot- and cold-boxes during steady state conditions.

The measured and simulated temperature behavior for eight insulation systems tested
in the first test round showed that the temperature rate of change was high at the beginning
and reached steady-state conditions after approximately 72 h.

Figure 15 shows the zoomed-in measured (M) and simulated (S) temperature behavior
between masonry and vapor-open insulation systems in the steady-state cycle. The highest
temperature was measured behind vapor-open systems, while the lowest temperatures
were reached in vapor-tight systems. For all insulation systems, the measured temperatures
exceeded simulated temperatures and varied from 1 to 1.2 °C. For vapor-open systems,
temperature stabilized at about +14 °C between masonry and planing chips plate, followed
by high-density wood fiber and low-density wood fiber because their relatively low thermal
resistance allows more heat flow from the hot-box. The temperature reached +13 °C for
insulation systems with average-density wood fiber and expanded perlite. The simulated
temperature behavior between these layers was also similar. However, the arrangement
of the materials was slightly different. Similar to measurements, the lowest temperature
was achieved by the mineral wool with a vapor barrier, followed by expanded perlite and
average-density wood fiber. Moreover, the stabilization of temperatures was predicted to
be at a slightly different range—from +12 to 13 °C. Vapor-tight insulation systems (PIR
with gypsum board and vapor-resistant paper, VIP and mineral wool with vapor barrier)
stabilized at lower temperatures than vapor-open systems.

The measured and simulated behavior of relative humidity between masonry and
vapor-open insulation systems are illustrated in Figure 16. The internal side of the existing
wall structure experienced reduced temperatures, resulting in the higher relative humidity
levels between the wall and insulation system. The temperatures reached steady-state con-
ditions after approximately 72 h while relative humidity still had not reached equilibrium
after 13 days except for planing chips plate. The relative humidity increased faster for
the vapor-open materials due to the vapor-open characteristic of these insulation systems.
All vapor-open systems experienced a much higher increase of relative humidity at the
beginning of the measurement compared to simulation. They also reached higher relative
humidity levels compared to simulation results. The planing chips plate had the highest
increase rate of relative humidity behind the masonry and reached equilibrium at 100% in
30 h. This is due to large and open pores, low vapor diffusion resistance, and lack of finish-
ing material. In simulation, planing chips plate behavior is different: the trend increased
at a slower rate and it did not reach 100% relative humidity. This material is suggested to
be used as an internal finish because of its decorative nature. However, the application of
this material without vapor barrier under the high indoor moisture load can result in mold
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growth behind the insulation system. Average density wood fiber had the second highest
relative humidity level and simulated behavior differed from measured. The third and
fourth materials with the highest relative humidity were expanded perlite and low-density
wood fiber. All these materials had low vapor diffusion resistance. The slowest increase
of the relative humidity was observed for high-density wood fiber. The main reason for
the discrepancy between measured and simulated behavior can be variations in material
properties values in real material and simulation.
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Figure 15. Measured (M) and simulated (S) behavior of temperature between masonry and vapor-
open insulation systems in the steady state cycle (zoomed-in hours 245 to 305).
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Figure 16. Measured (M) and simulated (S) behavior of relative humidity between masonry and
vapor-open insulation systems.

The measured and simulated behavior of relative humidity between masonry and
vapor-tight insulation systems (Figure 17) showed that measured and simulated trends
were similar, but the values differed. The main cause might be the discrepancy in values of
hygrothermal properties for actual materials and simulation. Mineral wool with a barrier
exhibited similar behavior to vapor-open systems. This might be due to the low vapor
resistance of the vapor barrier. The slowest increase in relative humidity was observed for
the insulation systems with VIP, high-density wood fiber, and PIR with gypsum board and
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vapor-resistant paper, which had the lowest increase in relative humidity. PIR with gypsum
board and vapor-resistant paper exhibited the lowest growth of relative humidity on both
simulations and measurements in the test stand. There is no risk of condensation behind
any of these insulation systems. The hygrothermal behavior of VIP was not simulated due
to a lack of material with similar properties in the DELPHIN database.

Relative humidity, %

Time, hours

— PIR+gypsum plaster + vapor resistant paper S --- PIR+gypsum plaster +vapor resistant paper M
Mineral wool+vapor barrier S Mineral wool+vapor barrier M
— Indoor RH VIP M

Figure 17. Measured (M) and simulated (S) behavior of relative humidity between masonry and
vapor-tight insulation systems.

Figure 18 illustrates that vapor-open systems were sensitive to changes in indoor
relative humidity when the cold-box temperature was stable. When indoor relative hu-
midity fell between time 40 and 82 (Figure 18a), vapor-open materials with low Sd values
(expanded perlite, average and low-density wood fibers) mimicked this behavior with
an average time lag of one hour but with different trends. Vapor-tight mineral wool also
mimicked it. This might be explained by the vapor barrier’s low Sd value (7). Materials
with higher Sd values did not imitate this behavior (VIP, high-density wood fiber, PIR with
gypsum board, and vapor-resistant paper). The same reaction of insulation systems was
observed when the hot-box relative humidity increased (Figure 18b). In both situations,
mineral wool followed the trend closer than other materials, which might be explained
by the limited moisture buffering capacity for this type of insulation, in contrast to the
capillary active materials. The behavior of other materials followed the trend to a lesser
extent because they have excellent MBV.

(a) (b)

Figure 18. Behavior of vapor-open when hot box relative humidity (a) decreases (time 40-82 in
Figure 17) and (b) increases (time 145-177 in Figure 17).

129



Buildings 2023, 13, 2511

16 of 28

e  The second test round

Nine insulation systems were tested in the second test round. The vapor-open insula-
tion systems were aerogel blanket, cellulose, and stone wool (without vapor barrier). The
vapor-tight insulation systems were PIR with aluminum cover on both sides, expanded
cork, cork, XPS with Sika cement layer, and XPS.

Figure 19 shows the temperatures that reached steady-state conditions after approxi-
mately 58 h. Temperatures below each material gradually decreased and stabilized between
15.3 C and 16.3 °C (the values were higher than the first test round due to higher tempera-
ture in the cold-box). The lowest temperatures reached XPS and expanded cork, coinciding
with the measured U-values at the laboratory. PIR with aluminum cover measured U-value
coincided with the U-value of an expanded cork. Still, when comparing temperatures
below these insulations, the temperature below the PIR with aluminum cover was on the
same level as the cellulose, whose U-value was 0.07 W/m?2K higher. However, as these
temperature differences were less than half a degree and fell within the error limits of
temperature sensors, such small shifts were possible. Accordingly, expanded clay and
XPS with the Sika cement layer, which had the highest U-values, also had the highest
temperatures below these materials.

ime, minutes

ayer of Sika cement ——Rock wool —XPS ——Expanded clay ——Cork —PIR + aluminum cover ——Cellulose ——Expanded cork ——Aerogel blanket

Figure 19. Temperature under insulation in steady state conditions for the second test round.

The relative humidity between masonry and insulation materials reached equilibrium
after seven days for vapor-open materials, while others did not reach steady-state conditions
even after 14 days (Figure 20).

The relative humidity level increased at a higher rate in vapor-open systems. In vapor-
tight systems, a lower increase rate was observed. The relative humidity did not exceed
65% relative humidity. The highest relative humidity was under vapor-open insulation
systems (stone wool without vapor barrier, aerogel blanket, cellulose, expanded clay).
Vapor-tight systems had lower humidity levels: the highest level was reached by expanded
cork, followed by XPS, XPS with Sika cement, cork, and PIR with aluminum cover. Vapor-
open systems are sensitive to changes in indoor relative humidity. When indoor relative
humidity fell or increased, vapor-open materials with lower Sd values (rock wool without
vapor barrier, expanded clay, cellulose, aerogel blanket) mimicked this behavior but with
different trends. Materials with higher Sd values did not imitate this behavior (VIP, high-
density wood fiber, PIR with gypsum board, and vapor-resistant paper). In both situations,
mineral wool followed the trend closer than other materials, which might be explained
by the limited moisture buffering capacity for this type of insulation, in contrast to the
capillary active materials. The behavior of other materials followed the trend to a lesser
extent because they had excellent MBV.
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Figure 20. Relative humidity under insulation in steady-state conditions for the second test round.

e  Changes in absolute humidity under the insulation materials

As the relative humidity was dependent on temperature, the absolute humidity in
g/m> was used to compare the impact on moisture changes under different insulation
materials (see Figure 21).
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Figure 21. Absolute humidity under insulation materials at the start and end of steady state cycle.

The highest increase of moisture was evident under capillary active insulation materi-
als (woofibers, planning chips, and expanded perlite). Two deviations were observed, the
first being the mineral wool with vapor barrier (with sd value 12 m, could be considered
as breathable wind barrier, not a true vapor barrier), that shows similar behavior to the
capillary active insulation materials, and the second being capillary active cellulose that
showed similar behavior to the vapor-tight insulation materials. The absolute moisture in-
crease under insulation materials was as follows: Planing chips 119%, woodfiber (medium
density) 85%, woodfiber (low density) 69%, expanded perlite 65%, woodfiber (high density)
39%, cellulose 7%, expanded cork 5%, cork 2%, aerogel blanket, and expanded clay 0%, and
all the rest materials, all of which except for mineral wool are vapor-tight, had a negative
absolute humidity change from —1 to —4%.
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3.2. Unsteady State Conditions
3.2.1. Dynamic Cycle

The first test round showed that each insulation system comprises materials with
different thermophysical properties, determining how the envelope responds to climatic
conditions. The results showed that the temperature below the insulation materials fol-
lowed the same daily cycle as the cold-box temperature with a visible time lag. The average
time lag for the heat wave propagating from the inner surface to the outer surface for
all insulation systems was 7-10 h. The decrement factor was the ratio of the heat wave
amplitudes at the two surfaces of the wall, and the values were between 0.07 and 0.49.
The lowest value of the decrement factor was exhibited by vapor-open systems with the
lowest Sd value and increased with increased Sd value (the highest value is for PIR with
aluminum cover).

Figure 22 shows the temperature behavior under insulation during the dynamic cycle
in the second test round. Like the first test round, the temperature profile followed the
cold-box temperature with delay. The time lag was between 9 and 11 h. The decrement
factor correlated with the Sd value—the higher the Sd value, the higher the decrement
factor. The most significant temperature amplitude was observed under rock wool, XPS,
and XPS with Sika cement. The smallest temperature amplitude was observed under
expanded clay. All other insulating materials were in the middle, with relatively similar
temperature amplitudes. The ranges were from 1.21 °C to 1.67 °C.

Time, minutes
—XPS + surface layer of Sika cement —Rock wool XPS
Expanded clay ——Cork —PIR + aluminum cover
—<Cellulose —Expanded cork —Aerogel blanket

—Cold box temperature

Figure 22. The temperature under insulation during dynamic cycle in the second test round.

The relative humidity dynamics under insulation during the dynamic cycle of the
first test round revealed that relative humidity behavior under insulation material was
less intuitive than temperature behavior. Each insulation system’s initial relative humidity
values were determined by the initial cold-box temperature at the beginning of the cycle.
During this cycle, the cold-box average temperature was slightly higher than in the steady-
state cycle. Similar to temperature, there was an effect of daily variation on relative
humidity coupled with temperature fluctuations in the cold box. The time lag differed for
the maximum and minimum values of temperature waves. For the maximum temperatures,
the time lag was between 8 h (for vapor-open systems with low Sd values) and 17 h (for
vapor-tight systems with high Sd values). The time lag for the minimum temperature
values was more prolonged and varied from 10 to 19. However, the amplitude varied for
insulation systems: vapor-tight systems had a lower amplitude, while vapor-open systems
had a higher amplitude. The decrement factor was from 1.9 (for vapor-open systems with
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low Sd) to 7 (for vapor-tight systems with high Sd value). The other difference from the
temperature was the slope of relative humidity profiles. The vapor-tight system’s relative
humidity profiles were stable and increased only after the failure of the control system when
the temperature in the cold-box decreased. Vapor-open systems had falling slopes, which
meant the system was drying inwards. The steepest slope was exhibited by planing chips
plate, followed by wood fiber with an average density, expanded perlite, and low-density
wood fiber. After the failure of the control system, the same trend was present but in the
opposite direction.

The relative moisture under insulation during the dynamic cycle in the second test
round (Figure 23) behaved similarly to the first test round. The relative humidity followed
temperature fluctuations because the hot-box relative humidity was steady, and the cold-
box temperature oscillated. Vapor-tight systems had a lower amplitude, while vapor-open
systems had a higher amplitude. When the amplitude of cold-box temperature decreased
(starting at minute 3773), the relative humidity amplitude of the vapor-open insulation
systems decreased after the time lag. The vapor-tight system’s relative humidity profiles
were slightly increasing.
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Figure 23. Relative humidity under insulation during dynamic cycle in the second test round.

Due to failure of the controller unit during the 1st test round, it was possible to compare
the amplitudes of RH changes under insulation materials with the amplitude of RH change
in hot-box, a response in % to those changes was observed as follows—woodfiber (medium
density) 97%, planing chips 96%, expanded perlite 45%, woodfiber (low density) 23%,
woodfiber (high density) 23%, mineral wool with vapor barrier 20%, PIR 1% and VIP 0%.
For the second test round, such a comparison was not possible due to lack of dynamic
indoor relative humidity conditions.

3.2.2. Wind-Driven Rain

As in the second cycle, the temperature continued to follow the outdoor tempera-
ture with an offset; the outdoor temperature is not plotted to make the graph easier to
understand. As in the first/constant cycle, the lowest temperature was below PIR with
gypsum board and vapor-resistant paper, VIP, and mineral wool with a vapor barrier, and
the highest temperature was still below high-density wood fiber. The maintenance of the
temperature distribution indicates that the thermal conductivity of the insulation materials
was not significantly affected by moisture (see Figure 24).
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Figure 24. Temperature under insultation during wind-driven rain in the first test round.
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When a dynamic cycle was complemented with wind-driven rain (regular peaks at
the end of each cycle represent wind-driven rain injections in Figure 25), at the first part of
the cycle, the relative humidity behavior was similar to a dry dynamic cycle where vapor-
open systems exhibited a downward trend because systems with low Sd value followed
an indoor relative humidity profile, and vapor-tight systems remained stable. After the
seventh cycle, relative humidity profiles changed their slope upwards for both insulation
systems. The rate of change was higher for vapor-open systems than for vapor-tight

systems.
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Figure 25. Relative humidity under insultation during wind-driven rain in the first test round.

e  The second test round

During the second test round’s wind-driven cycle, the cold-box conditions were not
controlled but left to follow laboratory indoor conditions while hot-box conditions were
controlled. This led to conditions similar to summer when the outdoor climate is warmer
than indoors. Only wind-driven rain was controlled during this cycle. Temperature profiles
for this cycle (Figure 26) show that temperatures between masonry and insulation systems

followed the outdoor temperature profile with delay.
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Figure 26. Temperature under insultation during wind-driven rain in the second test round.

The measurements of relative humidity under insulation during wind-driven rain in
the second test round (Figure 27) show an increase in relative humidity under vapor-tight
insulation systems with a p-value of 10 or more (expanded cork, cork, PIR with aluminum
cover, XPS, and XPS with the Sika cement layer). The increase in the relative humidity
level in vapor-tight systems was likely caused by heat-driven vapor flow from the outside
toward the inside (summer condensation). This can lead to condensing on the internal side
of the masonry wall due to the tightness of these systems, indicating that seasonal drying
out is not occurring behind the vapor-tight insulation. The relative humidity of the hot-box
influenced the relative humidity under vapor-open materials with a p-value of less than 10.
The relative humidity behind the vapor-open insulation dropped in summer, indicating
a seasonal drying out. Vapor-open systems such as rock wool without a vapor barrier,
expanded clay, and aerogel blankets had high fluctuations behind insulation materials.
Unlike cellulose with excellent moisture buffering capacity, which exhibited a flatter relative
humidity profile at a higher value, they had negligible moisture buffering capacity.
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Figure 27. Relative humidity under insultation during wind-driven rain in the second test round.
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For the 2nd test wall, the impact of wdr on the relative humidity under the insulation
over 5 wdr cycles was observed as follows—cork 10%, expanded cork, mineral wool and
PIR with aluminum cover 7%, aerogel blanket, cellulose and XPS 5%, expanded clay and
XPS with Sika cement 4%.

3.2.3. Dry Dynamic Cycle with Heating

During the dry dynamic cycle, the temperature below the insulating materials in-
creased, and new equilibrium states were acquired (see Figure 28).

Time, minutes

—XPS + surface layer of Sika cement —Rock wool —XPS Expanded clay
—Cork —PIR + aluminum cover —cCellulose —Expanded cork
—Aerogel blanket —Cold box relative humidity —Hot box temperature

Figure 28. Temperature below insulation during the drying cycle.

Figure 29 presents relative humidity changes under insulation during the drying cycle.
First, the relative humidity trend followed outdoor temperature because indoor relative
humidity was constant. When indoor humidity fell, the insulation systems with low Sd
values moved downwards faster than other materials. When indoor relative humidity
increased at the last part of the cycle, vapor-open materials with low Sd values followed
the trend.

Temperature, oC

—Hot box relative humidity —XPS + surface layer of Sika cement —Rock wool
—XPS —Expanded clay —Cork

—PIR + aluminum cover —Cellulose —Expanded cork
—Aerogel blanket —Cold box temperature

Figure 29. Relative humidity under insulation.
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4. Conclusions

1.

10.

11.

Internal insulation significantly impacts the hygrothermal behavior of masonry walls,
leading to elevated relative humidity levels between insulation layers and an increased
risk of frost damage and decay in embedded wooden components.

Tested insulation systems show similar thermal performance but distinct moisture
performance, with temperature under insulation closely correlating with the insulation
system’s thermal conductivity.

The time lag for heat waves to propagate from the inner surface to the outer surface
varies among insulation systems and depends on boundary conditions, particularly
the temperature differential between indoor and outdoor environments. The tem-
perature decrement factor also varies and correlates positively with vapor diffusion
resistance.

Relative humidity beneath insulation is influenced by outdoor temperature fluctu-
ations and indoor relative humidity changes. In systems with low vapor diffusion
resistance, relative humidity tracks indoor humidity, while high-resistance systems
are primarily influenced by outdoor temperature.

Under conditions of indoor humidity stability and outdoor temperature oscillation,
vapor-open systems with low vapor diffusion resistance align their relative humidity
behavior with temperature profiles. Vapor-tight systems exhibit reduced relative
humidity amplitudes as vapor diffusion resistance decreases.

When both indoor relative humidity and outdoor temperatures oscillate, vapor-open
systems with low vapor diffusion resistance resemble indoor humidity profiles more
closely.

Wind-driven rain exacerbates relative humidity increase under insulation systems,
with the impact being greater in materials with higher vapor diffusion resistance.
Vapor-open materials such as cork, expanded cork, and high-density fiberboard, even
without vapor barriers, behave similarly to vapor-tight systems, being less sensitive
to indoor relative humidity changes and more sensitive to outdoor temperature
oscillations.

Longer test periods or mathematical model simulations based on short-term data are
needed to detect and understand moisture accumulation effects on temperature and
relative humidity under insulation.

Achieving accurate simulation results requires precise input data, including material
properties such as insulation and mortar, which should closely match real-world val-
ues. The choice of brick type is also crucial, as different bricks with similar absorption
coefficients can yield different results.

Internal insulation projects should be approached on a case-specific basis, considering
various material parameters that can be challenging to determine, especially vapor
and capillary conductivity as functions of moisture content. Detailed planning is
essential to account for case-specific variables in hygrothermal simulations.

These conclusions underscore the complexity of hygrothermal behavior in internally

insulated masonry walls and emphasize the need for careful material selection, long-term
testing, and accurate simulation to ensure effective and durable insulation solutions.
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Appendix A

Table Al. Thermal insulation systems used in the experiment.

Properties of Insulation Material Used in the Insulation System

. i i ound Vapor Plaster Type of Thermal
o. ! echa- ? ° !
Material Type K Barrier Material Insulation System Ry, 5 MBV
nism/Glue 8,m A, WimK M2 KW U, WinZK " Sq-m Tested
Planing chips Organic Vapor-open non capillar;
1. plzﬁs P plants/animal- Glue No No PO Op e o P 005 0066 076 1.08 n/a n/a Yes
* derived
Inorganic . .
2 Mineral wool mineral- Carcass Yes (’YIP?““‘ Vapor-tight (v PO open 0.05 0042 119 074 1 0.05 Yes
derived plaster with vapor barrier)
PIR with
gypsum board Plasterboard
3 (indoors) and Organic fossil Y s \ h 003 0023 1.30 0.68 6400 256+ Yes
> vapor- fuel-derived glue in material in the por-tig 0 029 . - ‘*
resistant paper material
(outdoors)
Clay plaster
Two layers
were glued
with clay
. Organic plaster to -
4 Hv'\%i:):;'l‘;‘:’ plants/animal- achieve No d:r‘ef‘:b'm Vapor-open capillary active 0.044 0048 092 092 5 022 Yes
derive similar U YP
value to other
woodfiber-
based
materials.
Average Organic Special
5. density plants/animal- clay plaster No e er Vapor-open capillary active 0.04 0.038 105 082 5 020 Yes
woodfiber derived YP
Low density Organic Special
6. o ph\nt: r/‘ ‘\‘:‘mal- clay plaster No cloy plaster Vapor-open capillary active 0.05 0.038 132 0.67 2 010 Yes
Expanded Inorganic Special glue Gypsum
7. pan ‘mineral- for expanded No yPs Vapor-open capillary active 005 0.045 111 078 5 025 Yes
perlite derived perlite plaster
Polyurethane Gypsum
8. vIp Innovative glue and No A Vapor-tight 0.02 0.007 286 033 n/a n/a No
carcass plaster
XPS with the
surface layer Organic fossil Gypsum
9. of Sika cement e erived No o Vapor-tight 0.02 0035 057 175 133 266 Yes
and a glass P
fibef net
Inorganic G Vapor-o on capillary
10. Rock wool ‘mineral- No ypsum apor-open non capiiary 005 0.045 111 09 1 0.05 Yes
derived plaster active
Organic fossil Gypsum _
11 Xps No Vapor-tight 0.05 0035 143 07 133 6.65 Yes
fuel-derived plaster
Inorganic Gypsum
12 Expanded clay mineral- Loose fill No e Vapor-open 005 007 071 14 2 01 Yes
derived plaster
Organic Gypsum Vapor-open non capillary
13. Cork plants/animal- No Yps por-open non capiiary 0045 0.04 113 089 10 045 No
derived plaster
Expanded Organic Gypsum Vapour-open non capillary
14 plants/animal- No Y 0.05 0.04 125 08 10 05 No
cork v plaster active
PIR with
5 aluminum Organic fossil N Gypsum Vavor tight 003 0023 3 077 - 9% N
> cover on both fuel-derived © plaster apor g 0 e : g o
sides
Organic Gypsum
16. Cellulose plants/animal- Loose fill No P Vapor-open capillary active 0.05 0.036 139 0rn2 2 01 Yes
derived plaster
17. Aerogel Innovative No Gypsum Vapor-open non capillary 0016 0.02 08 125 5 0.08 No
blanket plaster active

* Sd values were assigned to the entire insulation system because the manufacturer was unable to provide

information on the insulation material separately.
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Table A2. Properties of materials used for simulations to correspond with the laboratory experiment.

PIR with
. Gypsum
. . ngl.‘l Low Eensity Avera.ge Planing Expanded Board and Clay Plaster
Material Brick Mortar Density Woodfiber Eensity Chips Plate Perlite Vapor- for
Woodfiber Woodfiber 4 R ‘P Woodfiber
esistant
Paper
Name of the O]l;r‘lgl'l iIicoﬁt‘;g TecTem
material in Kaserne Lime cement Wood Fiber Wood Fiber WO\Od F}ber Wood Wool Insulation Polyurethane Light Clay
the Potsdam mortar Board Board Insulation Cement Board boards Mortar
DELPHIN (inner indoor Board Board Indoor 50 +
database brick 2) 60 mm
Density of
the material, 2049 1878 300 119 161 180 100 35 900
kg/m?
1:;’?/’?;‘ " 0227 0.291 0.420 0.923 0.893 0.931 0962 0.949 0.470
Water vapor
diffusion 190 36.9 50 11 34 49 80 100 30.0
resistance
factor
Specific heat
dcapac“y of 847 758 1880 1000 1662 1470 1640 1500 1000
ry material,
J/kgK
Thermal
conductivity, 0.861 0.803 0.050 0.040 0.039 0.060 0.046 0.028 0.230
W/m-K
Effective
saturation
(long term 0.240 0.223 0.400 0.590 0.550 0.340 0.0770 0.949 0.450
process),
m3/m?
Water
upt_a!(e 0.3359 0.0360852 0.0674 0.00503591 0.00288593 0.0089 1.9809 1x 1077 0.00367
coefficient,
kg/m250.5
Table A3. The brick properties acquired from laboratory tests and comparison with building brick
from DELPHIN database used for initial simulations.
Bulk Specific Heat Thermal Total Capillary Drv Cu Water
Brick Density ¢, Capacity c, Conductivity Porosity Saturation Valr};e P Uptake Ay,
kg/m® J/kg K Adry Opor, m¥/m®  Ocap, m®/m® Hdry kg/m?s0>
Lode 2081.3 671 0.8809 0.1888 0.1492 24.04 0.0946
Old Building
Brick Rote
Kaserne
2049 847 0.861 0.227 0.24 19 0.3359
Potsdam
(inner
brick 2)
Difference, %  +1.6% —26.2% +2.3% —20.2% —60.9% +21.0% —255.1%

Sorption isotherm and moisture retention curves were obtained from the performed
tests (Figure A1).
The vapor permeability curves depending on relative humidity and moisture content
were also determined (Figure A2).
The liquid conductivity curves depending on relative humidity and moisture content
were also determined (Figure A3).
From the acquired data, a new material file, which could be used in the DELPHIN
simulation software, was created.
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Figure A1. (a) Sorption isotherm and (b) moisture retention curves, of the brick used for the masonry sample.
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Figure A2. Vapor permeability curves of the brick rick used for the masonry sample depending on
(a) relative humidity and (b) moisture content.
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Figure A3. Liquid conductivity curves of the brick rick used for the masonry sample depending on
relative humidity (a) and moisture content (b).
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Today buildings become part of Smart Energy Systems. 4th generation district heating network requires
buildings with low energy consumption. In Europe, historic buildings account for around 30% from total
buildings stock with high energy consumption which has to be reduced. Many of them have heritage
value and external insulation of walls is not possible. If internal insulation is applied, careful hygro-
thermal assessment has to be carried out to avoid critical moisture conditions in the wall leading to
failure modes. Insulation material market is dominated by petrochemicals or non-renewable natural
materials. Yet development of bio-based thermal insulation materials is increasing and some of them
successfully entered the market. EU Bioeconomy Strategy enhances use of bioresources to increase their
added value. The main goal of this research is to assess applicability of innovative bio-based pine needles
insulation material that is produced based on bioeconomy principles as internal insulation material for
historic massive walls. Results show that studied material is highly porous, has high moisture transfer,
storage capacity, and is good hygric regulator. Lime treated material has no mold growth at relative
humidity 85%. Even if insulation material is treated with lime, heat savings have to be sacrificed to reduce

critical conditions for mold growth.

© 2019 Published by Elsevier Ltd.

1. Introduction

Planet is facing climate change caused by high greenhouse gas
emission rate. Energy used by the building stock is among the
major pollution sources [1]. Today buildings become part of Smart
Energy Systems that have integrated holistic view on different
sectors with the main goal to integrate feasible solutions to the
transformation towards sustainable energy solutions [2—5]. Energy
efficiency measures carried out in building stock can have impor-
tant impact on the district heating, e.g. simulation results for dis-
trict heating in France shows that if heat demand decreases by 18%,
relative heat losses in the network increases by 3%. It also has
impact on heat production mix [6] The impact of demand reduction
on the district heating shall be taken into account in due time
before the renovation of buildings starts [7]. Current building stock
comprises buildings built in different periods, including historic
buildings built before 1945, buildings built between the Second
World War and the Millennium, and low energy and nearly zero

* Corresponding author.
E-mail address: andra.blumberga@rtu.lv (A. Blumberga).

https://doi.org/10.1016/j.energy.2019.07.071
0360-5442/© 2019 Published by Elsevier Ltd.
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energy buildings. In Europe, historic buildings account for 24—35%
of total building stock area and can consume 27—42% from the
nation final energy consumption [8]. Specific heating energy con-
sumption of these buildings can be 8—10 times higher than in
modern low energy buildings, and historic building users have
higher energy bills, e.g. people living or working in historic build-
ings in England (UK) every year pay for energy on average £240
more [9]. Thus improvement of energy efficiency in historic
buildings is among important issues. Yet many of these buildings
have heritage value and external insulation cannot be applied. This
technical solution has to be replaced with internal insulation which
is among the most complicated energy efficiency measures. This is
due to unfavorable changes in hydrothermal behavior of the wall
leading to failure modes such as mold growth, algae growth, wood
rot and freeze damage. Careful assessment has to be carried out
prior to application of internal insulation [8].

Insulation materials dominating the market are produced from
either petrochemicals (e.g.polystyrene) or non-renewable natural
materials (mineral wools) [10]. Yet development of bio-based
thermal insulation materials is increasing and some of them suc-
cessfully entered the market while others are still at the develop-
ment stage [11,12].
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Bio-based insulation materials correspond to the goals of the
European Bioeconomy Startegy which defines that “... the bio-
economy covers all sectors and systems that rely on biological re-
sources, their functions and principles. It includes and interlinks:
land and marine ecosystems and the services they provide; all
primary production sectors that use and produce biological re-
sources; and all economic and industrial sectors that use biological
resources and processes to produce food, feed, bio-based products,
energy and services. To be successful, the European bioeconomy
needs to have sustainability and circularity at its heart. This will
drive the renewal of our industries, the modernisation of our pri-
mary production systems, the protection of the environment and
will enhance biodiversity .... " [13].

Bio-based insulation materials have a number of advantages
compared to conventional materials if used for internal insulation.
They have lower embodied energy compared to conventional
insulation materials [11,12]. In addition to that, they have high
hygroscopicity which provides ability adsorb and desorb water
vapor leading to higher Moisture Buffering Value [14,15]. Micro-
structure and high porosity of bio-based materials determine their
hygroscopicity. These materials are characterized by a complex
pore structure and low density. This also leads to low thermal
conductivity. The size of pores and voids in bio-based materials can
range from few nanometers to centimeters depending on type of
material and processing. However determination of the porosity of
bio-based materials is still challenging and either development of
novel or adaptation of existing methods have to be carried out [16].

The amount of water vapor in the pores of a hygroscopic ma-
terial has impact on both thermal and hygric properties of the
material. During sorption processes heat energy in the amount of
2.5. KJ/g is either released or absorbed. Released heat diffuses
through the material resulting in temperature changes [11].
Experimental hygrothermal tests of bio-based insulation boards
alone show that bio-based materials have slower temperature
change at the core of the sample compared to EPS due to higher
thermal inertia and hygroscopicity. Temperature changes are also
related to difference in absorbtion/desorption mechanisms. If
Portland cement mortar plaster is applied to insulation boards, the
differences are diminished [6]. Similar results are obtained by
Ref. [17] who did tests on hemp-lime walls, and for mineral wool,
wood fibre and hemp lime [18].

Nevertheless, hygroscopic properties of bio-based materials are
not widely studied yet. Study on bio-based insulation materials [10]
has found that only producers of commercialized bio-based insu-
lation materials provide information on water vapor resistance.
Authors guess that this parameter is not evaluated at an early
development stage as additives or vapor barriers can be assessed
during later stages.

Coniferous trees are widespread in the temperate zone. Their
wood is in demand on the market, resulting in large amounts of
logging residues, including the crown of coniferous trees (makes up
to 25% from the total biomass volume of the tree). Fine coniferous
branches up to 5 mm in diameter with greenery after logging are
mostly not used. They are left in the forest, where they form
nutrient base for the next generation of vegetation. On one hand,
the greenery is important part of forest ecosystem, while on the
other hand, not all the resources obtained during logging are fully
utilized and maximum environmental and economic benefits are
gained. The use of coniferous greenery for the production of
products complies with the principles of bioeconomy, as the use of
forest residues has so far been under-utilized. They do not occupy
agricultural land, do not compete with agricultural crops and do not
pose a threat to food safety. Production of this biomass does not
include application of fertilizers, pesticides, and herbicides, as well
as no watering and soil treatment is used, resulting in no additional

environmental and climate pressures. Use of forest residues also
reduces the production of GHG emissions from biodegradation.
They also temporarily accumulate carbon without allowing it to
enter the atmosphere, thus reducing the amount of GHG emissions
into the atmosphere through the use of greenery products. Finally,
use of forest residues increases social and economic benefits from
one managed forest unit, replacing fossil raw materials, creating
environmentally and climate-friendly products that biodegradable
at the end of their life cycle.

Scientific literature provides information on the use of conif-
erous greenery or needles for the production of various products.
Coniferous needles are mainly studied and their value is related to
the biologically active substances they contain [19,20]. Other
products such as extracts and essential oils [21,22], antioxidants
[23,24], biogas [25], nanofiber cellulose [26], nanosilicon [27], co-
firing of biomass [28] have also been studied, cellulose [29,30],
particle board [31,32], composite materials [33—35]. Current
research on the use of coniferous needles or greenery products for
the production of products shows a tendency to use only certain
chemical elements of the product. The scientific community re-
alizes that coniferous needles are a valuable resource and its wider
use of high value added products is only a matter of time. As a
result, the issue of using forest residues from the processing of
coniferous trees would become increasingly relevant.

The thermal insulation material made from extracted or fresh
coniferous wood is currently not commercially produced and is not
commercially available anywhere in the world. It is known that in
1890, the United States patented a technology for obtaining fiber
from pine needles [36]. So far, the composite materials produced
from coniferous wood pellets have been manufactured with fossil-
based binders, which have a higher thermal conductivity coeffi-
cient, do not naturally decompose and are more environmentally
friendly over the life cycle than in the thermal insulation materials
developed in this and previous articles by the authors. In India, for
example, a similar pine cone composite material is used as a binder
(isocyanate prepolymer) [37], but uses a more environmentally
friendly binder and has a much lower thermal conductivity
(0.136 W/m/K). Textiles, interior items, decorative panels and paper
are produced from pine needles [38].

Our previous research was focused on reduction incomplete use
of the forest residues by developing a bulk and slab-shaped thermal
insulation material from the needles and greenery of pinaceae pine
(Picea) and pine (Pinus) genus [39—42]. The results so far have
shown that it is possible to produce thermal insulation material
with a  competitive thermal conductivity coefficient
(0.035—0.075 W/m/K) from the coniferous greenery (see Table 1).
Within the framework of this study, fibers from pine needles are
obtained and thermal insulation material is made from them, thus
searching for an alternative to fossil based and mineral wool
insulation wool.

The main goal of this research is to assess applicability of
innovative bio-based pine (Pinas Sylvestris) needles insulation
material that is produced based on bioeconomy principles as in-
ternal insulation material for historic massive walls.

Paper starts with description of historic building which is used
as the case study for historic stone walls. It is followed by
description of pine needle insulation material, research method-
ology, description of results, discussions and finally, conclusions.

2. Original historic building wall

Original historic building selected as an example to be repeated
in the laboratory tests for this study was built in 1893 (see Fig. 1). It
is a single family house built for farmer's family and is located in
Sece, Latvia. The building has massive walls built from dolomite
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Table 1

Experimentally obtained thermal conductivity coefficients for coniferous greenery thermal insulation material.
Sample characteristic Thermal conductivity, W/mK Reference
Coniferous greenery granules 0,045 [41]
Coniferous greenery panels 0,061 [39]
Coniferous greenery panels with binder 0,065 [42]
Spruce needles 0,035 [40]
Pine needles 0,075 [40]

a)

Fig. 1. Original historic building used as an example for the laboratory tests: a) the main facade of the building; b) outdoor surface of the stone wall.

stone that is available locally and has been popular building ma-
terial in the region during previous centuries. Lime mortar has been
used to bind the stones. Total thickness of the wall is 0.61 m in the
ground floor and 0.45 m in the first floor.

3. Insulation material

Needles of Pinus sylvestris was used to make the samples. The
raw material was collected in the winter 2018 from logging resi-
dues in a forest clearing in Olaine region, Latvia. Air dried pine
needles are used, which were stored for about 1 month at ~25 °C.
From scientific literature it is known that size of pine needles can be
affected by various factors, such as lighting [43] and pollution
[44,45], therefore pine needle length (5—70 mm) and thickness
(0,35-1 mm) varies widely [46]. The length of pine needles used for
insulation material was not defined and no specific size needles
were selected. All size pine needles which have naturally grown on
pine branches were used. The needles were manually removed
from the twigs and assembled in glass containers with a lid. The
containers are filled with water to cover the needles. Containers
with needles were heated for 3 h in an autoclaveat +134 °C under
2 bar to make them softer. After cooling, the needles are separated
from the liquid and mechanically broken, making the needles softer
and breaking their natural structure, resulting in fibrous needle
material. It was then dried in an Ecocell oven for 24 h at +105 °C. To
avoid one of the major failure modes for internal insulation, mold
growth, lime was considered as natural material to prevent mold
growth at critical conditions (temperature and relative humidity).
Two types of insulation material samples were prepared: needles
treated with the lime and needles without lime additive (see Fig. 2).

Samples with lime were made by soaking dry needles (380 g) in
lime-water solution (weight based ratio 1:4 (400 g lime and 1600 g
water)) for 10 min. Xanthan gum (0.1% from total mass of the lime-
water solution (2 g)) was added as the binder to provide better
bonding of the lime to the needles. The proportion of this solution
was chosen based on previous laboratory experiments. The needles
were then separated from the liquid and dried in the oven for

24 hat 4105 °C. Finally, needle fiber material treated with lime and
without lime were filled in form and pressed to give a sample
thickness of 0.03 m. Both types of material samples were made
from equal amount of dry needles, thus the density of the sample
with lime is higher.

4. Methodology

To assess application of pine needle insulation material as in-
ternal insulation material in historic buildings with massive walls,
this study carries out tests of different properties of insulation
material, critical conditions for mold growth, and hygrothermal
behavior of the test wall in laboratory conditions.

4.1. Density, thermal conductivity and moisture content of
insulation material

Thermal conductivity was determined for each sample using
LaserComp device model FOX200 in accordance with ISO
8301:2012 [47]. The amplitude of the device temperature varies
from —20 °C to +75 °C and the accuracy is 0.01 °C. Pine needle
insulation material samples were measured within the tempera-
ture range from 0 °C to +20 °C. Measurements were carried out
with 1% precision.

Moisture content was carried out according to LVS CENTS 14774~
3 ,.Solid biofuels — methods for the determination of moisture
content; Oven dry method — Part 3: Moisture in general analysis
sample” [48].

The bulk density of insulation material was determined in
accordance with BS EN 1602:2013 [49].

4.2. Moisture absorption of insulation material

Moisture absorption test of pine needle insulation material
samples with and without lime as well as for sample with vapor
barrier was carried out in the climate chamber TH-G-1000 with
temperature range from +10 to +90 °C and relative humidity from
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Fig. 2. Pine needle insulation material sample without lime (on the left) and with lime (on the right).

20 to 98%. Test was carried out in accordance with ISO 12572:2016
Annex B “Methods suitable for loose fills” [50]. Test containers were
filled with desiccant (silica gel granules). Relative humidity in
containers were 5% and in the climate chamber 35% at +23 °C.
Vapor barriers Jutadach VB 120 (100% polypropylene; 180 g/m?; sq
value (EN 13501-1) 12 + 5 m; water vapor permeability at RH 85%
23C, 24 h > 420 g/m?) for all three samples were installed in lids of
containers. Lids were sealed with wax and adhesive tape ISOVER
Vario®KB 1. Insulation material samples with and without lime
were filled on the top of the vapor barriers (see Fig. 3). Sample size
was 66 x 63 x 30 mm. Distance between desiccant and vapor bar-
rier was 80 mm.

4.3. Mold growth tests

Pine needle insulation material was examined in order to
determine the critical moisture level at which fungal growth would
occur. During the initial development of the insulation material it
was submerged in simple lime solution to cover the surface of the
material in lime particles. Problem with this approach was that the
final material created large amount of airborne lime dust particles
whenever it was handled. Therefore, it was decided to use minis-
cule concentrations of xanthan gum (0.01%) as binder in order to
attach more lime on the surface of the material and to reduce
chance of smaller particles to detach and become airborne during
handling. Even though treatment with xanthan gum improved the
handling properties of final material there was a risk that mold
growth would be promoted by the addition of the xanthan gum

a)

b)

c)

Fig. 3. Test samples for a) vapor barrier; b) pine needle insulation material (empty); c) pine needle insulation material (filled).
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which is polysaccharide known to positively affect fungi growth
[51]. Therefore, in order to determine if improved handling prop-
erties does not compromise material resistance to fungal growth, it
was decided to test both treatment types - material treated with
only lime and with lime and xanthan gum.

Material treated with lime (Treatment 1), with lime and xanthan
gum (Treatment 2) and without lime (Control) were inserted in
Petri dishes (285 mm). Since treatment with lime and xanthan gum
increased the total dry weight of the material by 30%, 5.2 g of
treated materials were used in single replicate (Petri dish) and 4 g
of control material per replicate. Three replicates of each differently
treated material were incubated in each of the four relative hu-
midity conditions (75%, 85%, 94%, 100%), thus a total of 12 replicates
per untreated, 12 replicates per material treated with lime and 12
replicates per material treated with lime and xanthan gum were
used.

e Fungal species and inoculation

Various species of fungi are found together on susceptible
building materials [52—54]. A spore mixture of five fungi species
was used in the experiment: Mucor plumbeus, Penicillium chrys-
ogenum, Cladosporium herbarum, Cladosporium cladosporioides,
Trichoderma viride. These species often grow on various building
materials in damp houses [55—57]. Fungi strains on agar plates
were kindly provided by Microbial Strain Collection of Latvia,
University of Latvia. Fungi strains were cultivated and spore sus-
pensions containing approximately 106 spores per ml were pre-
pared for every fungi strain after which the five spore suspensions
were mixed in equal volumes and 0.4 ml of the final suspension
were sprayed onto surface of each of the samples. Cultivation,
inoculum preparation and inoculation of samples were done ac-
cording to Ref. [54] test for determination of critical moisture level
for mold growth on building materials.

e Incubation conditions

After inoculation the samples were incubated in desiccators

with 0.30 m diameter and 0.37 m height, with porcelain platform.
Desiccators had saturated salt solutions poured in the space below
the desiccator platform. Saturated salt solutions were used to
maintain particular values of relative humidity inside the desicca-
tors (Table 2). Four Petri plates were placed inside each desiccator.
Desiccators were placed in climate chamber CIBIN L32325B,
(additional 1 kW heating element with ATR121-B thermostat was
used) in the dark and temperature in the chamber was set up
to +23 °C. Relative humidity was measured by HONEYWELL: HIH-
4000-002 (accuracy 3.5%) and data was logged by Campbell
CR1000.

e Assessment of mold growth

Samples were incubated for 40 days, after which measurements
of the mold growth on the samples were taken. Most of the un-
treated samples were analyzed under stereo microscope Optika
LAB-20 at 10-40x magnification, but since treated samples were
covered with lime particles, it was difficult to assess fungal growth
under stereo microscope, therefore light microscope Micros
MCI100LED at 100-400x magnification was used. Scale of the mold
growth was assessed by using rating scale described by Ref. [54],
with the ratings being as follows: 0 - no mold growth; 1 - initial
growth; 2 - spare but clearly established growth; 3 - heavy growth;
4 - heavy growth over entire surface of the material.

4.4. Hygrothermal behavior tests of the test wall

For the hygrothermal behavior tests of the test wall a double
climatic chamber in laboratory was used. Two test walls with
irregular shape dolomite stones from the original historic building
with lime mortar (40 x 55 x 50 cm) were built and inserted inside
this chamber (see Fig. 4). Lime mortar was prepared from calcium
lime CL80-S produced by Krasnoselskstroimaterialy and mixed with
sand (weight based ratio 1:6). Stones are placed in the test walls as
horizontal stylolites. Dolomite stone rubbles were used to fill in the
space between stones. Each test wall has different fractions of
stones, rubble stones and lime mortar: test wall A has 64.5% stones,

Table 2
Relative humidity and temperature conditions at which materials we incubated.
Relative humidity (%) Saturated salt solution used T(°C) Incubation time (days)
75 NaCl 23 20
85 KCl
100 Water only

a)

b) c)

Fig. 4. Laboratory test stand with two historic stone walls from outdoor side (wall A on the right side and wall B on the left side) (a), indoor side (b), and applying pine needle

insulation from the indoor side (c).
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5.1% rubble stones and 30.4% lime mortar. Test wall B has 49.7%
stone, 3.1% stone rubble and 47.2% lime mortar.

The indoor surface was covered with 0.01 m thick lime plaster,
and 0.03 m thick insulation layers from pine needles treated with
lime (wall A) and without lime (wall B) were installed on the indoor
side. They were covered with gypsum plaster (0.125 m).

Relative humidity and temperature were measured between
insulation and stone wall, and in the stone walls. 8 temperature
sensors and 5 relative humidity sensors were installed in both
climate chambers. Heat flow was measured in both wall samples
with heat flow sensors HUKSEFLUX HFPO1SC. Time step of mea-
surements is 1 min. Data logger Campbell CR1000 with AM 16/32
multiplexer was used.

Two test rounds were carried out (see Table 3). The stone walls
were dried out for 3 days prior to the first test round at +43 °C and
11 days prior to the second round at +30 °C. The first test round was
carried out for 10 days. The second test round took 20 days.

5. Results and discussions
5.1. Density and thermal conductivity of insulation material

The density of the sample without lime is 65.09 kg/m> while the
density for the sample treated with lime is 84.34 kg/m>. Thermal
conductivity of the sample without lime is 0.05 W/m/K and for the
sample with lime it is slightly higher and is 0.053 W/m/K. The
difference is 6% and can be caused by addition of lime. This results
coincides with findings in other studies, e.g. the binder in hemp-
lime material is the most thermally conductive component and if
a binder content increases, thermal conductivity increases as well
[54].

Thermal conductivity of the lime used for this study was not
available from the producer. Research carried out by Ref. [46] shows
that the thermal conductivity of lime can vary depending on the

origin of the rock and is between 1.1 and 1.7 W/m/K at ambient
temperature.

5.2. Moisture absorption of insulation material

Results of moisture absorption kinetics test of pine needle
insulation without lime, pine needle insulation treated with lime
and vapor barrier are presented in Fig. 5. When the test starts,
moisture is increasing with higher rate in both samples of insu-
lation material than in sample with single vapor barrier. It slows
down and after 24 h moisture growth rate of both pine needle
insulation samples have reached the same growth rate as the
sample with vapor barrier. Moisture growth rate is the highest in
the sample with lime additive as lime increases the pore surface
space area and thus increasing ability to bind more molecules of
water vapor.

These findings correspond to findings by Ref. [15] that bio-based
insulation materials have high Moisture Buffering Value and are
rated as “excellent”. Similar results were obtained for hemp-lime
materials [17]. They found that application of lime plaster on top
of hemp-lime does not have significant impact on the Moisture
Buffer Value.

The moisture transport rate and amount of accumulated mois-
ture depends on many factors, such as surrounding air parameters
(temperature, pressure, and relative humidity), needle fiber pa-
rameters (size of fibers, fiber components, degree of needle fiber
beating etc.), and lime (water/lime ratio that determines the
porosity of the lime-needle material) [55—59]. However, many
studies have found that cumulative pore volume and pore size
distribution is among the most important factors affecting the
water vapor transmission properties [60] and materials with higher
cumulative pore volume has higher Moisture Buffering Value [61].
Materials with smaller pore diameter has higher surface of the
porous space area and therefore, better capability to bind molecules

Table 3

Test conditions in the climate chamber.
Test conditions Test 1 Test 2
Preconditioning period, days 3 11
Preconditioning temperature/relative humidity +43 °C +30°C
Length of the test, days 10 20

Test conditions:
Indoor temperature/relative humidity
Outdoor temperature/relative humidity

Variable conditions
Variable conditions

+19.5 °C to +20.5 °C/53-56%
+2.5 °C to +3.5 °C/80—-90%

g
B
[N NS

Accumulated mass,
o o
o 0o

0.4
0.2
0
0 50 100 150 200 250 300 350 400 450
minutes

—\/apour barrier

Pine needle insulation with lime

Pine needle insulation without lime

Fig. 5. Accumulated mass during adsorption test for three materials in minutes.
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of water vapor and higher moisture buffering values [62—65].
5.3. Mold growth

Material treatments improved resistance to mold growth when
compared to control (Fig. 6.), thus addition of lime has improved
the mold resistance of the material, most likely through increased
surface pH of the material which limits mold growth.

At 94% relative humidity material treated with lime performed
better than material treated with lime and xanthan gum (Fig. 6.).
This indicates that xanthan gum might promote mold growth even
if used in miniscule concentrations.

After 4 month mold growth occurred on treated samples at 94%
and 100% relative humidity (Fig. 6.), therefore critical moisture level
of treated materials is somewhere between 85% and 94%. It has
been previously observed for other building materials [53] that
mold growth can occur later on, therefore longer test is required to
more accurately determine the critical moisture level of this
material.

Mold growth on samples without lime at 94% and 100% relative
humidity was rated as 4 and on treated samples it was 2 and 3
(Fig. 7). Therefore, at 94% and 100% relative humidity all samples
failed.

5.4. Hygrothermal behavior tests of the test wall

5.4.1. Steady state conditions test

Temperature and relative humidity behavior between stone
walls and insulation materials treated and untreated with lime over
time for the test with steady state conditions (Test 2) is presented in
Fig. 8. Temperature decreases in both samples while relative

Lol

75% 85% 94% 100%
Relative humidity

Mold growth rating
%)

=3

BControl (no lime) ~ BTreatment 1 (lime)  @Treatment 2 (lime + xanthan gum)

Fig. 6. Mold growth on material samples at various relative humidity conditions.

humidity increases. Temperature falls faster for the sample without
lime and reaches equilibrium at lower value (+10.6 °C) compared
to the sample with lime (+11.1 °C). The same trend is observed for
relative humidity values as temperature changes correlate with
relative humidity. Relative humidity for both samples reaches
equilibrium at 100% which is critical moisture level for mold
growth. The difference in equilibrium temperatures can be caused
by different composition of both stone wall samples. The stone wall
used for tests of needle insulation with lime has higher share of
stones and is more homogenous while the other stone wall has
higher share of lime mortar and is less homogenous. Another
reason might be different sorption processes. Hygroscopic mate-
rials have ability to adsorb and desorb water vapor from the air. One
of the most common is hygroscopic effects is physical adsorption
when water vapor is adsorbed on both the surface of the masonry,
and on the porous structure of the brick. During this process phase
change of the vapor from gas to liquid and backwards happens and
heat is released. The amount of energy released can be calculated in
different ways, e.g. internal energy change, entropy and enthalpy.
Moisture storage capacity has to be assessed by means of sorption
isotherm. In dynamic system the moisture transport in the material
also influences calculations. The sorption isotherm of used mate-
rials was not measured during this research and authors could not
estimate impact of sorption processes on the temperature.

5.4.2. Variable conditions test

Temperature changes in both climate chambers and in both test
walls (Test 1) are presented in Fig. 9. Outdoor temperature was kept
at +2.5 °C for 46 h and then increased to +3.5 °C. Temperatures in
both stone walls followed this trend with delay. After outdoor
temperature was kept at +3.5 °C all temperatures in both test walls
stabilized at equilibrium. Start conditions in both walls slightly
differed at the beginning of the test and this difference can be
observed throughout the test. High frequency variations of indoor
and outdoor conditions are caused by the control system of climate
chambers. The power of the cooling unit is too high and the air is
cooled down very fast thus switching on and off very frequently.

Fig. 10. illustrates behavior of relative humidity in both climate
chambers and within both test walls. Relative humidity was varied
in outdoor chamber for the first 46 h and then kept constant for the
rest of the test. The indoor relative humidity was changed during
the length of the test. Results show that relative humidity inside the
wall (both behind the gypsum board, and between insulation and
the stone wall) follows the trend of indoor air relative humidity
with delay. Although the start values of relative humidity for both
insulation material samples differ, the insulation with and without

40549y

a)

140.696pm

b)

Fig. 7. Mold growth on samples at 100% relative humidity: a) Cladosporium on surface of sample without lime; b) Trichoderma viride on surface of treated sample.
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Fig. 9. Temperature during variable conditions test for both test walls.

lime display the same behavior and both samples react to changes
in indoor relative humidity with slight delay. This behavior proves
that needle insulation material has greater moisture buffering ca-
pacity even if it is covered with gypsum board. Both insulation
samples are at higher relative moisture levels that can be critical for
mold growth if no mold preventive material is applied.

Fig. 11 provides closer look on the behavior of relative humidity
and temperature during variable conditions test between stone
wall and needle insulation with and without lime. There is no
correlation observed between temperature and relative humidity
and the main driver for changes in relative humidity in the wall is
indoor relative humidity due to high moisture absorption and
desorption rates of pine needles and lime if added.

6. Conclusions

The main goal of this research is to assess applicability of
innovative bio-based pine (Pinas Sylvestris) needles insulation
material that is produced based on bioeconomy principles as in-
ternal insulation material for historic massive walls. The study was
carried out to determine hygrothermal properties of needle insu-
lation and to evaluate impact of temperature and relative humidity
on moisture transport and accumulation, and critical conditions for
mold growth. Needle insulation material was treated with lime to
prevent mold growth and was compared with untreated material.

The novel bio-based insulation material was prepared based on
bioeconomy principles and with reduced life cycle impact. High
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added value product was created from pine needles from forest
residues. They were mixed with lime and xanthan gum to avoid use
of fossil based products with high environmental impact.

Obtained results show that studied material is highly porous
and addition of lime increases moisture absorption rate of material
due to increased area of pores. Needle insulation material has
higher moisture transfer and storage capacity, and is good hygric
regulator. This is important feature of insulation material used for
internal insulation of historic buildings as it has ability to dry out
quickly if relative humidity of surrounding air is reducing. Treat-
ment of insulation material with lime has minor impact on thermal
conductivity but has impact on mold growth reduction.

No mold growth for sample treated with lime was observed in
85% relative humidity while it was observed in 94% and 100% for all
samples.

In steady state conditions lower temperatures leads to higher
relative humidity level between the stone wall and needle insu-
lation material and reaches critical value for mold growth. Variable
condition test results show that the main driving force for relative

151

humidity changes is indoor air relative humidity rather than tem-
perature changes in the wall. Even if insulation material is treated
with lime, heat savings have to be sacrificed to reduce critical
conditions for mold growth.

Further research should focus on optimization of lime-
insulation weight ratio to improve hygrothermal behavior and
critical conditions for failure modes. In addition to that further tests
to reduce compacting of the insulation material in the wall should
be carried out. Other materials for reduction of dusting of lime
should be tested.
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Abstract: In most cases, internal insulation is the only solution to improve the energy efficiency
of historic buildings. However, it is one of the most challenging and complex energy efficiency
measures due to changes in boundary conditions and hygrothermal behavior of the wall, particularly
in cold climates. This study presents the long-term monitoring of the hygrothermal performance of an
internally insulated historic stone wall building. The study aimed to assess the hygrothermal behavior
of the dolomite wall if mineral wool insulation is applied internally on the north-east wall in the rooms
with and without high internal moisture load. The measurements included temperature, relative
humidity, water content, and heat flux. Monitoring results are compared with 1D hygrothermal
simulations and a building energy consumption simulation. The in situ measurement results and
hygrothermal assessment shows energy consumption decreased by 55% with relative humidity under
the insulation staying belove 60% for most of the time, with short periods of increase over 80%.
Energy consumption simulation shows an energy saving potential of up to 72% in the case of proper
energy management.

Keywords: energy efficiency; energy retrofit; historic building; internal insulation; DELPHIN;
TRNSYS; dolomite stone; thermal performance; building energy simulation; building hygrother-
mal simulation

1. Introduction

The European Commission has set a target to reduce 40% of greenhouse gas emissions
by 2030 [1]. It also aims to be climate neutral by 2050, in line with the objectives of the Paris
Agreement [2]. The building sector is Europe’s single largest energy consumer, accounting
for 40% of EU energy consumption and 36% of greenhouse gas emissions [3]. Space heating
takes a 67% share of the end-use in the residential sector [4].

A significant renovation of existing buildings, regardless of their size or retrofit of
building elements, provides the opportunity to take a cost-effective measure to improve the
energy performance of the existing building stock. According to the European Commission,
the annual renovation rate of the building stock varies from 0.4 to 1.2% in the Member States.
However, this rate will need to at least double if targets set by the European Commission
are to be met [5]. Moreover, a life cycle cost analysis [6] shows that costs are higher for the
demolition and rebuilding of older dwellings compared to retrofitting to the same energy
standards without even considering the apparent increase in emissions associated with
demolition and rebuilding [7,8].

More than 40% of European residential buildings were built before 1960 [9], and
many of these buildings are considered to have cultural heritage value. These buildings
were built when energy efficiency requirements were non-existing or non-demanding,
and most of these buildings will still be actively used in 2050 [10]. The most significant
challenges of the renovation of buildings occur in retrofitting heritage buildings where the
facade cannot be modified as the building’s unique architectural appearance, and integrity
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needs to be maintained [11-13]. In addition, it is hard to evaluate the building’s energy
performance, as the technical documentation of old buildings often needs to provide
adequate documentation of the present conditions or is not available at all [14]. For
example, data from 2011 show that in Latvia, annual heating energy consumption in
historical buildings (built before 1945) is estimated at approximately 31% of the total final
heating energy consumed by residential and non-residential building sectors [15].

The most common approach to improve the buildings’ thermal performance is in-
stalling external insulation on walls, window replacement, and insulation of basement
ceilings and the building’s roof [16-19]. Implemented simultaneously, these are by far the
most efficient measures [20,21]. However, for buildings with historically valuable facades,
only a few of these measures can be applied, such as insulation of the basement and roof,
which alone do not produce the desired energy savings. In these cases, external insulation
is not an option as it covers the historical heritage of the facade. The only other option is
internal insulation of the walls, which allows reducing a building’s operational energy and
its associated negative impact on the environment [22,23].

Internal insulation, however, changes the hygrothermal conditions of the building
envelope. This may negatively impact the hygrothermal performance of the building’s
wall [13,24,25]. Moisture control of the walls is different in modern buildings and historic
buildings. Modern buildings protect external walls from impermeable membranes, wall
cavities, and damp-proofing. In historic buildings, walls are built from locally sourced
heterogeneous materials, using traditional craftsmen methods, controlling moisture by
allowing the building fabric to wet and subsequently dry through materials and assemblies
that both adsorb moisture and allow it to evaporate quickly [26]. If internal insulation is
applied, the original wall remains on the structure’s cold side, which reduces any potential
drying of the wall. Hence, internal insulation may increase the risk of interstitial conden-
sation, frost damage, decay of embedded wooden beams, and mold growth [25,27-33].
Moreover, internal insulation does not eliminate thermal bridges [23,34].

Water transport properties and anisotropy depend on a material’s porosity, pore
structure, textural characteristics, and mineralogy [35]. One of the stones used in historic
buildings is dolomite rock or dolostone. It is a sedimentary carbonate rock with a high
percentage of the mineral dolomite. These stones have been used as building materials
for centuries because they are easy to work with, are easily accessible, and have a high
aesthetic value at a relatively low cost [36]. Different studies have investigated the use of
dolomite rock as a construction product in historic buildings, their decay, and conservation
treatments [35,37-39]. Numerous papers report in situ heat transfer and moisture transport
measurements in internally insulated masonry walls, both successful and unsuccessful
examples. One study reports the flawless hygrothermal performance of an internally insu-
lated 19th Century brick building in Prague that was insulated using hydrophilic mineral
wool without a vapor barrier; during the 4-year in situ study, there was no interstitial
water condensation [40]. Another study was carried out for internally insulated brick
walls with different insulation materials (calcium silicate (CaSi), aerated concrete (AAC),
polyurethane board with active capillary channels (IQ-T), and polyisocyanurate (PIR)); in
the study, they found that IQ-T and PIR were performing similar regardless the capillary
activity of IQ-T, both had high relative humidity (over 80%) under the insulation, CaSi
and AAC showed a similar pattern of RH behind the insulation. CaSi maintained an Rh
under 80%, while AAC exceeded 90%, but as mentioned by the authors, the hygrothermal
performance of an insulated wall only partially depends on insulation material, properties,
and thickness of the original wall, which also influences the performance and the built-in
moisture [41]. Moreover, a holistic energy renovation (moisture safety and energy efficiency
are balanced) approach has been studied, and 47% energy reduction was achieved in the
case study building; in this study, one of the main conclusions was that a more detailed
study over a longer period is necessary to decrease the uncertainty of results [31]. In a study
about the rehabilitation of historical fagade buildings, the full utility of AAC as internal
insulation was confirmed, and the authors pointed out the important role of simulations
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in predicting the long-term hygrothermal state of the internally insulated buildings [42].
One of the leading research institutes of the Technical University of Denmark performed
hygrothermal measurement in four case-study buildings with different internal insulation
materials, they concluded that vapor-open insulation systems overall performs better than
vapor-tight systems, but they also concluded that other parameters, such as insulation
thickness, surface treatment, and the external hygrothermal loads, have a high impact on
the performance [43]. Moreover, our research institute has a previous experience in this
field of study [44].

However, reviewing the research papers demonstrated a need for more research on hy-
grothermal performance and energy savings of internally insulated dolomite stone buildings.

This study aims to answer the following two research questions: (1) What is the impact
of internally insulated natural stone buildings on the hygrothermal behavior of walls in a
cold climate? (2) What energy savings can be reached by internal insulation of natural stone
buildings in a cold climate? In comparison to existing research papers in our research, we
monitored on-site indoor and outdoor climate, including solar radiation, and in addition
to the relative humidity and temperature measurements in between the layers of internal
insulation, we monitored volumetric moisture content of the external wall and performed
mathematical simulations of the monitored building.

The paper starts with an introduction, followed by a description of the case study
building, applied methodology, analysis of results, discussion, and finally, conclusions.

2. Case Study Building
2.1. Background Information

The case study building is a single-family home in the countryside in Sece parish,
Aizkraukle county, Latvia. It was built in 1893 as a farmhouse. During the period after the
second world war until the 21st century, the building was poorly maintained; the basement
was used as a cattle shed which led to severe damage to the wooden beams and ground
floor cover. In 1992, the building was denationalized, and the ownership of the building
was retrieved by the family of the building’s original owner.

The building has two floors with a total heated area of 339 m? and a volume of 870 m®.
The basement (floor area 68 m? and volume 130 m®) occupies half of the building’s floor
area on the south-east facade and is not heated. The facade has a total area of 274 m?,
including windows and doors but excluding the basement part.

The external walls are constructed from locally sourced dolomite stone embedded in
mortar. For basement walls, granite stones are used as well. Granite chips are also used to
cover mortar joints between dolomite stones (Figure 1).

PR

Figure 1. Structural patterns of dolomite stones in the external wall of the building.

The walls have a thickness of 0.60 m (ground floor and basement) and 0.45 m (1st floor).
Brick columns are built in the corners and around the windows as a frame. The interior
side of the external walls has an originally installed plaster layer. In 2006, after full-scale
roof reconstruction, two dormers were added on the west and east sides of the house
(see Figure 2).
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Figure 2. Facades of the case study building: (a) north-east, (b) south-east, (c) north-west,
(d) south-west.

2.2. Energy Efficiency Measures

Two rounds of energy efficiency renovation were made. The main goal of both
renovations was to decrease firewood consumption by decreasing heat loss through the
building envelope. In 2006, the following measures were carried out:

e Internal insulation of the building walls on the ground and first floor with 0.15 m of
mineral wool and installation of Ruberoid as a vapor barrier between the dolomite
and insulation (moisture diffusion resistance equivalent of still air (Sd) = 15 m)
Insulation of the basement ceiling with 0.25 m of expanded clay;

Insulation of the roof with 0.30 m of mineral wool;

Change of windows (U = 1.26 W/m?K);

Installation of wood boiler and water heating system with radiators;

Installation of a hot water supply with a heat accumulation tank;

Installment of cold water supply and sewage system.

Nine years later, based on the building residents” observations, the ground floor
premises seemed colder, and firewood consumption had increased compared to the situa-
tion before the first round of the renovation. In 2015, the walls and floors of the ground
floor rooms occupied all year were inspected (see Figure 3). The inspection revealed that
the mineral wool was heavily inhabited by martens and rats, which had created a system of
burrows within the walls. It was also discovered that in the bathroom located in the north
corner of the building (see Figure 3, red line), the dolomite stone walls behind the mineral
wool were covered with a black layer of mold. In 2015, the second round of renovation was
carried out, and the old insulation was replaced with a new internal insulation system:

157



Energies 2023, 16, 866 50f24

North-

10,800 East

900 050, North- South-

£~y . west et

[ B Tl

St

.
I

006'8T

==

=

Figure 3. Inspected insulation on the ground floor in 2015: damaged floor and external wall insulation
by martens (green) and a black layer of mold between the dolomite stone wall and mineral wool (red).

Insulation of the basement ceiling with expanded clay (0.25 m, A = 0.11 W/mK) in the
green part in Figure 3.

Mineral wool insulation (0.15 m in the rooms and 0.2 m in the bathroom, A = 0.04 W/mK)
in combination with an expanded clay layer (0.15 m thickness, 0.2 m from the ground) in
both the green and red parts in Figure 3.

The vapor barrier was installed between mineral wool and plasterboard.

The cross-section of the living room’s wall and the floor is presented in Figure 4.

B\

A A Dolomite bedded in mortar (600mm)
Existing plaster (20mm)

Insulation (Mineral wool 150mm)

expanded clay near the floor _

Vapour barrier

D Plaster board 12.5mm
Interior decoration
o ®

9
8

Ground floor

O Basement
% e Plaster board 14mm and interior floor
Expanded clay (250mm)
N Wood planks (50mm)

Figure 4. The cross-section of the living room’s wall and floor construction after renovation in 2015.

After the renovation in 2015, external walls were divided into four types (see Figure 5).
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Figure 5. Location of four wall construction types in zones A2 after renovation in 2015, on the left
1st floor, on the right 2nd floor: type 1(purple), type 2 (orange), type 3 (green), and type 4 (blue).

Tables 1-4 contain detailed information about the different types of external walls.

Table 1. Facade construction after retrofit in 2015: Type 1.

Material Thickness Thermal Conductivity Density Area Heat Transfer Coefficient
(mm) (A, W/mK) (kg/m®3) (m?) (U, W/m2K)
Dolomite 600 22 2400
Existing plaster 20 0.87 1800
Mineral wool 200 0.035 60
149.54 0.208
Vapor barrier
Plasterboard 12.5 0.21 680

Interior decoration

Table 2. Facade construction after retrofit in 2015: Type 2.

Material Thickness Thermal Conductivity Density Area Heat Transfer Coefficient
(mm) (A, W/mK) (kg/m®) (m?) (U, W/m2K)
Dolomite 600 22 2400
Existing plaster 20 0.87 1800
Mineral wool 150 0.035 60
149.54 0.211
Vapor barrier
Plasterboard 12.5 0.21 680

Interior decoration—painted

wallpaper
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Table 3. Facade construction after retrofit in 2015: Type 3.

Material Thickness Thermal Conductivity Density Area Heat Transfer Coefficient
(mm) (A, W/mK) (kg/m3) (m?2) (U, W/m2K)
Dolomite 450 2.2 2400
Existing plaster 20 0.87 1800
Mineral wool 150 0.035 60
29.62 0.212
Vapor barrier
Plasterboard 12.5 0.21 680
Interior decoration—painted
wallpaper
Table 4. Facade construction after retrofit in 2015: Type 4.
Material Thickness Thermal Conductivity Density Area Heat Transfer Coefficient
(mm) (A, W/mK) (kg/m3) (m?2) (U, W/m2K)
Wood planks 25 0.2
Mineral wool 150 0.035 60
Vapor barrier 22.78 0.215
Plasterboard 12.5 0.21 680

Interior decoration—painted
wallpaper

2.3. Energy Consumption

The building has a central heating system with a 40 kW firewood boiler integrated
with a hot water storage tank. There are no mechanical ventilation or air conditioning
units used in the building. The building has a natural ventilation system with air exchange
through the building envelope. Room temperature can be regulated based on the occupancy
with radiator thermostats. Residents maintain the comfort temperature of +20 °C in the
inhabited rooms while reducing the temperature in rooms that are not occupied. The
north-east side of the ground floor is occupied all year; the rest of the building is inhabited
only on weekends, holidays, and during the summer.

3. Research Methodology
3.1. Construction Material Analysis

Dolomite stones used in the building have different structural patterns (see Figure 1).
The study on lithological morphological types of dolomite historically used for the con-
struction of stone buildings in Latvia predominantly is mechanically resistant marble-like
dolomite [45]. Dolomite samples from the building were obtained and tested in the labora-
tory of the Riga Technical University to determine their main properties—density, specific
heat capacity, thermal conductivity, total porosity, capillary saturation, water vapor resis-
tance factor, water uptake coefficient, and moisture storage. These values were further
used as input data to characterize the material’s properties in the simulation program
DELPHIN [46].

Laboratory data were determined through a series of tests. Depending on the test,
three to twenty-two specimens were prepared (cut, pre-conditioned) to obtain information
on the properties’ variance and minimize irregularity effects. In addition to the standard test
methods [47-51], other methods [52,53] were also used. The test methods are summarized
in Table 5.
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Table 5. Test methods for the properties of the dolomite stone.

Name of the Material Property

Name of the Corresponding Experiment

Bulk density

Via dimensions and weight of the sample [41]

Open porosity

Calculated from density [48,52]

Thermal conductivity

Heat flux measurement (plate apparatus) [52]

Heat storage capacity

Calorimeter experiment [52]

Dry-cup vapor diffusion

p dry-cup measurement [49]

Wet-cup vapor diffusion

u wet-cup measurement [49]

Water uptake coefficient

Water uptake experiment [51]

Capillary saturation moisture content

The final value of the water uptake experiment [52]

Sorption moisture content

Exicator/desiccator [52]

3.2. Energy Consumption Simulation

The dynamic simulation tool TRNSYS Type 56 (2016) [54] was used to calculate
the building’s energy balance. For the simulation, the building was divided into zones
Al—Dbasement and A2—above-ground floors (See Figure 5). The primary input data are
shown in Table 6.

Table 6. Main input data about the case study building.

Orientation

Heat Transfer Coefficient U,

W/m2K
North East West South Reng/(:\rt‘izon Rerﬁ)f‘:::ion
Facade walls (m?)
Basement 9.14 18.9 - 5.08
Basement in contact - 15.12 34.02 4.06 225 22
with soil
Ground floor 324 56.7 56.7 324 2.147 0.208
1st floor (3rd type) 17.28 - - 17.28 2515 0.211
1st floor (4th type) 4.32 8.47 8.47 4.32 - 0.215
Windows (m?)
Basement - 1.68 - 1.12 2.83 2.83
Ground floor 1.68 8.4 8.4 3.36 2.83 1.26
1st floor (3rd type) 247 - - 2.47 2.83 1.26
1st floor (4th type) - 1.24 1.57 - - 1.26
Doors (m?)
Basement 1.44 - - - 2.83 2.83
Ground floor 1.98 1.98 2.86 - 2.83 2.83
Floor area on the ground 108.11 2.395 2.395
Basement ceiling 96.01 0.668 0.34
Roof area - 141.4 141.4 - 1.087 0.110

Three scenarios were simulated:

o  The baseline: the building before both renovations;
e  The building with internal insulation on the walls of the ground and 1st floor;
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e  The building with additional energy-saving measures (insulation of basement ceiling
and roof, replacement of windows).

The simulations for all scenarios were based on the following assumptions: (1) climatic
data of Latvia defined by the software used as an input file in the TRNSYS were used;
(2) indoor temperature +20 °C in zone A2 when the building is in use, e.g., workdays in the
morning (6 am to 8 am) and in the evening (4 pm to 11 pm) and full days on weekends, and
+18 °C the rest of the time; (3) indoor relative humidity 50%; (4) infiltration 0.05 h~1, with
additional natural ventilation during the opening of windows for zone A2—0.5h~1; (5) heat
gains are based on values defined in EN ISO 13790:2008 [55], all heat gains are scheduled.

3.3. In Situ Measurements

In December 2017, temperature, relative humidity, volumetric water content, and heat
flux sensors were installed within the external walls on the north-east facade. One set
of sensors was installed in the living room wall, and the other in the bathroom wall (see
Figure 6b). Both walls were retrofitted in 2015. Additionally, the pyranometer Campbell
CMP3 060271 with sensitivity 11.72 x 107® V/Wm~2 was installed on the north-east
facade. Figure 6 shows the sensors’ setup and their connections to the data loggers used
in the setup. The setup of sensors is the same for the living room and bathroom, except
for the solar radiation sensor. One solar radiation sensor was installed 5 m from the
ground level. Indoor temperature measurements were performed by twisted pair T-type
thermocouples—Labfacility XE-2342. Temperature sensor t1 measures the temperature
between the dolomite wall and the insulation layer, and t2 measures the temperature
between the insulation layer and the vapor barrier (see Figure 6a). These sensors were
installed at the 1.8 m height from the floor, corresponding to 4 m from the ground level.
RH1-2 measures relative humidity at the same places as temperature sensors. Honeywell
HIH-4000-002 measures RH had an accuracy of +3.5%. Heat flow in walls was measured
with Hukseflux heat flux sensors. Volumetric water content is measured using the time
domain (TDR) reflectometer Campbell CR616, with an accuracy of +2.5% of volumetric
water content (VWC) and operational temperature from 0 to 70 °C. The CR616 has been
installed 3.5 m from the ground level.

vapour barrier  plasterboard 12.5 :l:q T
insulation 150 I x|
existing wall 3

RIS
@
05

=0,

N

()
Suis i)

@ (b)

Figure 6. (a) Measurement setup (t—temperature; RH—relative humidity; CMP3—sun radiation,
DL—data logger, TDR—volumetric water content.); (b) Measurement points: heat flow, temperature,
and relative humidity sensors in the walls (the red dots).

Before installation, CR616 rods were shortened from the original 16 cm length to 10 cm
length (due to restriction in drilling depth). Therefore, these sensors were recalibrated
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afterward by using a sample dolomite stone from the case study building. During the
calibration, the water-saturated dolomite sample mass and readings of the CR616 sensor
were monitored. Based on that, a graph of water content vs. response time of the CR616
sensor specifically for dolomite stone was obtained (see Figure 7).

=
=]

."‘.

"7y =2.8987x2 - 84.699x + 618.19

Water content,%
O R, N WHE Ul ® O

15 15.5 16 16.5

Response time, us

Figure 7. Calibration graph for TDR sensors.

Three data loggers were used for data logging: two Campbell Scientific CR1000 data
loggers (one in the living room, one in the bathroom); one Campbell Scientific CR800 data
logger (outside). A time step of 30 min for all measurements was taken. Data from data
loggers were periodically collected.

3.4. Hygrothermal Calculations

The simulation tool DELPHIN 6.1. [46] and Glazer method was used to evaluate the
hygrothermal behavior of the building’s external walls with internal insulation. DEL-
PHIN software is a simulation program for homogeneous layers to simulate heat and
moisture mass transport and storage within the materials. The Glazer method is used for
determining the conditions within the different layers of the wall at specific indoor and
outdoor conditions. The simulation used climatic data entered by the software user. For
indoor boundary conditions (temperature and relative humidity), data gained from in situ
measurements were used. Weather data, such as outdoor temperature, relative humidity,
wind speed and direction, hourly rain sum, and air pressure, were taken from weather
station Skriveri, located 20 km from the case study building, while sun radiation data were
taken from the weather station Riga—Universitate located 100 km from the case study
building. Both weather stations are operated by the state limited liability company “Latvian
Environment, Geology and Meteorology Centre” (LEGMC) [56].

Material properties for plasterboard and mineral wool were imported from the DEL-
PHIN material database. A vapor barrier was added as the resistance between material
layers (sd = 2.3 m). Properties of dolomite were imported into the model as a new material
file, using values obtained during the laboratory tests (Section 4.1). However, it should
be noted that the load-bearing part of the walls is made from inhomogeneous natural
materials. The results of laboratory tests also provide evidence of this during this research
(Tables 5 and 6). For example, the density of the dolomite stone ranged from 1696.8 to
2949.5 kg /m3, but the water vapor resistance factor from 26.67 to 77.83. Moreover, other re-
search [56,57] about the properties of historical materials in Latvia showed a broad diversity
in results.
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4. Results
4.1. Construction Material Analysis

The results of the dolomite stone sample tests are summarized in Tables 7 and 8.

Table 7. Determined properties of the dolomite and corresponding test methods.

Name of the Material Symbol (Unit) Mean Value Star}da.rd Min Value Max Value COEfﬁ.C ient of
Property Deviation Variance
Bulk density (kg‘;‘;n3) 2346.5 447.8 1696.8 29495 0.191
. (]

Open porosity (m3j‘;;3) 0.1602 0.0224 0.1299 0.2008 0.140
Thermal conductivity (W}\/de) 2.0478 0.0108 2.0362 2.0574 0.005
Heat storage capacity q /kch) 779.2842 5.1457 774.3023 784.5794 0.007

Dry-cup vapor Hdry 44.14 29.18 26.67 77.83 0.661

diffusion -)
Wet-cup vapour Hvet 2113.88 943.36 1192.82 3078.06 0.446
diffusion -)

Water uptake Aw

coefficient (Kg/m2\/5) 0.0599 0.0110 0.0477 0.0691 0.184
Capillary saturation Ocap
moisture content (m3/m?3) 0-1079
Table 8. Sorption moisture content.
0 (¢) (m3/m3)
RH (%) t(°C)
Mean Value Stm}d%rd Min Value Max Value
Deviation

84.7 23 0.009524 0.000570 0.008907 0.01026

53.5 23 0.004830 0.000284 0.004553 0.00514

329 23 0.001787 0.003670 —9.982 x 107> 0.00926

4.2. Energy Consumption

The simulated annual heat consumption for space heating in the first scenario is
66.1 MWh/year or 194.4 kWh/ m?; in the second, it is 42.8 MWh/ year or 125.8 kWh/ m?
(35% energy saving compared to the first scenario), and in the third, it is 18.3 MWh/year or
53.9 kWh/m? (72% energy saving compared to the first scenario).

The wood log consumption is not precisely registered and accounted for by the
building residents because they directly cut part of the wood logs in the forest. Based on
the data provided by the residents, around 30 m? (adjusted for empty spaces between
individual firewood logs with a coefficient of 0.61) of two years of dried firewood has
been used in the 2017/2018 heating season. By assuming that the moisture content of the
firewood after two years of drying is 20% and the 40 kW burner’s efficiency of n = 75%, the
calculated annual energy consumption per heated area should be 87 kWh/m?, which is
higher than calculated in the third scenario (53.9 kWh/ m?). Various reasons can cause the
difference, including:

e Poor quality of construction works;

e  Inaccurate assumption of indoor temperature and relative humidity;
e  Aninaccurate pattern of heat gain schedule in the calculation model;
e Inaccurate climatic input data in the model;
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e  Inaccurate assumptions about the volume and moisture content of firewood;
e Inaccurate assumption of efficiency of the biomass boiler.

Other researchers [26,58-60] pointed out the issue of result diversity using different
building simulation programs to simulate energy consumption or hygrothermal perfor-
mance of historic buildings. Moreover, used software may need to capture the physical
phenomena in historic buildings adequately. For example, heat flux measurements per-
formed later in the case study building showed that the heat transfer coefficient of the
living room wall is 0.21 W/ m?K (Section 4.3.2). It corresponds to the values entered into
the model 0.208-0.2115 W/m2K (see Table 6).

4.3. In Situ Measurement Results

The measurement period was from 13 December 2017 to 4 January 2019. However,
due to failures in data logging equipment, gaps in collected data are present.

4.3.1. Measured Climatic Conditions

The monthly average outdoor temperature and relative humidity are presented in
Figure 8. The most significant temperature shifts were observed during the winter months
(December, January, and February), with February being the coldest month, e.g., the lowest
registered temperature was —23.6 °C. The highest relative humidity was observed during
late autumn and winter, falling over the spring months and increasing again during summer.

o 100 25
°. 9 20 §
2 5 g
5 80 10 5
E 70 5 ®
2 g 0 2
2 = B
E 50 —10&
(0]

o

mmmm Average outdoor relative humidity Average outdoor temperature

Figure 8. The monthly average outdoor relative humidity and temperature (data from the weather
station “Skriveri”).

The manual operation of the boiler causes fluctuations in the indoor air temperature.
Monitoring results of the indoor temperature show that the residents try to maintain a
constant room temperature during the day, letting it fall to +16 °C in the evening and then
increasing the temperature before the night. Temperature increase from +16 to +22 °C takes
around 2 to 3 h. During the winter months (December to March), the average indoor air
temperature was +22 °C in the living room and +20.8 °C in the bathroom. The average
indoor relative humidity was 35.7% in the living room and 40% in the bathroom. During
spring months (April and May), the average temperature was +21.4 °C in the living room
and +21.2 °C in the bathroom, and the average relative humidity was 47% in the living
room and 50.4% in the bathroom. During the summer, relative humidity increased to 70% in
the living room and over 80% in the bathroom. High relative humidity in the bathroom is
expected as higher moisture loads are present in this room. During the monitored period,
2% of the time, relative humidity reached over 80%. After the relative humidity spike ends,
it takes around 2-3 h for the relative humidity to drop from over 80% to under 70%.
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4.3.2. Measured Conditions in the Wall

TDR measurement results show that water content mostly stays below 2% at both
measurement points, and even after the rainfalls, when moisture content spikes appear, the
wall does not reach saturation (see Figure 9).

4.5 12
x
g4 10
335
: <
S 3 8 ¢
o
@25 6 €
© =
s 2 :
c
o015 L 4 5
b= ”’ h‘w"" oc
o 1 g | g
e
€ ! 2
30.5
o
>0 0
PR RSN R BRSNS R R PRGNSR RS
T A e T M - SR AR - I A A I @ B A - T I o I TR -
() c c Q
gg:EE%?;?;mZzeggmEZ:EE.—‘EEU%E‘J;%%%Q,QQoZZggg:
C O p? I nre i8R AR RSB 3 L NG R ne e LAR 22 N385
Lm0 o BN oo s 2T T 00 B R el D Ln o
U0 00T nen®pEE T oo®sE T we P OREE 605 oo PR
Date (dd-mm-yy)

Hourly Rainfall
Water content - Living Room

Water content - Bathroom

Figure 9. Results of water content measurements and rainfall (mm).

From the heat flux measurement and calculated indoor/outdoor temperature differ-
ence, a U-value of 0.21 W/(m?K) for the living room wall and U = 0.19 W /(m?K) for the
bathroom wall was calculated.

4.4. Hygrothermal Calculation Results

Evaluation of the hygrothermal conditions with the Glazers method and 1D sim-
ulations in the DELPHIN 6.1 were performed. The eight months were chosen for the
simulations to correspond to the available measurement data. For the Glazers method,
average climatic conditions for Latvia were used (see Table 9).

Table 9. Average indoor and outdoor conditions for Latvia.

Temperature, °C Relative Humidity, %
Indoor 20 50
Outdoor 0 80

4.4.1. Measured and Simulated Conditions in the Wall

For wall type 1, the water vapor diffusion ratio of the cold and warm sides is 2.85,
which is lower than the normative value (ratio > 5). Therefore, the saturated and partial
pressure calculation for all planes of the type 1 wall was performed utilizing the Glazers
method. For the calculations, the indoor temperature of 20 °C and outdoor temperature of
0 °C, outdoor humidity of 80%, and indoor humidity of 50% was used. Interstitial planes
under the insulation material were found to be most prone to condensation (see Figure 10).
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Figure 10. Partial and saturation pressures in interstitial planes for wall typel (1. interior sur-
face; 2. wallpaper/plasterboard; 3. vapor barrier/plasterboard; 4. mineral wool/vapor barrier;
5. plaster/mineral wool; 6. dolomite/plaster; 7. exterior wall surface).

Therefore, relative humidity calculations for interstitial planes on both sides of the
vapor barrier and planes under the insulation material were performed for the range of
outdoor temperatures (from +20 to —20 °C). The calculation results indicate the risk of inter-
stitial condensation in the layer between wood planks and insulation (under the insulation)
when the outdoor temperature drops below —5 °C. In the other high condensation-risk
planes, there is no condensation risk within the given temperature range. (see Figure 11).

-10 -5 0 5 10 15 20
Temperature, °C

— apor barrier/plasterboard Relative Humidity
=== «mineral wool/vapor barrier Relative humidity
plaster/mineral wool Relative humidity

Figure 11. Calculated relative humidity at different interstitial planes for wall Type 1.

All three other wall types also did not reach the minimum normative warm/cold side
ratio (type 2 = 2.85; type 3 = 3.78; type 4 = 1.74); therefore, the saturated and partial pressure
calculation for all planes of all wall types was performed. As for wall type 1 and all the
other wall types, the interstitial planes under the insulation material were found to be most
prone to condensation. Therefore, the same relative humidity calculations for wall type 1
were performed for all the other wall types. The results for all the other wall types were
very similar to those for wall type 1, with condensation risk under the insulation when the
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temperature drops belove —5 °C and no condensation risk in other planes within the given
temperature range.

4.4.2. Measured and Simulated Conditions in the Wall

The measured RH between the insulation layer and vapor barrier never exceeds 80%,
mostly staying below 40% during winter and below 60% during the spring and summer.
The exception was on 8 March 2018, when water leakage from the first-floor water supply
system was detected. On that date, the RH between insulation and vapor barrier rapidly
rises from 25% to 60% and then slowly decreases within the next two weeks (see Figure 12).
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T, T, O, YT YT T Y e e e e e e e e e e e
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Date (d.m.yy)
RH living room RH under plasterboard (Delphin) ——— RH under plasterboard (in-situ)

Figure 12. Relative humidity of the living room wall between the insulation and vapor barrier:
measured RH (blue line), simulated RH (orange line), and indoor RH (grey line).

Simulated RH between the insulation and vapor barrier follows the trend of the indoor
RH, although it is 5 to 10% lower than the level measured during the heating season
(see Figure 12).

Simulated temperatures between the insulation and vapor barrier closely follow indoor
temperature changes, with the difference in absolute values during winter. Differences
between simulated and measured temperatures at the interface of the insulation and vapor
barrier are most likely caused by the placement of room temperature sensors—off the wall
and on the side of a closet (see Figure 6b). At that point, the temperature is higher than on
the wall’s surface. Moreover, measured temperatures are impacted more by fluctuations
in the outside temperature. At the same time, simulated data follows room temperature,
which in the simulation model was indicated as the climate data of the room (see Figure 13).
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Figure 13. The temperature of the living room wall between the insulation and vapor barrier:
measured T (blue line), simulated T (orange line), indoor T (grey line), and outdoor T (green line).

RH under the insulation mostly stays between 60 and 80%. Measured RH exceeded
90% in March during the water leakage incident when RH between the dolomite wall and
insulation layer rapidly increased to 100% and then slowly dried out during the spring and
summer (see Figure 14).
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Figure 14. Relative humidity of the living room wall between dolomite and the insulation layers:
measured RH (blue line), simulated RH (orange line), indoor RH (grey line), and outdoor RH
(green line).

In the living room, the measured and simulated temperatures under the insulation
follow a similar trend, but the simulated temperatures are around 1 degree lower than the
measured. When the outside temperature drops below —5 °C, the temperature between the
dolomite wall and insulation layer drops below 0 °C. However, there are no risks related to
frost damage as the moisture content in the materials of the wall never reaches capillary
saturation (see Figure 15).
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Figure 15. The temperature within the living room wall between dolomite and the insulation layers:
measured T (blue line), simulated T (orange line), indoor T (grey line), and outdoor T (green line).

The bathroom RH between the insulation layer and vapor barrier never exceeds the
critical level of 80%, mostly staying below 40% during the cold season and below 70%
during the spring and summer (see Figure 16).
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Figure 16. Relative humidity measurements of the bathroom wall between the insulation and vapor
barrier: Measured RH (blue line), simulated RH (orange line), indoor bathroom RH (grey line).

Temperature between the insulation and vapor barrier in the bathroom shows similar
data for measured and simulated data, with simulated data being slightly higher and closer
to the measured indoor air temperature (see Figure 17).
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Figure 17. The temperature of the bathroom wall between the insulation and vapor barrier: measured
T (blue line), simulated T (orange line), and indoor bathroom T (grey line).
The bathroom measured RH between dolomite and insulation mostly stays below 80%
during autumn, winter, and spring and below 70% during summer. The simulated data for
the same plane shows a higher RH of up to 90% (see Figure 18).
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Figure 18. Relative humidity of the bathroom wall between dolomite and insulation layers: measured
RH (blue line), simulated RH (orange line), indoor RH (grey line), and outdoor RH (green line).

Measured temperatures between dolomite and insulation follow outside temperatures
during the heating season and are between outdoor and indoor temperatures outside the
heating season (see Figure 19).
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Figure 19. The temperature of the bathroom wall between dolomite and insulation layers: measured
T (blue line), simulated T (orange line), indoor T (grey line), and outdoor T (green line).

4.4.3. Comparison of Experimental and Hygrothermal Simulation Results

The living room temperature correlation between dolomite and insulation (t under
insulation) is strong (R? = 0.9789). However, the correlation between the insulation and
vapor barrier is considerably lower (R = 0.4003). The RH correlation is strong (R? = 0.9047)
between the insulation and vapor barrier, and the correlation is weaker (R? = 0.4775)
between dolomite and insulation (see Figure 20).
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Figure 20. Correlation between simulated and measured RH and t in the living room wall: (a) RH be-
tween dolomite and insulation; (b) t between dolomite and insulation; (c¢) RH between the insulation
and vapor barrier; (d) t between the insulation and vapor barrier.

The bathroom temperature correlation between dolomite and insulation (t under
insulation) is strong (R? = 0.9778), and the insulation and vapor barrier correlation is also
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strong (R? = 0.7876). The simulated and measured RH correlation between dolomite and
insulation is moderate (R2 = 0.633). In the case of RH between the insulation and vapor

barrier, the correlation between measured and simulated data is strong (R2 = 0.9694) (see
Figure 21).
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Figure 21. Correlation between simulated and measured RH and temperature in the bathroom wall:
(a) RH between dolomite and insulation; (b) t between dolomite and insulation; (c) RH between the
insulation and vapor barrier (d) t between the insulation and vapor barrier.

This correlation analysis does not include possible deviation of measurement accuracy,
and three-week data following the water leakage accident were not used in the correlation
analysis for the living room wall. Furthermore, outside temperatures and relative humidity
data are taken from the weather station Skriveri, which is located 20 km away from the
case study building.

The gap between the measured and simulated hygrothermal performance of internally
insulated masonry walls was also seen in the previous study, where experimental results
obtained in the controlled laboratory environment were compared to simulated results [28].
The research [61] showed that temperatures had a satisfactory correlation (R? in the range
of 0.81 to 0.86), but walls insulated with mineral wool had the lowest correlation for
measured and simulated RH (R? = 0.540). This corresponds to the research findings that
the correlation for measured and simulated temperatures between masonry and insulation
is strong but lower for relative humidity.

5. Discussions and Conclusions

This study aimed to answer two research questions. The first question was: what is
the impact of internally insulated natural stone buildings on the hygrothermal behavior
of walls in a cold climate? In situ measurements and hygrothermal simulations were
carried out to evaluate the impact of internal insulation on the hygrothermal behavior
of historic stone buildings in a cold climate. The assessment was performed for two
occupied rooms located in the north-east facade. One of the rooms has a high indoor
moisture load, while the other has an average moisture load. The results showed acceptable
hygrothermal conditions within the wall. As the relative humidity between the insulation
layer and vapor barrier and in the room stays relatively low (below 60%), excluding water
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leakage accidents, the external wall does not indicate risks related to mold growth. Relative
humidity reaches above critical 80% between the dolomite wall and insulation layer only for
short periods. However, temperatures are lower than needed for spore germination (initial
mold growth) at these moments and at this location. According to the literature review by
Isaksson et al. [62], mold growth can occur at 80% high relative humidity if the temperature
is at least 20 °C for porous materials. However, given that during the renovation in 2015,
the tenants found mold on the bathroom wall, there is good potential for mold growth if
appropriate conditions (high relative humidity and temperature) remain long enough as
wall materials contain mold spores. In situ temperature measurements show that the outer
part of the dolomite wall undergoes repeated freeze—thaw cycles. However, the risk of frost
decay is minimal as the dolomite does not reach saturation [63]. Results of hygrothermal
modeling validate the reliability of the prediction of hygrothermal conditions and risks of
mold growth and frost damage in internally insulated historic buildings.

The second research question was: what energy savings can be reached by internal
insulation of natural stone buildings in a cold climate? The simulated annual heat consump-
tion for space heating in the baseline scenario can be reduced by 35% if internal insulation
is applied on the ground and first-floor walls. If the significant energy efficiency renovation
(internal wall insulation, basement ceiling, roof insulation, replacement of windows) is car-
ried out, baseline energy consumption can be reduced by 72%. Actual energy consumption
is calculated based on the data provided by the residents who count for primary energy
resources—firewood which is partly supplied directly from the forest and dried on site. If
the wood log consumption is converted into final energy, the annual energy consumption
per heated area should be 87 kWh/m?. Energy savings are 17% less than calculated in
the simulation model. Several reasons could cause this difference, such as uncertainty
of the quality of construction works and remaining thermal bridges, input data of the
model, including factors related to occupancy frequency (heat gains, room temperature,
and ventilation frequency). Simulation results are sensitive to the quality of input data, such
as room temperature, relative humidity, ventilation, and material properties. In historic
buildings, there is a lack of detailed information on wall cavities, ratio and typology of
stones and mortar, construction defects, and specific properties of materials. On the other
hand, the uncertainty of actual primary energy consumption, including the amount and
quality of firewood efficiency of energy transformation technologies, significantly impacts
the final energy consumption values.
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Abstract — In-situ measurements of a case study building located in Riga old town near the
river Daugava has been carried out in this work. Performed measurements are moisture level
of historic masonry, and interstitial monitoring of temperature and relative humidity between
the layers of internal insulation and external wall. Obtained results are compared with
outdoor weather data. Results show that during the cold months of the year no rising damp
problem. No interstitial condensation under the internal insulation, and no risk of mold
growth occur. However, the facade of the building tends to be highly influenced by the
outdoor weather, and the moisture of the masonry increases during the rain load events.

Keywords — Dielectric measurement; internal insulation; interstitial relative humidity;
masonry deterioration; microwave measurement; wind-driven rain

1. INTRODUCTION

High greenhouse gas emissions rate is driving climate change. One of the main causes is high
energy demand from existing building stock [1], [2]. In Europe, historic buildings still account for
as many as 24 to 35 % of the entire building stock. Moreover, the building stock of historic
buildings composes from 27 to 42 %, of the final energy demand in Europe — depending on the
country [3]. It is estimated that about 36 % of CO, emissions in the European Union (EU) comes
from the building sector [4], [5].

The main reasons for the high energy consumption in the buildings depends on the physical
elements, thermal properties and climate conditions [6]. The main reason for high energy
consumption in historic buildings is poor thermal properties of the building envelope, in terms of
high thermal transmittance or U-Value. Intheory U-value can be calculated if the thermal
conductivity of the material and boundary conditions are known, but in reality, this value can be
influenced by moisture, cracks, etc. [7]. Nevertheless, moisture-caused problems are present in
many historic buildings, that leads to degradation of building materials, unsuitable indoor air
conditions and poor thermal properties of exterior walls [8]. Unhealthy indoor air quality can
affect general senses of the human, reducing their work abilities and leading to health risks [9].
Jimenez-Besecos et al. in their research, concluded, that healthy indoor air quality (IAQ) can be
achieved when retrofit of a historic building is done. Healthy 1AQ in the study is defined as 19 to
20 °C temperature, 40 to 70 % relative humidity and CO, concentration below 1000 ppm [10].

As most of the thermal energy losses are through the opaque building envelope (exterior walls),
insulation of exterior walls, can reduce energy consumption of the building and thereby reduce
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greenhouse gas emissions [11]. External walls can be insulated either from the outside or from the
inside. To avoid exacerbation of moisture-related problems in the building, it is recommended to
insulate the building from the outside. But almost in all cases insulation of historic buildings from
the outside is not possible due to preservation of heritage value of the historic fagade, or other
limitations, such as space restrictions. Therefore internal insulation of exterior walls becomes the
single best solution to reduce energy consumption of the historic building and thereby reduce
greenhouse gas emissions [11]. At the same time, the renovation should not compromise the
structural integrity and indoor air quality of the renovated building.

If the masonry moisture content exceeds 3 % of mass moisture content, there is a need to
undertake action in order to reduce this moisture content before the renovation [12]. Moreover, if
moisture sources in the masonry are not eliminated, further renovation is not recommended,
considering masonry decay and other moisture-caused problems will reappear in a short period of
time [8]. However, the situation that only one moisture source is present in the historic building
is very rare, and many factors affecting the moisture content in the masonry makes it hard to
clearly distinguish among the main moisture sources in the historic building. Therefore, to find a
non-harmful renovation method a hygrothermal performance and moisture content of a historic
masonry must be assessed. And to avoid oversized, inadequately expensive and ineffective
interventions, preliminary monitoring of a building is recommended [13]. There are six main
groups of moisture sources in the buildings: Raising dump, Wind-driven rain, Built-in moisture,
Hygroscopic phenomena, Surface condensation, Damages in water systems, i.e. piping and gutter
[14].

With new non-destructive moisture assessment technologies emerging and improving for
moisture content assessment in-situ, the measurements are becoming more applicable to historic
buildings, cause destructive methods such as drilling holes and inserting probes are mostly not
preferable in historic facades. Test results obtained in-situ through the systematic surveys can be
very helpful for the moisture source determination [8].

The main goal of this research is to study the application of internal insulation in historic
buildings by assessing the possible moisture sources in the external wall and their impact on
moisture content and moisture transport in the wall.

2. MATERIALS AND METHODS

2.1. Case Study Building

The case study building at Biskapa gate 6 in Riga, Latvia was selected for the in-situ
measurements. This particular building was selected, because of complaints from building
residents about the discomfort, in the form of increased indoor humidity levels. Another reason
for choosing this building was the visible deterioration of the fagade (Fig. 1).
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b)
Fig. 1. Case study at Biskapa gate 6: a) location of building and weather station in map; b) fagade of the building [15].

The building is a three-story residential building with additional attic floor and one underground
floor (basement). Building was built in 1880 and is located in the historic center of Riga,
approximately 150 m from the river Daugava (Fig. 1). The building area is 120.9 m? with a
1511 m?® of construction volume. The building has two adjacent buildings, one on the North-West
(NE) and another on the North-East (NE) side of the building. Both adjacent buildings are 1 story
higher than the case study building. The South-West (SW) side of the building is the main facade,
with the entrance from the street (Biskapa gate). The SE facing fagade is the largest open area to
the outdoor weather, such as wind driven rain, sun radiation and wind. The free space between the
SE fagade and next building in this direction is 15 meters, this adjacent building has the same
height as the case study building. About 10 years ago the ground floor flat owner has installed
internal insulation of glasswool (0.05 m) on the SE wall.

2.2. Methodology

Qualitative and quantitative methods have been used for determination of the possible moisture
sources in the external wall masonry.

Qualitative analysis includes direct observation of the building to identify existing signs of
decay and moisture caused damages.

Quantitative method includes moisture distribution evaluation of the building exterior wall in
relative scales. Moisture of the wall was measured from the outside. Wall moisture measurements
from the inside were limited due to applied internal insulation. The moisture assessment was
carried out in two depths — 2 cm and 20 cm deep in the masonry (including plaster). For these
measurements a multifunction measuring device Trotec T3000 was used [16]. Trotec T3000 was
used with two types of measurement probes for different measurement depths:

— Dielectric probe TS 660 SDI for 2 cm depth;
— Microwave probe TS 610 SDI for 20 cm depth.

Dielectric and microwave probe are both used for moisture distribution measurements in relative
scale and cannot be directly compared with each other. Meaning that the same readings from both
probes does not indicates same moisture contents.

For monitoring purposes, the measured South-East facing wall was divided into smaller squares
forming a grid, approximately 0.4 m to 0.4 m each (Fig. 4). The same grid was used for the
repeated moisture measurements over a period of time. Wall moisture measurements were started
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in the autumn (September 21 of 2018) and were continued until the spring (March 5™ of 2019).

During the monitoring period, wall moisture was measured 5 times.

From the interior side of the wall, the monitoring system was installed, floor plan showing the

measurement points are presented in Fig. 2.
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Fig. 2. Cross section of monitored wall with measurement points.

The monitoring system started to collect data on 20" November 2018. Monitoring system
included relative humidity and temperature monitoring in between the layers of the insulation of

f the relative humidity and temperature in between the layers of
the Honeywell HIH 4000-002 and type T PFA insulated twin twisted

the external wall. Monitoring o

ing

the insulation was done us

logger Campbell CR1000 was used for data logging of these

sensors. For the insertion of the monitoring system, a small hole with a diameter of 27 mm was

pair thermocouple cable. Data

drilled in the internally insulated wall. In total, two relative humidity and two temperature sensors
were installed in the insulation layers. The sensors were installed in pairs (relative humidity sensor

talled 20 cm below the hole, one

pair between the wall and insulation and the other pair between the insulation and gypsum board.

irs were ins

combined with temperature sensor). The sensor pa

Additionally, temperature and relative humidity was measured near the interior surface of the

insulated wall. After the insertion of the relative humidity and temperature sensors, the hole was

refilled with mineral wool and gypsum board. To avoid extra moisture addition to the insulation

system through the cut and to retain access to the sensors, no plaster was used to cover the hole.
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Instead the gypsum board was sealed in place with masking tape, and additionally covered with
vapor tight aluminium adhesive tape.

Weather data from the closest weather station were used. The weather station is located at the
University of Latvia (Fig. 1) and the data are managed by the “Latvian Environment, Geology and
Meteorology Centre” (LEGMC) [17].

3. RESULTS AND DISCUSSIONS

Visual inspection of the facade revealed severe material loss, i.e. plaster and reduced masonry
thickness at the ground level. Moreover, multiple cracks and poor-quality craftsmanship was
noticeable. Algae growth was also evident on some parts of the facade. However, no sign of
efflorescence was noticed. There was also an observation of some repair jobs carried out, where
some of the lost material (plaster, bricks) had been replaced with cement. Near the ground level
on the west-facing wall, a loss of building material was observed. Material loss was most severe
on the edges of the wall and under the window but was almost undetectable on the front facing
wall (Fig. 3).

0 a)

Fig. 3. Fagade of the building: a) South-West fagade; b) South corner; c) right corner of South-East fagade; d) South-East
fagade.

Fig. 4 shows the moisture measurements for both the 2 cm and 20 cm depths. The obtained
values indicate moisture in relative scale, from drier to more wet area, where 0 signifies the
most-dry and 250 the most-wet value.
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131 146 149 148 120 110 124 124 118 130 96 92 140
126 143 128 144 124 137 138 80 97 130 129
129 111 94 92 127 139
150 150 130 131 140 147 146 118 75 95 98 99 105
116 134 131 139 111 108 126 147 133 104
2 cm depth
125 52 45 45 52 39 43 67 63 38 44 34 47 37 52 41 43
100 67 33 52 35
75
50
25 58 65 44 55 52
0 50 43 43 55 64 52 41 56 __72 50 60 58 50 47 70 55 40 36

20 cm depth

Fig. 4. Moisture distribution in the wall, March 5%, year 2019.

The average moisture values for 20 cm depth of the external wall of all the measurement dates
are presented in Table 1. The measurement difference between highest and lowest measured value

varies from 45 in November to 65 in February.

TABLE 1. AVERAGE VALUES OF 20 CM DEPTH MEASUREMENTS

21% September 22" November 19" January 12" February 5t March
Average 48.35 48.56 49.24 50.45 52.30
Max value 79 78 83 89 80
Min value 28 33 30 24 30
Mode 39 50 44 49 47
Median 48 47 48 49 52
Standard
deviation 10.85 9.46 9.18 11.28 11.41

TABLE 2. AVERAGE VALUES OF 2 CM DEPTH MEASUREMENTS

21 September 22" November 19" January 12" February 5t March
Average 99.84 123.95 107.12 119.58 137.59
Max value 182 190 161 161 187
Min value 49 13 14 16 75
Mode 126 126 100 125 147
Median 99 126 108.5 126 139
gtar.‘df’.“d 28.87 30.98 26.44 2121 26.99

eviation

For better understanding of moisture distribution in the wall and how it corresponds to the
changing weather, the measurement area was divided in three sections (Fig. 7). The sections are
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bottom section from ground up to 0.8 m, middle section from 0.8 m to 1.6 m and top section from
16mto2m.

In Fig. 5 changes of average values in top, middle and bottom sections, for 20 cm depth
measurements are presented. There has been an upward trend at the bottom section of the wall,
during the measurement period. Likewise, the top section follows the upward trend, with the slight
decrease from 1% to 2" measurement. The moisture measurements of the middle section had a
drop of average moisture value in January, but afterwards they start to follow an upward trend.

51

49

48

47 I

46 l I
45 ]

21st September ~ 22nd November 19th January 12th February 5th March

Average moisture value
n
o

Measurement date
m bottom mmiddle m=top

Fig. 5. Average moisture value changes for 20 cm depth measurements.

In Fig. 6 changes of average values in top, middle and bottom sections, for 2 cm depth
measurements are illustrated. The 2 cm depth measurements follow a very similar trend as the
20 cm depth measurements in the middle section, with an increase in the period from the
September to November, followed by a drop and then continuing an upward trend.

21st September  22nd November ~ 19th January 12th February 5th March

165
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Measurement month
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Fig. 6. Average moisture value changes for 2 cm depth measurements.

In Fig. 7 the average moisture measurement values are compared to each other and to average
relative humidity period of 24-hours, prior to the measurements. It can be seen that 2 cm depth
measurements, that represent moisture values near the surface, are more than two times greater
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than 20 cm depth measurements that represent moisture values 20 cm inside the masonry. During
the measurement period, average 20 cm depth measurements change only by 3.5 during the whole
period, but maintain the upward trend. 2 cm depth measurements on the other hand fluctuate and

change by a total of 37.75 during the measurement period.

160
140
120

Moisture value
(o]
o

48.35

21st September

22nd November

123.95

°
4
8.56

107.12

9.24

119.58
]

50.45

e

19th January

Months

12th February

100
137.59
90
°
85
80
52.3 75
70
65
60
5th March

Relative humidity, %

20 cm depth mmmmm 2 cm depth —e— Average Relative humidity of 24 h prior to the measurements

In Fig. 8 the correlation between the outdoor relative humidity and wall moisture is presented.

Fig. 7. Average values of the wall moisture measurements and outdoor relative humidity

The correlation observed is good for 2 cm depth and little less for 20 cm depth.
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values.

Rain load events with the total amount of rain 1 mm or greater are shown in Fig. 9. Total rain
event is greater between 1%t and 2" measurement, than between the 2™ and 3" measurements. That
could explain the sudden drop of average moisture values in the 3 measurements
(in 19" January). Moreover, the 4™ and 5™ measurements, that have shown the highest average
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Fig. 8. Correlation between outdoor relative humidity and: a) 2 cm depth measurement values; b) 20 cm depth measurement
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Fig. 9. Rain load event during the monitoring period.

24-hour cumulative rain events of three consecutive days prior to the measurements are
presented in Fig. 13. When comparing Fig. 7 with Fig. 10, it can be seen that on the 12 February
when the total rain load is higher (by 9.5 mm), the average 2 cm depth measurement is slightly
lower (by 18.01) than on March 5" However, the rain load during March 5™ is higher
(by 4.9 mm) than on February 12. After comparing average moisture values of 2 cm depth
measurements with the rain event from Fig. 10, it can be seen that the average moisture value is
affected more by the rain load event 24-hours before the measurement, rather than total rain load
event of the 3-day period prior to the measurement.
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Rain load, mm
=
o
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Measurement date

® Rain load in measurement day = Rain load 1 day before

Fig. 10. Rain load of three days prior to the measurement.
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The dominant winds and wind speeds during the monitoring period are shown in Fig. 11. Over
the period of three days prior to the measurements on 12 February and 5™ March, the following
wind conditions were observed:

— 12™ February 58.46 % of wind comes from the South, followed by 13.58 % from South-
West with a dominant speed of 5 m/s;

— 5™ March 47.69 % of wind comes from the South west followed by 18.6 % from South,
with a dominant speed of 3 to 5 m/s.

North
0.25

North-West 0.2 North-East

0.15

West East

South-West South-East

South
>9 [m/s] m8-9 [m/s] m6-7 [m/s] m4-5[m/s] m2-3[m/s] mO0-1[m/s]

Fig. 11. Wind direction and speed during the monitoring period.

Fig. 12 present relative humidity and temperature measurements during the monitoring period.
It can be seen that relative humidity under the insulation material stays mainly below 80 % that
has been considered as the critical moisture when the mold growth would occur. Relative humidity
fluctuates during the monitoring period from 58.85 % to 83.9 % and on the average is 74 %. It
also can be seen that temperature under the insulation material stays above 0 °C that reduces the
risks of freeze thaw cycles to occur. During the monitoring period temperature fluctuates from
5°Cto 11.5 °C and on the average is 8.4 °C.
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Fig. 12. Relative humidity in the insulation system.
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4. CONCLUSIONS

The main goal of this research is to study application of internal insulation in historic buildings
by assessing the possible moisture sources in the external wall and their impact on moisture
content and moisture transport in the wall.

Obtained results show the loss of external plaster is obvious in many areas of the facade,
combined with cracks, and cuts. These open areas allow outdoor moisture i.e. wind driven rain, to
easily penetrate the wall. Algae growth on the fagade indicates that rain water has been present on
the walls’ surface.

Measurement results also show that moisture content is building up during the autumn and
winter periods. This is strongly influenced by outdoor moisture, both relative humidity and rain
load events. The dominating wind during the monitoring period was from the same direction as
the assessed facade is facing (SE), indicating that wind driven rain could be the reason for the
accumulation of moisture in the masonry.

Outdoor weather conditions also have an effect on the interstitial conditions between the layers
of the insulation and the external wall. But no interstitial condensation has been observed during
the monitoring period. Highest relative humidity beneath the insulation material during the
monitoring period reaches 84 % and for most of the time relative humidity stays under 80 %. Such
moisture conditions do not cause high risk of mold growth. Results from biological assessment of
insulation sample taken from the wall show no signs of mold presence.

No clear signs of rising damp problem were observed during the monitoring period. But as the
monitoring period took place only seven months in the cold period of the year, rising damp
problem could still be a problem during the spring and warm months of the year.

It must be considered that the non-homogeneity of the fagade could be the reason for the
fluctuations of the measurements, especially the 2 cm depth measurements close to the surface.

For more conclusive results, monitoring should be continued for at least one full year. Wind
driven rain measurements on the fagade and continuous moisture monitoring at different heights
of the masonry will be performed.
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Abstract — The EU 2030 climate package calls for raising energy efficiency, increasing usage
of RES and decreasing the carbon footprint. There are stringent requirements for new
buildings, but the energy efficiency potential in the existing building stock is still not fully
explored. The latest trend in urban energy efficiency is the Positive Energy Block (PEB)
strategies for new developments. It includes raising building energy efficiency, optimizing
energy flow and implementing renewable energy sources (RES). Transforming all existing
blocks in a city centre to a PEB would radically change the pattern of energy supply and
consumption. European cities have historic centres with great architectural and cultural
value. Any urban regeneration strategies must respect and preserve historic values. This
paper describes double multi-criteria analysis evaluating urban blocks from both the energy
efficiency and cultural heritage perspective with the goal to select the sample block for a
“Smart urban regeneration — transition to the Positive Energy Block” case study. Proposed
criteria for multi-criteria analysis to evaluate cultural heritage, liveability and energy
efficiency potential describes specific qualities of the urban block. The obtained results show
that blocks with higher cultural value show less energy efficiency potential and vice versa. It is
recommended to apply cultural value and liveability qualities in the Smart urban
regeneration process to those blocks with high energy efficiency potential.

Keywords — Building energy efficiency; cultural heritage; Davos declaration; energy
community; historic city centre; liveable city; multi-criteria analysis (MCA); Positive
Energy Block (PEB); smart urban regeneration

Nomenclature

PEB Positive energy block

MCA Multi-criteria analysis
nZEB Nearly Zero energy building
RHC Riga Historic Centre

GHG Greenhouse gases
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1. INTRODUCTION

1.1. Climate Change Mitigation

Frequent extreme weather occurrences, irreversible loss of biodiversity, animal species
migrating to new habitats misbalancing local ecosystems, even humans are migrating or being
displaced facing extreme weather or related scarce resources/nutrition are the effects of
climate change we have to face. The climate change is present and very likely driven by
anthropogenic impact (raising GHG levels due to human activities) [1]-[5]. To mitigate
climate change, the Paris Agreement has set the goal to restrict anthropogenic impact on
climate systems by decreasing GHG emissions and limiting global temperature increase to
1.5°C [6], [7].

The EU is fully committed to international climate mitigation goals and continually sets
new targets for GHG reduction in climate policy packages developed by the European Climate
Change Programme and each member state contributes to the common goal [8]. The 2030
climate and energy framework is currently in force and it aims to cut GHG, to increase the
use of renewables and to raise energy efficiency [9].

1.2. Dilemma — Building Energy Efficiency in Historic City Centre vs Preservation of
Cultural Heritage

Buildings and construction account for 36 % of global final energy [10], cities account for
around 75 % of CO; emissions from final energy use [11], [12] and this makes the building
sector and urban areas a target of energy efficiency policies [13]-[16]. There are stringent
requirements for new developments — all new buildings must be nearly zero energy buildings
(nZEB) and the latest EU Directive 2018/844/EU stresses the necessity of reaching nearly
zero energy building benchmarks in building renovations and decarbonizing the existing
building stock.

There are a number of techniques developed for energy efficiency measures for buildings
built in the post-WWII era. Thus pre-WWII buildings demand more skilled renovations,
preserving possible cultural heritage values [17]-[19]. Especially in dense urban
environments, new energy efficiency techniques for renovation of culturally valuable
building stock are urgently necessary to fulfil the plans of decarbonising the existing building
stock.

Energy efficiency driven refurbishment often is accused of not respecting the aesthetic
needs and surrounding context and prioritizing technological and economic issues. To trigger
changes in building processes and understanding of the importance of the built environment,
Davos declaration (2018) calls to reinforce the traditions of high quality “Baukultur” and
reminds us that the built environment is one of essential cultural values — it creates a scene
for habitat and is essential to the quality of life. The Davos declaration emphasizes the
importance of liveable surroundings and preservation of cultural values [20], [21]. On one
hand there lies big energy efficiency potential in existing building stock, but on the other
hand cultural values must be preserved. Will the Davos declaration requirements limit local
and global energy efficiency and climate goals? To what extent? Is there a compromise
possible?

Research project “Smart urban regeneration — transition from traditional urban block to the
Positive Energy Block in Riga Historic Centre” will evaluate the possibilities and limits of
energy efficiency driven smart urban regeneration in valuable historic environment.
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1.3. Positive Energy Blocks

Research launched matches to the European Strategic Energy Technology Plan (SET-Plan)
aiming to reduce GHG emissions accelerating the deployment of low-carbon technologies
and specifically addresses smart cities and communities as the target group by introducing
positive energy blocks/districts [22]. In the scope of building a low-carbon, climate resilient
future, the concept of smart cities has been developed to promote energy transition in cities —
“Positive Energy Blocks (PEB)/districts consist of several buildings (new, retro-fitted or a
combination of both) that actively manage their energy consumption and the energy flow
between them and the wider energy system. PEB/Districts have an annual positive energy
balance. They make optimal use of elements such as advanced materials, local RES, local
storage, smart energy grids, demand-response, cutting edge energy management (electricity,
heating and cooling), user interaction/involvement and information and communications
technologies (ICT)” [23], [24]. In a symbiotic approach combining all buildings within one
block in a single energy system can be beneficial to every building unit and the overall
building energy efficiency goals can be easier to achieve.

1.4. Smart Urban Regeneration — Transition to a Positive Energy Block Respecting the High
Quality of Baukultur

The research has two equally important goals — to reach a positive yearly energy balance
and to apply high quality Baukultur requirements to energy-driven, smart urban regeneration.
The result of this research will demonstrate to what extent preservation of cultural values
might limit energy efficiency goals. The first step of the study and the scope of this paper is
the selection of Riga’s Historic Centre urban block with the greatest potential to reach a
positive yearly energy balance.

2. METHODOLOGY OF THE STUDY

Proposed methodology of selection of the urban block with the greatest potential to reach
the positive yearly energy balance is applicable to any densely built urban environment.

The aim of the first step of the study is to select a RHC block for smart urban regeneration.
Since there are two equally important goals for the study, the selection of the block is
considered from two perspectives — its energy efficiency potential and the high quality
Baukultur and liveability in urban blocks.

The selection of the block will be based on multi-criteria analysis (MCA) where possible
alternatives are evaluated according to the set of criteria important for the goal [25], [26].
MCA has been used in numerous sustainable development studies [27]-[34].

Research is carried out in three phases (Fig. 1). In PHASE 1 — the decision-making context
is identified, goals are set and a decision-making hierarchy is created. In PHASE 2 multiple
sets of MCA are performed according to the number of stakeholders involved. In the scope
of this research “Energy efficiency” and “Cultural heritage and liveability” are considered.
The alternatives are ranked according to the sub-goals of each analysis, and the best
alternative for each stakeholder is determined. In PHASE 3 results are compared and final
decisions made based on PHASE 2 findings and summarized in conclusions.

232
193


javascript:;
javascript:;

Environmental and Climate Technologies
2019/23

PHASE 1

IDENTIFYING THE COTEXT, SETTING THE GOAL

Identification of the goal

PHASE 2
SELECTION OF ALTERNATIVES FROM VARIOUS PERSPECTIVES -

STAKEHOLDERS
Multicriteria analysis according to specific subgoal "Energy efficiency"
Multicriteria analysis according to specific subgoal “Cultural heritage and liveability"
Multicriteria analysis according to specific subgoal "Investments"
Multicriteria analysis according to specific subgoal
"Municipal development preferences"

PHASE 3
COMPARISON OF RESULTS AND DECISION MAKING

Conclusions

Fig. 1. Methodology of the study.

MCA is carried out in three steps. The 1% step is to define outranking criteria that are
essential for the goal, so the blocks missing essential criteria are excluded from further study.
The 2™ step is to define and weight criteria using Analytical Hierarchy Process methodology.
In the 3" step TOPSIS is used for ranking the alternatives [25].

3. CASE STUDY: URBAN BLOCK SELECTION RIGA HISTORIC CENTRE FOR
SMART URBAN REGENERATION

3.1. PHASE 1 - Identifying the Context, Setting the Goal

Context. Fig. 2 illustrates the average age of buildings in Riga city [35]. The city centre
comprises of the oldest buildings (more than 80 years), but the outskirts of the city are
dominated by buildings of less than 50 years illustrating the expansion waves of Riga city.
The launched study focusing on Historic Centre of Riga will provide new knowledge for
energy efficiency driven intensive refurbishments in dense urban areas carrying cultural
values.
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Fig. 2. Average age of inhabited dwellings in Riga [32].

The special value of the Riga Historic Centre RHC (Fig. 3) is its unique architecture — Art
Nouveau buildings, wooden buildings and industrial architectural heritage. Historical values
coexist with multifunctional use. RHC is a town-constructive monument with a unique
landscape consisting of the multifunctional character of the city centre and its unique
architecture. Preserving the cultural heritage while implementing the new developments to
the historical environment is the vision set out in the ‘’Riga Sustainable Development
Strategy 2030”” [38].

The Boundary
of Historic
centre of Riga

The boundary of the
protection zone of the
historic center of Riga

(@) (b)
Fig. 3. (a) Riga Historic Centre in the context of the city [36]; (b) zoning in Riga Historic Centre and its protection zone [37].

The status of the UNESCO World Heritage Site [39], [40] puts the city of Riga in the
context of global urban competition. The rich cultural background makes RHC a perfect scene
for Smart urban regeneration — transition to a PEB respecting the high quality Baukultur.

The goal. The first step in the Smart urban regeneration research project is to select the
RHC urban block that reflects energy efficiency capacities and high quality Baukultur and
cultural heritage values.

The RHC and its protection zone are subdivided in 11 characteristic territories (Fig. 3(b)).
This research is focusing on the densest territories of RHC — its core (No. 3) and the outer
parts of the core (No. 5). The first screening of RHC shows that blocks with energy efficiency
capacities are located at the outer perimeter of RHC, but blocks with higher cultural value are
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concentrated in the central parts of RHC, therefore two sub-goals are defined in decision
making hierarchy 1) to find the RHC urban block with the highest energy efficiency potential
and 2) to find the RHC urban block representing the highest qualities of cultural heritage and
urban liveability.

3.2. PHASE 2 - Selection of Alternatives from Various Perspectives

3.2.1. Multi-Criteria Analysis, Selecting the “Cultural Heritage Block”

The unique values of RHC — listed buildings of national importance, Art Nouveau buildings
and wooden buildings — are defined as the outranking criteria for further selection of “Cultural
heritage block”. Map overlay method [41], [42] was used in this step — colouring blocks
comprising each outranking criterion. Blocks that comprise all three criteria are the subject
of the next step of the evaluation process. 15 blocks were selected (Fig. 4).

Wood architecture

Art Nuveau architecture

\ p
N & of national
AN

Fig. 4. Overlay map of architectural values in RHC.

Criteria. The presence of cultural heritage or buildings of high architectural value is just
one component essential for habitable environment. The space between the buildings is
another important component — it can upgrade if it is human-oriented or downgrade the living
environment if human needs are disregarded. Jacobs [43], Whyte [44], [45] were the frontiers
of the human-oriented approach in urban planning. The term liveability is introduced to
describe the quality of life in living environment integrating physical and social wellbeing
parameters. There are different methods of evaluating urban liveability ranging from socio-
economic oriented methods designed for expatriates, businessmen, investors, corporations to
more urban planning related criteria designed for residents and city population [46]-[64]. In
the scope of this study, urban planning parameters are found to be more suitable. Following
the path of the human-oriented approach, influential urban design consultant Jan Ghel has
defined 12 liveable city criteria divided in three categories [65], [66]:

— Protection — protection against traffic and accidents, protection against crime and
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violence and protection against unpleasant sensory experiences;

— Comfort — opportunity to walk, to stand/stay, to see, to talk, to play and exercise;

— Delight — human scale design, opportunities to enjoy local climate, and to gain positive
sensory experiences — fine views, plants, trees and water presence.

RHC is a rather homogenous environment and most of these criteria are relevant to all the
RHC urban blocks — some of those are developed equally well (walking opportunities and
human scale for instance); some are equally disregarded (exercising opportunities).

Liveability of cities is a dynamic process — it involves a lot of participants and holds the
unstable character of human decisions. Defined criteria and evaluation of urban blocks is the
attempt to capture RHC situation in one moment of time. To compare building blocks
following criteria are used combining cultural heritage and liveability aspects.

TABLE 1. “CULTURAL HERITAGE AND LIVEABILITY BLOCK” CRITERIA

Criteria

Definition

Cultural heritage

Cultural and Evaluates diversity of values in an urban block. RHC comprises Art nouveau and wooden
historical buildings, national and local cultural monuments, as well as buildings with a specific cultural
significance and historical value. RHC urban blocks vary in their cultural heritage capacity

Variety of More construction periods show a wider spectrum of the development periods of city, believes
construction and values of different times and create richer background for further developments

periods

Protection

Protection against
crime and violence

Protection against
unpleasant sensory
experiences

Most important criteria for liveable cities

Air pollution and noise problems are directly related to the intensity of the traffic of street
adjacent to the urban block. More intensive streets create more pollution and noise. Blocks
not directly connected to the main arteries of the city are considered more liveable despite the
fact that over the years the greatest architectural achievements and treasures were on display
facing the most important routes of the city

Comfort

Opportunity to stay ~ There are several parks at the central part of the RHC that are accessible to any urban block

and sit within a walking distance (15 min), but public spaces along the streets are poorly developed.
None of RHC urban blocks are privileged to comprise a pedestrian street or public recreational
spaces. In this criteria street cafes are recognized as an added value to the streetscape and urban
environment

Landscaped Municipal decisions to support and develop car infrastructure has led to private initiatives to

courtyard explore their properties as parking lots for cars. Car infrastructure in inner spaces of urban
blocks prevails over space for leisure, exercise and recreational functions. Landscaped
courtyards add qualities to the urban liveability

Delight

Positive sensory
experiences

Renovation cycle of
buildings

Positive sensory experiences among other aspects are provided by the presence of trees, plants
and water. Trees along the street add a positive sense to the urban environment

High quality Baukultur should not stop with handing the key to the owner. Not only buildings
should be built following high standards but respectfully maintained as well. Jan Gehl's
criteria are complemented with the criterion evaluating the condition of the buildings — are the
buildings well preserved improving the environment or deteriorated degrading the
environment

The weights of the criteria are obtained in a pairwise comparison matrix according to
Analytical Hierarchy Process methodology [25]. Fig. 5 reflects the criteria weight. Cultural
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significance and a variety of construction periods are defined as the most important criteria
for “Cultural heritage block”. From the liveability perspective, the most important is
protection against crime, good sensory experience and the renovation of buildings. Weighted

criteria reflect the priorities of the authors.

0.25

0.20

0.15 —

0.10 —

0.05 —

0.00

Culture

Indicators. Each criterion is evaluated with the relevant indicator best describing the

Variety Crime Noisy Yard Trees  Renovation

streets

Stay

Fig. 5. Cultural heritage and liveability criteria weight.

qualities and the essence of the criterion summarized in Table 2.

TABLE 2. “CULTURAL HERITAGE AND LIVEABILITY BLOCK” CRITERIA EVALUATION INDICATORS

Criteria

Definition

Cultural heritage

Cultural and historical
significance

Variety of
construction periods

For each architectural monument of national importance 3 points, 2 points for the local
monument and 1 point for each other building with a historical value. Specific indicator
was obtained dividing the total number of points by the number of plots in the block [64],
[67]

7 construction periods were defined — 1) prior to 1884; 2)1885-1923; 3)1924-1944;

4) 1945-1960; 5) 1961-1991; 6) 1992-2000; 7) 2001 — up until nowadays. 1 point for

each decade of the construction period was awarded. Specific indicator was obtained
dividing the total number of points by number of plots in the block [68]

Protection

Protection against
crime and violence

Protection against
unpleasant sensory
experiences

Number of crimes over last 3 years committed in urban block and adjacent streets were
counted. Specific indicator was obtained dividing the total number of crimes by the total
area of the block [69]

Each adjacent street of the block was evaluated. 0 points if the street is a part of route of
national importance; 2 points for city magisterial street; 3 points for secondary street; 4
points for small by-street was awarded. Specific indicator was obtained dividing the total
number of points by number of adjacent streets in the block [64]

Comfort

Opportunity to stay
and sit

Landscaped courtyard

Meters of the street length occupied by seasonal street cafes bars were evaluated. Specific
indicator was obtained dividing the total meterage of cafes by total perimeter of the block

In the scope of this study, it was determined that publicly accessible parking lots serve the
cars, not the people residing in the city. Plot in an urban block comprising public parking
lot is penalized with —2 points. —1 point if inner courtyard serves just for cars. 0 points if
courtyard is left empty, with no landscaping elements. 1 point if there is vegetation in
courtyard with cars. 2 points landscaped courtyard without cars. Specific indicator was
obtained dividing the total number of points by number of plots in the block
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Delight
Positive sensory Street landscaping is evaluated in this criterion. Each adjacent street is considered —1 point
experiences if there are no trees along the street and cars are occupying part of the sidewalk. 0 points if
there are no trees on any side of the street and cars are parked on the road. 1 point if there
are trees along one side of the street. 2 points if there are trees along both sides of the street.
Specific indicator was obtained dividing the total number of points by number of adjacent
streets in the block [64]
Renovation cycle of 0 points for abandoned and deteriorating buildings long past the necessary renovation
buildings cycle; 2 points for un-renovated building closely past the renovation cycle and 3 points for

renovated buildings are awarded. Specific indicator was obtained dividing the total number
of points by number of buildings in the block

Ranking the alternatives. There are two distinctive blocks among others. Block No. 11 and
Block No. 50. First one located at a border of RHC comprises outstanding cultural heritage
values — the most remarkable Art Nouveau examples in Riga Historic City. The second block
ranking the highest overall ranking of alternatives from cultural heritage and liveability
perspective is a small urban block in the inner part of RHC. Block No. 50 gains this
predominance ranking high both in terms cultural heritage and in the top 3 in terms of
liveability criteria (crime, unpleasant sensory experiences and renovation of buildings).
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0.60 —

050 4 —] — — —|

040 —  — — — —

Overall score

030 4+ — — — —

020 4+ — — — —

010 .- W - 4H> =

0.00
11 10 9 29 6 26 4 25 42 41 51 50 65 71 15

Riga Historic Centre Blocks
Fig. 6. Ranking the “Cultural heritage and liveability” alternatives.

3.2.2. Multi-Criteria Analysis, Selecting the “Energy Block”

Multi-criteria analysis goal from the energy perspective is to select the Riga Historic Center
urban block with the greatest potential for transformation into a Positive Energy Block.

There are two phases for selecting the most appropriate urban block for transition to the
PEB. In the first phase outranking criteria are defined. The urban block is processed for
further research if: 1) there is an energy intensive enterprise located in the block; 2) the block
has a residential function of at least 10 %; 3) there is an undeveloped plot in the urban block
for highly efficient development. The medieval part of the RHC and the boulevard circle was
excluded from further study since those are areas of special cultural value and distinctive
character. The research area is marked with a blue dotted line (see Fig. 7). Map overlay
method was used to visualize the shortlisted urban blocks. The darker the block (multiple
layers) — the more qualities it carries. From the 82 RHC urban blocks in Riga Historic Centre,
12 blocks are suitable for more detailed research and multi-criteria analysis.
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Fig. 7. Shortlisted “Energy blocks”.

TABLE 3. “ENERGY BLOCK” CRITERIA

Criteria

Definition

Building density

Proportion of
residential function

Future development,
new buildings

Possible intensive
refurbishment

Energy intensive
function

Type of energy
intensive function

Density of an urban block indicates the percentage of built footprint from total area. Free area
for new development would be desirable and for allocating RES technologies. High density
could limit these possibilities. Low density indicates poor development of the block

It is important that residential and non-residential functions are represented in the urban
block, because, typically, these functions share different times of day. If one function strongly
prevails over the other, a misbalance occurs the can lead to energy demand and supply jams

Every possibility for nZEB development in PEB would lower the overall average energy
demand in a block. In new development advanced energy production and exchange
technologies could be widely implemented

In the historic city centre there are a number of listed buildings where energy efficiency
improvement measures are limited. This criterion encounters the amount of buildings where
the intensive energy efficiency driven refurbished can be applied. The more there are
buildings the can be intensively refurbished — the lower the overall energy demand of the
block

To develop efficient and advanced energy exchange concepts energy intensive consumer
within the block is needed in PEB. Energy intensive consumer can become waste heat source
and surplus energy produced should not be transmitted to the grid. There are 5 energy
intensive functions recognized in RHC: 1) production; 2) data centres; 3) office buildings;
4) hotels; and 5) libraries with strict indoor climate regulation demand. Cafes, restaurants are
not considered energy intensive in the scope of this study

Defined Energy intensive functions vary in their intensity. Since there is no energy
consumption data available for each building “type of energy intensive function” estimates
the differences between functions

Criteria. MCA method TOPSIS for selecting the energy block is chosen. Six criteria are
defined to evaluate urban blocks and their capacities for transition to a Positive energy block.
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Criteria weights are obtained in a pairwise comparison matrix following the Analytical
Hierarchy Process methodology [25]. Selected criteria are applicable worldwide in dense
urban areas. Selected alternatives are local.

The most important criteria within the scope of this study are the presence of energy
intensive enterprise in the urban block and its type. There are a lot of strategies widely
applicable to building thermal envelope. But the energy efficiency strategies dealing with the
optimization of energy exchange are the next generation in transition to Positive Energy
Blocks. Therefore, criteria “Energy intensive function” and “Type of function” are strongly
prevailing over the other criteria. Fig. 8 reflects the overall criteria weight. All the selected
criteria are important for further study. Criteria with less significant importance in selection
of urban block are the “Building density” and “Residential function”.
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Fig. 8. “Energy block” criteria weight.

Indicators. Each criterion is evaluated with the relevant indicator best describing the
qualities and the essence of criterion summarized in Table 4.

TABLE 4. “ENERGY BLOCK” CRITERIA INDICATORS

Criteria

Definition

Building density

Proportion of
residential function

Future development,
new buildings

Possible intensive
refurbishment

Energy intensive
function

Type of energy
intensive function

Building footprint is divided by the overall area of the selected block. As the optimum 50 %
of building density is defined Distance from 50 % is calculated [67]-[71]

As the optimum 50 % of residential function proportion in urban block is defined. Distance
from 50 % is calculated [67]-[72]

Possible new development building footprint in every plot is evaluated. Total new
development footprint in all plots of the block is divided by the overall area of the block [73]

Buildings 1960-2000 are designated for intensive energy efficiency refurbishment. Criterion
expressed as the building footprint divided by the overall area of the block

Criterion expressed as the energy intensive building footprint divided by the total area of the
building footprint in the block including new development

The most energy intensive function is the industrial enterprises awarded with 5 points. Less
intensive (and less waste heat expected) functions are data centres — 4 points. Data office
buildings — 3 points, hotels — 2 points and libraries (conditioned) — 1 point
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Since the data obtained have incomparable dimensions, data normalization is carried out
according to Weitendorf linear normalisation [74]. Eq. (1) for maximised values and Eq. (2) for
minimised values:

a;; —Min

bij :_IJ IJ ] (1)
max;; — min;;
max;: — a.;
1 |
= v
maxij—mln ij

Ranking the alternatives. The alternative with the highest ranking (Fig. 9) is average size
urban block that scored high in three most important criteria — it comprises a data centre that
occupies about half of building footprint of urban block “22”, the type of function is
the second most intensive and it carries big potential for intensive energy efficiency
refurbishment. Urban block “45/54” ranking second, comprises a significant footprint of
the data centre as well. Urban block “72” ranking third comprises the most intensive function
— industry, but it covers proportionally less of the overall building footprint in the urban
block.
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Fig. 9. Ranking “Energy block” alternatives.

3.3. PHASE 3 — Comparison of the Results, Decision Making

The study shows that higher quality architecture carrying more significant cultural value is
concentrated in the central areas of Riga Historic Centre along the main routes, where once
it had a representative function — to exhibit the technological achievements and conceptually
new ideas. Unfortunately, over time the main routes have lost their role to showcase new
architectural concepts and ideas and have turned into transportation infrastructure. Cars
prevail over humans and the culturally most valuable areas are losing their liveability to
traffic. It is found that the blocks with higher liveability capacity are located a bit away from
the main streets but still in central areas of the RHC. These blocks have a lower cultural value,
but higher liveability qualities.
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“Energy blocks” are mostly situated in areas at the edges of the RHC. Most of the identified
energy intensive units are built after WWII. In post-war planning, public spaces where
injected in the existing urban pattern. Post-war/Soviet-period buildings have not been
evaluated yet, none of these buildings are listed. In outranking phase of multi-criteria analysis
creating the shortlist of potential urban blocks suitable for the research only two blocks No.
21 and No. 71 were on both lists “Energy” and “Heritage”. Neither of those ranked high in
overall ranking of alternatives and were not discussed for further research.

Energy perspective multi-criteria analysis has highlighted urban block with significant deep
decarbonisation potential. Cultural heritage and liveability MCA have highlighted two
outstanding Riga Historic Centre blocks — one carrying cultural heritage values, but the other
— representing urban liveability qualities. The decision has been made to select block No. 22
for Smart Urban regeneration and implement the liveability and cultural qualities of blocks
No. 11 and No. 50 to create a vibrant city centre block.

4. DISCUSSION

In this paper an attempt of quantifying and measuring cultural heritage, urban liveability
and energy efficiency potential of urban bocks is described. The proposed methodology on
selecting the urban block for transition to Positive Energy Block with defined criteria
adequately reflects energy efficiency potential and cultural heritage intensity and liveability
qualities of urban blocks and can be used worldwide. Further steps of the launched research
will be to develop: 1) intensive energy efficiency refurbishment strategies; 2) renewable
energy strategies; 3) energy supply-demand strategies for culturally valuable urban block. In
addition, further research will be to 1) implement identified urban liveability strategies within
the design of the city and 2) evaluate the impact of historical heritage preservation on energy
efficiency measures.
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Optimizing energy consumption in the cities might present a significant impact on decarbonization
strategies approaching carbon neutral future in 2050. Positive Energy Block initiative is targeted
particularly to densely build environments promoting shared on-site renewable energy production and
storage, using smart grids, internet and communication technologies, Internet of Things and other highly
advanced energy efficiency technologies within the neighborhoods. Research presented focuses on
transition from traditional urban block to Positive Energy Block in valuable environment of historic city
center exploring possibilities of waste heat regeneration and on-site renewable energy technologies.
Energy consumption data is analyzed and the conception for possibilities of on — site renewable energy
generation and waste heat recovery from data centers and cooling units in selected urban block is drawn.
The results indicate that very ambitious targets for energy efficiency improvement are needed to achieve
positive energy block — 65% and 60% for electricity and heating consumption, respectively. Possible
savings of CO, emissions are 45—50 kg/m? per year.

Waste heat

© 2020 Published by Elsevier Ltd.

1. Introduction

Climate change causes health risks [1], extreme weather [2]
conditions and reduces biodiversity [3]. To mitigate the climate
change that is recognized to very likely be driven by anthropogenic
impact [4] Paris Agreement has set the goal to decrease anthro-
pogenic GHG emissions and to limit global temperature increase to
1.5 °C [5]. The set goal should guide policy makers and industry to
come up with new solutions — social [6] and technological [7].

Cities that occupy only 2—3% of the world’s land are responsible
for 70% of world’s greenhouse gas emissions causing the global
warming [8]. Therefore energy efficiency measures should target
entire energy systems in the cities. Smart cities and communities
are at the core of action of European Strategic Energy Technology
Plan (SET-Plan) aiming to reduce GHG emissions decarbonizing city
energy systems and introducing positive energy blocks/districts to
local communities [9]. The Positive Energy Blocks often faces
challenges that should be resolved. Among these challenges [10]

* Corresponding author.
E-mail address: andra.blumberga@rtu.lv (A. Blumberga).
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are political, economic, technical, spatial, etc. that might be
resolved by establishing communication between all the involved
parties.

It is characterized [11] that eventually Positive Energy Blocks
will lead to Positive Energy Districts and Energy Positive Neigh-
borhoods, thus approaching low carbon society in the cities.
Overall, it is expected [12] that PEBs will stimulate the usage of
Renewable Energy Sources (RES) and also support the improve-
ment of energy efficiency within mentioned PEBs. Thus, by means
of RES usage PEB goal might be achievable.

Research has been launched in the light of cutting CO, emissions
in the cities focusing on decarbonizing existing building stock in a
densely built urban historic city center. To reach the goal, a tran-
sition from traditional energy block to PEB is needed.

The novelty of the research project is to combine several energy
efficiency improvement technologies — nZEB refurbishment stra-
tegies, waste heat regeneration, smart energy systems — including
on — site RES technologies and Positive Energy Block principles — to
a historic urban block. In this paper, the results of preliminary
evaluation of potential to reduce CO, emissions are presented.

The paper describes 1) overall methodology of the study; 2)
methodology of the holistic design in transition from traditional
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Nomenclature

a Annum

Al Artificial intelligence

DHW Domestic hot water

DC Data center

GHG Greenhouse gases

HP Heat pump

HVAC Heating Ventilation Air conditioning

ICOMOS The International Council of Monuments and Sites
ICT Information and communications technologies
IoT Internet of Things

LCA Life cycle analysis

MCA Multi-criteria analysis

nZEB Nearly Zero energy building
PEB Positive Energy Block

PED Positive Energy District

PEN Positive Energy Neighborhood
PV Photo — voltaic panels

PVT Photo — voltaic panels/thermal
RES Renewable energy source
RHC Riga Historic Centre

SES Smart energy systems

historic urban block to Positive Energy Block; and 3) preliminary
calculation of potential decarbonization level of selected urban
block.

2. Literature review. Transition from traditional to positive
energy block

Potential energy savings in transition from traditional to Posi-
tive Energy Block can be divided into three main groups: 1)
building related; 2) introducing smart energy systems including
waste heat utilization and renewable energy sources and 3) social
energy savings via energy communities and other behavioral en-
ergy savings.

2.1. Building related energy savings

Building thermal envelope. Buildings are responsible for 36% of
the global final energy and ~40% of energy - related carbon dioxide
emissions according to 2018 Global Status Report [13]. There lies a
great potential for energy consumption reduction. Latest amend-
ments of the existing legislation on building energy efficiency,
Directive 2010/31/EU calls for decarbonization of existing building
stock via deep renovations aiming for nZEB level [14].

Intensification of building density. Building highly efficient
buildings within the block in empty plots or adding extra m? to
existing structures would lower the overall specific indicator in
kWh/m?. Added structures have to be designed thoroughly in order
not to diminish the existing urban qualities of a historic urban
block.

2.2. Energy savings implementing smart energy systems

In the scope of this study smart energy systems are considered
in the broadest sense of the term not only focusing on smart grid
and ICT solutions, but as a holistic view on a system including all
energy carriers [15] within defined boundaries (the whole urban
block in the scope of this study). A s mart energy system will allow
the concept described above to operate with its fullest potential,
avoiding losses, and ensuring an ongoing optimization process via
constant monitoring and analysis of the demand side of energy
system. Smart energy systems that will be developed at later stages
of this research at the urban block level would be scalable to the
Smart City level thus contributing to the wider decarbonization
goals [16].

Smart grid, ICT, IoT. There are several definitions of smart grids
[17]. In the scope of this study the one defined already in 2006 by
European Technology Platform [18] is considered: “Smart grid is an
electricity network that can cost efficiently integrate the behavior and
actions of all users connected to it — generators, consumers and those

that do both — in order to ensure economically efficient, sustainable
power system with low losses and high levels of quality and security of
supply and safety.” Smart grid operates using smart metering sys-
tems and intelligent appliances using IoT technology which allows
to optimize energy flows — reducing peak loads by shifting the
operation of smart appliances to the low demand periods and
simultaneously reducing the cost for energy; allows to avoid un-
necessary losses; ensures demand responsiveness, analyses historic
data and manages prediction based on self-learning algorithms
under different uncertainties and offers demand — response flexi-
bilities [17,19]. Smart grid systems would take over the human
dependent behavioral energy savings due to its reliable, precise and
intelligent consistency.

Smart grid is mainly referred to the electricity sector, but it can
be applied to the thermal energy systems as well [20].

Capturing waste heat or cold. “Waste heat is equivalent to the
energy load that is not extracted otherwise and requires external
cooling” as stated in Annex IV of European Commission recom-
mendation on the content of the comprehensive assessment of the
potential for efficient heating and cooling under Article 14 of
Directive 2012/27/EU. Heat generated in technological systems and
utilized within the same site/energy unit is not considered to be
waste heat.

In mixed use historic center blocks there are different load
patterns for every function daily and seasonally — residential parts
of the block are usually occupied from 18:00—8:00, but office
buildings in a period from 8:30—17:30. Waste heat sources in his-
toric urban block could be such facilities as bars/cafes/restaurants
and data/telecommunication centers. The data centers are pro-
ducing the biggest amount of waste heat and are operating 24/7.
Incorporating the waste heat in energy in heating or DHW system
would lower both — peak load and overall energy consumption.

Renewable energy sources and energy storage. Since buildings in
Europe account for about 40% of the total energy use [21] and more
than 70% of said buildings are built before 1980 [22] it is crucial to
employ on — site renewable energy and storage possibilities in the
urban environment and cut down CO, emissions, in order to
comply with the directive EU 2018/2001 of the European Parlia-
ment [23].

EU directive on the energy performance of buildings [24] sug-
gests that low amount of energy needed for nZEB buildings should
be produced on site or nearby. Deep renovation of existing building
stock should aim nZEB level according to decarbonization strategy
[23]. Implementing renewable energy sources should aim to cover
the energy needed for deeply renovated urban blocks, although
nZEB level might not be achieved due to the prevailing restrictions
in valuable historic urban center. Restrictions are applicable not
only to buildings themselves but to placing renewable energy
sources in the historic urban landscape as well — there are
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landscape restrictions as well as aesthetic requirements for facades.
Restrictions would apply to all renewable sources that change the
landscape or fagade appearance — wind and solar. To use biomass in
an urban block would face technological restrictions — space both
indoors and outdoors in existing structures have their limitations;
installation in densely build environment could encounter limita-
tions as well.

These restrictions limit the choice of possible RES technologies
— models (aesthetics and geometry), performance capacity (the
size limitations or type of technology; for example — flat film or
mono/poly crystal solar PV panels), possible location due to
aesthetic, functional and geolocation restrictions of dense urban
surroundings.

The availability of solar and wind renewable energy does not
always match the consumption pattern both on daily and seasonal
scale. To compensate these fluctuations in energy generation
incorporation of energy storage technologies in smart energy sys-
tems would allow to use more RES produced energy on site —
without forwarding it to grid and avoiding energy jams.

Lately 100% renewable scenarios have been studied in order to
draw future development strategies in smart grid and SES tech-
nologies, including energy storage. Lund et al. compares different
alternatives — 100% individual building electric heating, HP heating
and combined version of DH and HP (smart energy systems) — and
concludes that the latter is the most promising, where sectors
would make integrated system working beneficially, thus creating a
pathway to 100% renewable energy [20]. Looking at the smart en-
ergy systems, energy storage plays an important role; and to make
the most profitable solution cross-sector approach in energy con-
version technologies combined with different types of energy
storage is preferable [25,26]. Energy storage plays an even more
important role in continental and northern climate countries
dealing with demand variabilities [27]. The 100% renewable energy
scenario 2050 for Germany stresses the need for energy savings in
the transition process [28].

2.3. Social energy savings

Energy community. By the European Union it is considered
[23,29] that energy communities are a powerful instrument in
fighting climate change. It is defined [30] that if energy community
annually generates at least 75% of the necessary energy by
employing technologies that are located within said community, it
is treated as the energy community.

Mainly, energy communities are founded with purpose of RES
production — it does not directly save energy but it decarbonizes
the energy needed. Inhabitants can share both electricity (PV
panels) and thermal energy generation (solar collectors) or hybrid
systems. It is the most effective to place RES technologies on site.
Inhabitants of historic urban block would thus turn from con-
sumers to prosumers.

Energy communities in urban block might ensure more efficient
waste heat capture making use of the waste heat amount, that is
not necessary in the unit it has been primarily generated. Founding
energy community could help in financing energy efficiency mea-
sures within a block and optimize costs due to the scale of the
regeneration project.

Behavioral energy savings does not take any financial investment,
but calls for active energy management on a daily basis — intro-
ducing and maintaining energy saving patterns. Behavioral energy
savings can be supplemented by smart algorithms, so energy sav-
ings are not dependent on human daily activity, but smart demand-
responsive algorithms.
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2.4. Challenges of energy efficiency measures in densely populated
historic urban center

Designing PEBs in new developments is a challenging and,
complex task. Applying it to the existing building stock makes it
even more challenging. Performing PEB concept in a densely built
historic urban center meets many more obstacles to deal with and
overcome. Table 1 summarizes the specific challenges in historic
urban environment.

Main restrictions are 1) historic substance to be preserved (its
authenticity) and building structure in listed buildings, which
limits application of energy efficiency measures — thermal insu-
lation, intervention in internal structures when dealing with opti-
mization of building services; 2) historic landscape to be preserved
restricts both building thermal envelope measures and introduc-
tion of renewable energy technologies in historic urban block; 3)
technical obstacles which includes outdated infrastructure less
flexible to changes and physical limitations of the space; and 4)
legal restrictions in terms of existing legislation and forms of
ownership.

2.5. Impact of energy efficiency measures on historic heritage
values and decarbonization of existing building stock

There are two contradicting sides in the historic urban regen-
eration. One the one hand, latest alarming global warming evi-
dences and low carbon society vision puts energy efficiency first
(Directive (EU) 2018/2002 of the European Parliament and of the
Council (December 11, 2018) amending Directive 2012/27/EU on
energy efficiency), and, on the other hand, the fear of losing cultural
heritage over reckless energy efficiency solutions might make
preservation requirements even more stringent.

International Council of Monuments and sites (ICOMOS) rec-
ognizes both the threatening impact of climate change to the world
heritage sites and the need to update heritage preservation prac-
tices. New models should be developed to evaluate conservation
and adaptation measures from the perspective of Circular Economy
processes, such as Life Cycle Assessments (LCA), which center on
materials, energy and waste minimization [31].

Cultural heritage will be impacted by climate change and
therefore adaptation strategies are needed to manage the Risks.
Selection and implementation of adaptation measures will require
the integration of Cultural Significance assessments (both relative
Significance and impacts to Significance from adaptation actions)
together with Risk/Vulnerability Assessments, and feasibility
studies. Adaptation activities are likely to require additional
resourcing; however knowledge, understanding and the provision
of sectoral leadership are possibly more crucial in the early stage of
the process.

Historic urban regeneration is a cyclic process. Over time new
ideas on improvement of the quality of life are being introduced
constantly in routine urban regeneration. Historic urban centers
carry evidences of dilemmas of the past — modern movement
against preservation of cultural values. Historic cultural heritage
has survived modern movement, de-urbanization, re-urbanization,
intensification of traffic serving to the needs of its inhabitants and
trying to keep testimonies of the past to the next generation [32].

Now, the actual dilemma is between energy efficiency and
preservation of cultural heritage. Moving towards carbon-free
economy, new borders will have to be drawn — to what extent
energy efficiency measures can interfere with historic buildings?
the important values to be preserved to the next generations will
have to be redefined; how much this preservation costs in terms of
CO, emitted over the lifetime of the building? The next step is to
find consensus in optimal decarbonization level of historic urban
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Table 1
Challenges of energy efficiency measures in densely populated historic urban center.

Type of energy efficiency
measures

Energy efficiency measure

Challenges in historic urban environment

Buildings
windows)

Building services energy efficiency (Ventilation, hot water,

distribution)
Intensification

Building thermal envelope energy efficiency (Walls, roofs, floors, Historic substance to be preserved (Listed buildings)

Legal restrictions

Technical restrictions

Historic structures to be preserved (Listed buildings)
Technical state of building and services systems
Preservation of street views and landscape
Structural (load bearing) restrictions

Solar insolation

Smart energy systems Smart grid, ICT, Al

Waste heat, energy cycle
Renewables

Energy storage

Aged infrastructure, amount of necessary investments
Legal issues among owners

Data sensitivity

Preservable historic landscape

Old grid systems non - flexible

Technical restrictions

Social energy savings Energy community

Behavioral energy savings

Mixed ownership, mixed use

The pattern of usage in offices energy bill might be the smallest portion
of expenses

The same with economically well situated inhabitants.

centers. Using innovative approaches of energy management,
possibilities of IoT and Al advanced materials and energy commu-
nities using RES.

Table 2 illustrates the impact of described above energy effi-
ciency measures in the transition to the Positive Energy block to
both the level of decarbonization of a chosen historic urban block
and the risks of losing its historic values.

The highest rating energy saving strategies that deal with en-
ergy efficiency measures in building thermal envelope has the
highest risk of losing historic heritage values. Both parties should
reach a consensus to ensure the progress towards low-carbon so-
ciety. In order to do it — 1) built heritage practices has to be
updated, and 2) innovative solutions are needed for rising thermal
resistance of historic building’s thermal envelope and both tradi-
tional and innovative approaches has to be handled with deep
understanding of cultural values.

Research described in the paper is a holistic approach to
decarbonization strategy including high and low impact on historic
substances energy efficiency strategies.

Table 2

3. Methodology of the study

Historic built structures carry multiple layers and dimensions of
nationally and globally significant cultural values. Therefore, the
task to transform historic urban block into positive energy block
will be as complex as the urban fabric itself. Methodology of this
extensive research is organized in six sequent steps (see Fig. 1):

Decarbonization strategy of urban block in historic center via
Positive Energy Block concept will be developed considering two
aspects — energy efficiency and cultural heritage. Perspective of
both parties will be taken into account in each step of research
methodology. Usually energy efficiency scenarios are weighted
using cost benefit analysis and CO; life cycle analysis. In this study,
the evaluation will be supplemented with evaluation of energy
efficiency measures’ impact on cultural heritage. Raising the com-
fort in historic buildings and adding new features are considered an
intrusion into historic built structure. For further discussion, it is
important to evaluate if the proposed design raises the quality of
life in the urban block and what is it’s impact on historical heritage
values. Three different evaluation analysis methods will illustrate

Impact of energy efficiency measures on historic heritage values and decarbonization of existing building stock.

Type of energy Energy efficiency measure  Loss of historic Decarbonization
efficiency res heritage values
Buildings Building thermal envelope
energy efficiency
Building services energy High
efficiency
Intensification Medium Medium
Smart energy Smart grid, ICT Low Medium
systems Waste heat, energy cycle Low Medium
Renewables Medium
Energy storage Low Medium
Social energy Energy community Low Medium
savings Behavioural energy savings ~ Low Medium
Low impact High impact
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1. Selection of the block

2. Preliminary evaluation of the energy efficiency potential

3. Exploration

Cultural heritage and architectural
inventory of the site

Data collection

Energy fficiency mesures in
buildings

Building density
intesification strategy

Literature review

Smart energy system

concept Energy community concept

5. Evaluation

Cost benefit analysis

CO, life cycle analysis

Impact on cultural heritage

Cost and CO, optimal decarbonization strategy defined for a building block in densely built historic urban centre
valuing heritage values.

Fig. 1. Methodology for research study - transition from traditional historic center block to the Positive Energy Block.

different possible perspectives, and will serve as a basis for the
discussion among professionals: environmental engineers, archi-
tects, local city planners and authorities, as well as the general
public, on how to find a balance in climate change mitigation ac-
tions and cultural heritage preservation in the way to low-carbon
society.

One of the most complex phases in this research will be the 4th
step — design phase. Additional methodology was created to the
design phase for transition from traditional historic urban block to
Positive Energy Block and it consists of three main steps — pre-
liminary exploration, conceptual design and overall energy balance
calculation (see Fig. 2).

Each of the design steps is a complex task and carries different
sequential modules. Developing the overall concept for PEB, two
stakeholders are taken into consideration as well. The design pro-
cess itself will be driven by the question — is the positive energy
block level achieved? If not, adjustments in the design (both de-
mand and supply side) will be made in the framework of the
defined architectural limitations. Such spiral of optimization con-
tinues until the PEB level is reached.

The overall concept of energy savings is based on three pillars:
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1) Energy demand is reduced in deep renovation of existing
buildings using advanced energy efficiency technologies
approaching energy savings (both — thermal envelope and
building services);

2) Energy supply from RES technologies and storage is estimated
based on available roof and facade surfaces. It is assumed that
combined photo — voltaic/thermal and photo — voltaic systems
are used. Thermal energy generated would cover both heating
system and DHW system;

3) Waste heat capture in local network within the block using heat
pumps (powered by local RES). The amount of available waste
heat is estimated based on the study [33].

The heat load graph (see Fig. 3) reflects conceptual scheme for
decarbonizing selected urban block based on the three pillars
described.

In each of six steps of research methodology massive research
work will be done. This paper describes the 2nd step — preliminary
evaluation of decarbonization potential of selected urban block.
Preliminary energy consumption data analysis and evaluation of
possible renewable energy concepts has been carried out and
presented in next chapter.
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No—P] energy production measures
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Fig. 2. Methodology for the design phase of transition from traditional historic urban block to Positive Energy Block.

QMW

Qunax Initial heat load

1) Energy efficiency savings

3) Waste heat capture using heat pumps
(powered by local PV)

2) Solar thermal energy for DHW

T T
Hours per annum, T

Fig. 3. Heat load graph reflecting in brief the transition phases.

4. Preliminary evaluation of the decarbonization potential of
selected block

4.1. Previous study — selection of urban block in double multi-
criteria analysis

For the case study in multi criteria analysis Riga Historic center
(RHC) urban block was chosen for further research [34]. Double
multi-criteria analysis (MCA) was performed — from energy and
cultural heritage perspectives. First MCA evaluated the biggest
potential for decarbonization and transition to PEB using two level
ranking. At the first level outranking criteria were chosen — energy
intensive enterprise should be located in the block, residential
function at least 10% and empty plot for new development. All
urban blocks were evaluated at the first outranking level of MCA. At
second level shortlisted RHC blocks were evaluated according to six
criteria - building density in the block (typical proportion), pro-
portion of residential function (for fair share of mixed use),
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Fig. 4. Selected urban block in the landscape of Riga Historic centre.

availability for high performing future development, possible
intensive refurbishment (as the amount of buildings that are not
listed), energy intensive function (as important milestone for the
energy flow optimization), type of energy intensive function (with
the focus to data and telecommunication centers).

Second MCA evaluated the RHC urban blocks according to the
highest architectural value. Two level ranking was used as well. At
the first level, map overlay method was used. For further research,
the selected blocks had to meet the chosen criteria: only the
building blocks comprising three architectural typical RHC values —
listed buildings of national importance, Art Nouveau buildings and
wooden buildings. At the second level of MCA 4 criteria groups
were used — cultural heritage and 3 city livability criteria — pro-
tection, comfort and delight according to Jan Ghel concept of livable
city [35].

After the outranking level of both MCA from 82 RHC urban
blocks 12 blocks were selected from energy perspective and 15
blocks were shortlisted from cultural heritage perspective only two
urban blocks were on both lists, and none of those was the highest
ranking at the second level of evaluation in neither of perspectives,
therefore, the decision was made to proceed with the urban block,
ranking the highest from the energy perspective and in conceptual
design stage of the research livability qualities will be added to the
block to improve its architectural and urban value.

4.2. Description of the selected Riga Historic center urban block

Selected Riga Historic center urban block is placed in the central
part of RCH (see Fig. 4). It covers 2,12 ha and comprises16 plots and
25 buildings (including 6 technical buildings). City quarter is sur-
rounded by two magisterial streets — Kr. Barona Street and Marijas
Street, one secondary street Dzirnavu and one by-street Perses
Street. The numbers of floors of the buildings in block vary from 2 to
6 floors. The building density (building footprint to whole quarter
ground surface area) is 60%, intensity (useful area to whole quarter
ground surface area) is 250%. Compared to the adjacent blocks, in
selected urban block the square footage of post war buildings is
larger.

Buildings in the block are built in various periods — from 1870
till 1976. It is of mixed use and there are several functions present in
the block — residential, small offices, small shops and cafes, me-
dium size concert hall and energy intensive enterprise — tele-
communication and data center of national importance. Buildings
are of different styles and materials — wooden, masonry and pre-
fabricated post-war buildings. There are two empty plots located in
the block that cover a rather small portion of the block (see Fig. 5).

4.3. Energy consumption data analysis

Heating. Energy consumption data have been collected from
district heating provider and are summarized in Fig. 6. Graph on the
left shows specific energy demand of all the buildings connected to

Fig. 5. a) function mix in an urban block; b) building periods; c) conceptual sketch of smart energy systems in a block.
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Fig. 6. Specific energy consumption for heating. All DH heated buildings in the block (left) and fully DH heated buildings.
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Fig. 7. Total annual electricity consumption in selected urban block.

the DH and identifies buildings No.5, No.9 and No.10 far below
average level for heating demand. Graph on the right illustrates
energy consumption only in buildings fully heated by district
heating, it shows values between 100 and 145 kWh/m“a energy
consumption for heating and gives an average 124 kWh/m?’a.
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420000 \
400000
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L

Fig. 9. Total monthly electricity consumption in selected urban block.

Besides, 4 unexploited buildings and 2 buildings heated with un-
defined energy source have been identified. Urban building block
comprises 36 000 m? of utilized area. The area fully heated by
district heating versus the area heated with other energy source,

450

400

350

kWh/m2a

250 -
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50 4
0 - T T

Administrative Data centre type Administrative
building type building type

Catering Catering Retailer type

Fig. 8. Specific electricity consumption of the biggest electricity consumers in the selected urban block.
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Fig. 10. Monthly consumption — big, average, small consumers.
300000 I energy consumption 13—40 MWh per year, averagely big consumer,
290000 I like energy intensive services (small scale concert hall, for
280000 I example), catering type and retailers with energy consumption
270000 50—100 MWh per year, and big consumers, like 4000—7000 m?
260000 \\ administrative building types and data center type consumers with
250000 energy consumption 500—1800 MWh per year. Total average

kWh/month
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Fig. 11. Energy consumption above the baseline in May—August indicates energy
consumption for cooling.

partially heated or unheated, makes proportion of 65/45. Applying
the calculated average of the heating demand to all utilized area of
the block makes the total annual energy consumption for heating in
the block 4,5 GWh.

Electricity. Since the urban block used for the case study is a
mixed use urban block, electricity consumers vary: there are small
consumers, like households with average energy consumption
1,0—3,0 MWh per year; averagely small energy consumers such as
smaller offices and services with energy consumption 5-10 MWh
per year; averagely medium consumers, such as bigger offices with
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annual electricity consumption in the selected urban block is
4,8 GWh over 7 year period. Fig. 7 shows total annual consumption
differences. The highest consumption in the year 2013 differs from
average level 7%, the lowest consumption in the year 2017 differs
from average level 8%.

The gathered data indicates that 40% of consumers use elec-
tricity irregularly. Square footage occupied by these tenants is
impossible to identify, therefore, the overall specific electricity
consumption in the block does not reflect the true situation. From
the available data it can be concluded, that 3 biggest consumers
occupying 47% of square footage, consume 80% of total energy; 10
averagely medium and averagely big consumers occupying 10% of
square footage consume 12% of total energy; and small and

Table 3
The temperature of heat extracted from data centers for different cooling
technologies.

Cooling technology The temperature of heat extracted from data centers

Air cooling 35—-40°C
Water cooling 60—70°C
Two phase cooling 70—-80 °C
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Table 4
Calculation of data center's waste heat regeneration capacity in selected urban
block.

Installed power of data centre [45] 1 MW
Waste heat recovered [45] 5627 MWh/year
Installed power of data centre (case study) 0,06 MW
Waste heat recovered (based on [45]) 338 MWh/year

averagely small consumers occupying 32% of square footage
consume only 8% of total energy. 11% of total square footage is
unexploited.

Specific energy consumption of the biggest consumers within
the block can be identified — catering type and retailer type con-
sumers are followed by data center type buildings and adminis-
trative building type. Thus, energy intensity per square meter in
catering type and retailer stores as well as data center type are
among the highest in densely built urban environment (see Fig. 8).

The overall electricity consumption profile per month (Fig. 9)
coincides with the typical pattern: the highest electricity con-
sumption is in December/January due to the necessity of lighting
and partial electric heating and in June/July due to the necessity of
cooling.

Splitting users by the consumption level (Fig. 10) electricity
consumption data clearly illustrate the potential for average and big
consumers for energy efficiency measures introducing smart en-
ergy systems coupling waste heat recovery from cooling systems
and district heating. Small consumers in the summer season have
smaller electricity consumption, but average and big consumers
experience peak electricity demand during summer time. It in-
dicates significant cooling loads.

The total building footprint in selected urban block is 12800 m?.

Fig. 12. Rooftops suitable for placement PVT and PV panels (colored orange). SE and
SW facades (colored yellow, North is facing up) suitable for placement of BIPV (for
buildings built between 1960 and 1980 and brand walls for buildings build before
1945). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

4.4. Potential of energy savings in selected urban block. Preliminary
calculation

To evaluate provisional potential of energy savings in selected
urban block simplified calculation has been made estimating 1)
building deep renovation energy savings; 2) RES production with
conventional technologies PV and solar thermal; and 3) waste heat
recovery technology.

Building related energy savings. The study suggests that in
northern climate (Sweden) economically feasible deep renovation
is 50% energy savings [36]. But Zangheri et al. comparing different
refurbishment scenarios across Europe, have found 36—88%
amplitude for net primary energy savings. An interesting outcome
of this study is the conclusion that reaching for lower energy
consumption often resulted in lower global costs over 30 years
compared to base line scenarios [37]. To evaluate the possibilities to
achieve PEB level in the selected urban block, it is assumed that
electricity consumption can be reduced by 50%, but heating by 60%.
Id est electricity demand would be 2,4 GWh/year, but heating de-
mand 1,8G Wh/year (50 kWh/m?a average).

Waste heat utilization from other cooling units. The cooling de-
mand of the buildings in the block is extracted from electricity
consumption data. Electricity consumption in April reflects basic
electricity needs typical for summer months (lighting and equip-
ment) and is denoted as baseline. Electricity consumption above
base level indicates the energy consumed for cooling the premises
during May—August (Fig. 11).

Monthly electricity consumption data shows that there is
110 MWh total surplus energy consumption above the baseline
used for cooling the buildings (excluding data center). Waste heat
could be extracted from cooling compressors with the efficiency
rate of 75% using heat pump. Heat recovered could be used for
preheating the domestic hot water within the block.

Waste heat utilization from data center. In the digital era, due to
the need for data processing and storage, data centers have become
energy intensive services [38]. Over the last two decades, energy
efficiency technologies in data centers have been studied moving
from removing the heat and optimizing air flow via active cooling
chiller cooling systems [39] to 2) free cooling [40] and cooling with
hot water instead of air, thus creating options for energy reuse for
heating [41], and 3) sophisticated waste heat recovery strategies
[42]. It has been calculated how much waste heat can be captured
in small (40—-100 kW power consumption), medium
(400—1000 kW power consumption) and large scale data centers
(4000—10,000 kW) power consumption [33]. Recovered energy can
be supplied to the DH grid or shared with adjacent buildings using
heat pumps. Different strategies for feeding DH grid are being
developed to ensure minimal losses in energy transition process.
One of crucial aspects is the temperature of waste heat [43].

The temperature of heat extracted from data centers as sum-
marized by Ebrahimi et al. is dependent on the type of cooling
system used in data center [44] (see Table 3). For each temperature
range there is the most suitable waste heat utilization purpose. The
lowest grade can be utilized at the building itself as a pre - heater,
but for district heating higher temperatures are needed >60°. Two
phase cooling system provides the highest temperature, thus
providing more flexibilities for waste heat utilization, and allows to
recover heat with higher efficiency rate as recognized by Huang
et al. [42]. To ensure utilization of waste heat and transmit the heat
captured to other energy carrier heat exchanger for lower tem-
peratures and heat pumps for higher temperatures are needed.

Based on the findings of Lu [45] et al. identifying the amount of
waste heat recoverable from 1 MW data center, a calculation was
performed to evaluate possible energy recovery from data center in
selected urban block. The installed power in data center is
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Table 5
Energy and CO2 savings introducing PEB concept to historic urban block.
Energy savings Energy generation CO,
Technology used Heating Electricity Electricity Thermal energy CO,, savings
MWh MWh m? MWh MWh tons
Building energy efficiency related energy savings 2686 2400 - - - 970
Waste heat utilization
DC Waste heat - - - - 338 89
Utilized cooling energy demand - - - - 83 22
Energy production
Usefull roftop area
Rooftop area covered with PV - - 5965 1014 - 111
Rooftop area covered with PVT - - 3895 425 1380 411
Facades - -
Useful area of South - East facades — — 1307 135 — 15
Useful area of South - West facades - — 835 89 - 10
1663 1800 1627
Percentage from total energy demand of selected 69% 100%

0,06 MWh. Based on Parssinen et al. analysis of different sizes of
data centers [33] proportional evaluation was carried out (Table 4).

19% of total heating demand could be covered by waste heat
regenerated from 0,06 MWh data center situated in the middle of
urban block.

Renewable energy technologies. RES technologies considered for
energy generation are — photo-voltaic/thermal panels, photo-
voltaic panels on rooftops, building integrated photovoltaic sys-
tems for South — East and South — West facades on buildings built
after 1945 and on the exposed brand walls of historic buildings
(Fig. 12). Total area available for RES technologies is summarized in
Table 5.

In the scope of this study at the preliminary calculation phase it
is assumed, that two phase cooling system is used to capture heat
from data center and heat pumps for capturing heat from other
cooling units supplying offices, administrative buildings, different
shops, catering within the block for preheating the domestic hot
water. At this — preliminary calculation phase, it is assumed, that all
generated energy can be directly utilized within the selected urban
block or fed into grid (both electric and DH) when there is surplus
energy generated and extracted from the grid when RES technol-
ogies do not cover instantaneous energy demand.

5. Results — energy and CO2 savings

Eventual energy and CO, savings derived from preliminary
evaluation are summarized in Table 5. For PVT electricity and
thermal energy generation calculation Pakere et al. findings are
used — 109 kWh/m? and 443 kWh/m? respectively [46]. The
calculation suggests that all thermal energy needed to cover
heating demand can be generated on site. Since there are energy
intensive electricity consumers within the block, only 69% of elec-
tricity demand can be generated on site.

In Latvia, the CO, emission factor for district heating is
264 kgco2/MWh, whereas for electricity it is 109 kgcoz/MWh. For
existing situation within the selected block, CO, emissions from
heating are 1188 tons and from electricity — 523 tons per year (1712
all together). Setting a goal of 50% electricity consumption savings
and 60% of heating demand reduction, and introducing waste heat
recovery systems and RES technologies in selected block gives
overall CO; savings of 1627 tons per year.

To reach the Positive Energy block level even more ambitious
energy saving target should be set. Reducing electricity consump-
tion by 65% would allow achieving Positive Energy block level.
However, with energy intensive consumer, such as data center, that
might be a challenge due to the strict standards for the service.
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To use generated energy more efficiently at periods when en-
ergy demand is lower than energy production level e — mobility
would be one more sector to be included in smart energy system, to
ensure efficient and flexible energy storage.

6. Discussions

Preliminary evaluation of possibilities to transform urban block
in historic center to a positive energy block has revealed some
limitations. Further challenges of this research will be:

e Since the preliminary calculation indicates that electricity de-
mand cannot be covered by on - site generation, at the next
research phase, while designing the overall smart energy sys-
tem, all the possible waste heat amount shall be utilized at the
full potential;

Off - site renewable energy generation shall be considered;
Historic urban structures are complicated: density of built
structure is high, the distance between buildings is smaller than
in newly built structures, and preservable historical value,
which limits energy efficiency measures. Innovative technolo-
gies shall be considered;

To find suitable and efficient energy efficiency improvement
solutions for thermal envelope of historic buildings;

Full potential of energy efficiency improvement measures in
buildings built in 1960—1980 shall be explored to lower overall
energy demand within the urban block;

Economic feasibility might be a challenge. Innovative technol-
ogies might be more expensive and particular design for chal-
lenging historical structure might be energy and CO; intensive.
The optimum between invested and saved money and CO; shall
be found as well as initial building energy efficiency measures
and on-site available energy production shall be well balanced.

In other urban blocks, where there are no energy intensive
consumers and balance between historically valuable buildings and
buildings built in 1960—1980 is in favor of historic buildings, there
would not be or would be limited possibilities for waste heat re-
covery on one hand, but on the other hand, specific electricity de-
mand per square meter most probably would be smaller.

Energy consumption data analysis highlighted sharp differences
in energy consumption among units in selected urban block. Thus
prior to developing energy sharing concepts the level of possible
energetic independency of each building shall be evaluated.

To deeply understand the correlation of cultural preservation
impact on decarbonization strategies and vice versa 3 design



12 A. Blumberga et al. / Energy 202 (2020) 117485

concepts will be developed following 3 different pathways:

— “Baukultur first” would be the business as usual (BAU), following
existing stringent requirements for preservation of architectural
heritage, emphasizing the importance of authentic substance;

— “energy efficiency first”, maximizing energy efficiency measures
in deep renovation concept aiming to reach nZEB level and
pushing boundaries of cultural heritage preservation
boundaries;

— “Positive energy block” concept using state of art technologies
and smart energy system advantages creating conceptually new
approach to the urban regeneration in historic center.

The next steps of research methodology — exploration and
design should incorporate:

—_

. Urban regeneration strategies performing deep renovation and.
Innovative technologies of increasing thermal resistance of
building thermal envelope respecting the cultural heritage
values.

. Cross - sectional inclusive smart energy systems taking account

all energy carriers.

Up to date ICT, IoT, Al technologies for smart grids and smart

energy systems.

4. Waste heat recovery technologies.

N

ol

5. Renewable energy technologies in densely built urban
environment.

6. Energy storage solutions — electric and thermal; short - term
and seasonal.

7. Conclusions

Aiming for carbon neutral future in 2050, the focus shall be
redirected to the existing building structures, since there lies a
great potential for cutting CO; emissions.

Preliminary calculations of eventual CO, savings in transition
from traditional historic urban block to Positive Energy Block show
the potential of ~45 kg/m? CO, savings per year reducing from 50 to
5 kg/m? CO, emissions per year and 1627 tons per year overall.
According to the calculated results, heating energy demand can be
fully covered with the energy generated on site (using storage or
feeding the district heating grid), but to cover electricity demand in
case of energy intensive consumers off-site production is needed.

In Latvia, specific primary energy level for nearly zero energy
buildings is 95 kWh/m? per year that results in 10—18 kg/m? CO,
emissions. The proposed conceptual framework aims to lower the
benchmark for energy efficiency and carbon footprint to move to-
wards a carbon neutral future.

The overall methodology of this study can be used for building
blocks in any other urban structure worldwide. However, each step
demands a local expertise: 1) energy efficiency measures should be
tailored to fit the local climate; 2) renewable energy technologies
should take advantage of particular surroundings and climate
conditions; 3) and preservable historic values are also local in
nature.

To tackle climate change energy efficiency measures must be
targeted to the most polluting structures — cities. Positive Energy

Block initiative is one of the decarbonization tools used for cities. In
the transition from traditional historic urban block to PEB two
contradicting concepts should come to an agreement — the pres-
ervation of cultural heritage and “energy efficiency first” concept
driving the climate action policies.

The methodology for transition from traditional historic urban
block to PEB is presented in paper using cross — sectorial holistic
approach in decarbonization concept. The preliminary calculation
based on the milestones of the described methodology in case
study exploring the urban quarter in Riga Historic center shows the
potential of reaching very low energy demand in the block thus
encouraging further research.

The findings of this and further research steps dealing with
retrofitting to nZEB and plus level in historic city centers shall
accommodate a discussion among environmental engineers, ar-
chitects, local city planners, authorities and the general public,
what our common future in the cities will be.
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Ritvars Freimanis dzimis 1988. gadd. Rigas Tehniskaja universitaté ie-
guvis magistra gradu vides zinatné (2019). Paraléli tam absolvéjis art
Vilnas Gedimina tehnisko universitati, iegUstot magistra gradu vides
inzenierija. Patlaban ir RTU Elektrotehnikas un vides inZenierzinatnu
fakultates Vides aizsardzibas un siltuma sistemu institOta pétnieks un
lektors. InstitOtd nostraddto sesu gadu laika ir publicéjis 21 zinatnisko
publikaciju, ir viena patenta lidzautors. leguldijumu zinatnisko projektu
IstenosSand sniedzis, darbojoties Eiropas Savienibas Tstenotd projekta
“RIBuild", kur asistéjis Eku energoefektivitates laboratorijas izveidé.
Turpina aktivi darboties zinatniskaja pétniecibd, llgumdarbu istenosa-
na un laboratorijas darbu praktiskas dalas vadidana Eku energoefekti-
vitates laboratorija.
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