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As so ci ate Ed i tor: Beata Jaworska-Szulc

The tran si tion to ward Smart City de vel op ment re lies on ef fi cient in te gra tion of dig i tal and geoscientific data to im prove the
sustainability of ur ban in fra struc ture. A key com po nent of this pro cess is the op ti mal uti li za tion of subsurface ther mal re -
sources for clean en ergy sys tems, as well as the plan ning of un der ground in fra struc ture. This study pres ents a novel ad ap ta -
tion of the na tional En gi neer ing-Geo log i cal Da ta base of Po land (BDGI) for map ping the very shal low geo ther mal po ten tial of
ur ban ar eas. Us ing more than 35,000 bore holes from the War saw re gion, the da ta base was pro cessed to gen er ate spa tial
mod els of ther mal con duc tiv ity (l) and ther mal re sis tiv ity (r) at depths from 2 to 30 m be low ground level. The shal low ther -
mal con duc tiv ity maps so pre pared are par tic u larly rel e vant for the de sign of en ergy geostructures (e.g., geo ther mal piles,
thermoactive foun da tions, en ergy tun nels) and hor i zon tal ground heat exchangers. The data shown as ther mal re sis tiv ity
maps can also sup port the de sign and op er a tion of ur ban trans mis sion in fra struc tures such as dis trict heat ing, elec tric ity,
and wa ter net works. The case study area is char ac ter ized by loose sed i ments and soils (com pres sive strength Rc £600 kPa,
ac cord ing to ISO 14689), while solid rocks were not con sid ered as they do not oc cur at such shal low depths. The re sult ing
ther mal maps pro vide new in sights into the spa tial vari abil ity of the ur ban subsurface and con sti tute a prac ti cal geospatial
tool for en ergy and in fra struc ture plan ning in sus tain able city de vel op ment.
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INTRODUCTION

The tran si tion to ward a low-car bon en ergy sys tem re quires
a sig nif i cant in crease in the share of re new able en ergy sources
(RES) in Po land’s en ergy mix, in line with na tional, EU, and in -
ter na tional cli mate pol i cies. Low-tem per a ture geo ther mal en -
ergy fits per fectly into this frame work, pro vid ing a sta ble and
con tin u ous source of re new able heat. Ground-source heat
pump (GSHP) sys tems can be ef fec tively used for heat ing,
cool ing, sea sonal en ergy stor age, and waste heat re cov ery,
thereby re duc ing low-stack emis sions and im prov ing ur ban air
qual ity and en ergy ef fi ciency.

Ur ban ar eas are of par tic u lar im por tance in the tran si tion
be ing un der taken. They pos sess the high est en ergy de mand

den si ties but also face spa tial con straints that limit the in stal la -
tion of new en ergy sys tems (Goetzl et al., 2023). Con tin u ous ur -
ban ex pan sion driven by trans port, res i den tial and com mer cial
de vel op ment cre ates an op por tu nity to ex ploit the in ter ac tion
be tween build ings and the ground for shal low geo ther mal use.
The grow ing ex tent of un der ground struc tures, such as car
parks, metro tun nels, and foun da tions, pro vides po ten tial sur -
faces for heat ex change with the sur round ing soil (Baralis et al.,
2018; Barla et al., 2020).

In this con text, thermoactive geostructures, in clud ing en -
ergy piles, di a phragm walls, foun da tion slabs and tun nel lin ings, 
rep re sent a prom is ing di rec tion in sus tain able build ing de sign.
When typ i cally equipped with em bed ded poly eth yl ene tub ing,
these struc tural el e ments can func tion as ground heat exchan -
gers, us ing cir cu lat ing flu ids (wa ter or wa ter-gly col mix tures) to
trans fer heat be tween the subsurface and the build ing (Ciapa³a
et al., 2025). The ef fi ciency of such sys tems de pends mainly on
the ther mal prop er ties of the ground, par tic u larly ther mal con -
duc tiv ity (l) and ther mal re sis tiv ity (r), as well as the heat
pump’s co ef fi cient of per for mance (COP) (Loveridge et al.,
2020; Hou et al., 2022). Re li able knowl edge of subsurface ther -
mal con di tions is there fore a pre req ui site for op ti miz ing the de -
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sign and per for mance of very shal low geo ther mal en ergy
(vSGE) sys tems.

While ther mal con duc tiv ity gov erns the rate of heat trans fer
through the soil or rock ma trix, ther mal re sis tiv ity rep re sents its
in verse, de scrib ing the re sis tance of the ground to heat flow.
High re sis tiv ity val ues in di cate poor heat dis si pa tion ca pac ity
and can lead to lo cal over heat ing or ther mal in ef fi cien cies in
bur ied sys tems (Enescu et al., 2021). In the con text of en ergy
and util ity in fra struc ture, un der stand ing the spa tial vari abil ity of
ther mal re sis tiv ity is as im por tant as con duc tiv ity. Subsurface
lay ers with low ther mal re sis tiv ity val ues are fa vour able for heat
dis si pa tion, which is crit i cal for the safe and ef fi cient op er a tion
of un der ground power ca bles, pipe lines, and dis trict heat ing
net works. Con versely, ar eas with higher re sis tiv ity may re quire
de sign ad ap ta tions or ac tive cool ing strat e gies. Hence, ther mal
re sis tiv ity map ping sup ports both geo ther mal sys tem de sign
and ther mal risk as sess ment for bur ied util i ties, con trib ut ing to
more sus tain able and re sil ient un der ground space man age -
ment.

In Po land, this re search area re mains in suf fi ciently de vel -
oped. Na tional and re gional geo ther mal at lases have been
pub lished for deep geo ther mal re sources, as well as for shal low 
sys tems suit able for ver ti cal ground heat exchangers (typ i cally
40–130 m b.g.l.), ac com pa nied by a de fined meth od ol ogy for
re source as sess ment (Górecki et al., 2006a, b, 2011, 2012,
2013; Ry¿yñski et al., 2023). There are still no de tailed, spa tially 
con tin u ous maps of very shal low geo ther mal po ten tial (vSGP)
for the up per 30 metres of the subsurface. More over, a stan -
dard ized meth od ol ogy for such map ping has not yet been de -
vel oped. Data on the ther mal prop er ties of soils and un con sol i -
dated de pos its, which are es sen tial for the de sign of en ergy
foun da tions, hor i zon tal ground heat exchangers, and sub sur -
face en ergy trans port sys tems, re main frag mented and largely
in ac ces si ble.  This knowl edge gap lim its the in te gra tion of very
shal low geo ther mal and ther mal man age ment so lu tions into ur -
ban en ergy and in fra struc ture plan ning. Our re search builds
upon an ear lier con cep tual frame work pre sented by ̄ eruñ et al. 
(2024), ex pand ing its scope through en hanced data in te gra tion, 
in clu sion of ther mal re sis tiv ity anal y ses, and de tailed spa tial in -
ter pre ta tion for the War saw met ro pol i tan area.

To ad dress this is sue, the pres ent study in tro duces a
workflow for map ping vSGP based on the  En gi neer ing-Geo -
log i cal Da ta base of Po land (BDGI). The da ta base is main tained 
by the Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute 
and is the larg est na tional re pos i tory of dig i tal data on en gi neer -
ing and geo log i cal con di tions. It con tains nearly 500,000 bore -
holes drilled and re corded be tween 1998 and 2023, in clud ing
over 35,000 from the War saw met ro pol i tan area. The sub -
surface of War saw is com posed al most en tirely of un con sol i -
dated Qua ter nary and Plio cene de pos its, mainly sands, silts,
and clays, clas si fied as soils with com pres sive strength Rc
£600 kPa (ISO 14689). Solid rocks do not oc cur within the top
30 metres and were there fore ex cluded from the anal y sis.

Ther mal parameterization was per formed us ing lithological
pro files and com ple men tary lab o ra tory data from the BDGI and
the na tional Soil and Rock Ther mal Prop er ties Da ta base. A
ded i cated Py thon-based al go rithm was de vel oped to con vert
lithological data into point es ti mates of ther mal con duc tiv ity and
re sis tiv ity. These val ues were spa tially in ter po lated us ing the
Eu clid ean al lo ca tion method, which en abled the cre ation of
con tin u ous maps rep re sent ing both av er age ther mal con duc tiv -
ity cal cu lated up to given depths and ther mal re sis tiv ity de ter -
mined at spe cific depths.

Depth in ter vals were se lected to re flect the op er at ing ran -
ges of dif fer ent subsurface ap pli ca tions. Maps of ther mal con -

duc tiv ity (2–30 m b.g.l.) cor re spond to the depth zones used by
en ergy geostructures and hor i zon tal ground heat exchangers,
while ther mal re sis tiv ity maps (2 and 5 m b.g.l.) rep re sent the
depth range rel e vant for un der ground trans mis sion and dis tri -
bu tion net works, in clud ing power ca bles, pipe lines, and dis trict
heat ing sys tems. To gether, these datasets of fer an in te grated
per spec tive on the ther mal en vi ron ment of ur ban subsurfaces,
link ing geo ther mal po ten tial to the per for mance and re li abil ity of
bur ied in fra struc ture (¯eruñ et al., 2025).

The nov elty of this study lies in es tab lish ing the first large-
 scale, data-driven workflow for de riv ing near-sur face ther mal
prop er ties from the na tional BDGI da ta base, pro vid ing un prec -
e dented spa tial de tail for city-scale vSGP as sess ment in Po -
land and of fer ing a trans fer able frame work for other ur ban ar -
eas with com pa ra ble geo log i cal datasets.The pro posed ap -
proach dem on strates how ex ist ing en gi neer ing-geo log i cal data, 
orig i nally col lected for con struc tion pur poses, can be ef fec tively
repurposed for re new able en ergy plan ning and de vel op ment.
This re search builds upon the pre lim i nary con cept in tro duced in 
¯eruñ et al. (2024), where the fea si bil ity of us ing the BDGI for
shal low geo ther mal as sess ment was ini tially sug gested. The
pres ent study ex tends that frame work by im ple ment ing a com -
plete com pu ta tional workflow, ex pand ing the anal y sis to in clude 
ther mal re sis tiv ity along side con duc tiv ity, and pro vid ing an
in-depth in ter pre ta tion of re sults in the con text of Smart City en -
ergy man age ment and un der ground in fra struc ture plan ning.
This workflow pro vides a pre lim i nary, city-scale as sess ment
and does not re place site-spe cific meth ods such as ther mal re -
sponse tests (TRT) or lab o ra tory mea sure ments, which re main
nec es sary at the de sign stage of geo ther mal in stal la tions.

OUTLINE OF GEOLOGICAL CONDITIONS 

War saw is lo cated in the Wis³a River val ley, within the cen -
tral part of the War saw Trough, which was formed dur ing the
Qua ter nary Pe riod. The left-bank sec tion of the city lies within
the bound aries of the gla cial up land – an el e vated, flat area dis -
sected by the Wis³a River along its east ern edge, de scend ing
sharply to the val ley. The val ley it self com prises two floodplain
ter races and three ter races above pres ent flood level (Sarna -
cka, 1992).

The strati graphic pro file of the Qua ter nary de pos its in War -
saw in cludes flu vio gla cial, gla cial, and ice-dammed lake de pos -
its from gla ci ation phases, as well as flu vial and or ganic de pos -
its from inter gla cial phases. Dur ing the Ho lo cene, the Vistula
River ac cu mu lated a 1.5 metre thick sed i men tary suc ces sion
com posed of fine-grained sands with interbedded silty and
sandy-muddy lay ers. Ox bow ar eas con tain peat and peaty
aggradations ex ceed ing 2 m in thick ness. Dur ing the Dryas in -
ter val, dune for ma tions de vel oped, while Vistula river flu vial ac -
cu mu la tions reached a thick ness of 5 m and con sisted of sands
and grav els of vary ing grain sizes. Ter race ar eas were cov ered
with com pact clayey mud.

Dur ing the Pleis to cene-Ho lo cene tran si tion, gla cial up lands
were man tled by loess-like silts and sandy eluvial de pos its. Be -
neath these de pos its lie Plio cene strata – pre dom i nantly clays – 
reach ing 140 m in thick ness. The top of the Plio cene was
glacitectonically de formed. Be low this unit, Mio cene strata oc -
cur, com posed mainly of sand, silt and clay with interbedded lig -
nite seams tens of metres thick. Older for ma tions in clude
Oligocene ma rine clastic de pos its (sand, silt, and clay, 50–80 m 
thick), form ing a con tin u ous cover above the Cre ta ceous rocks.
The old est known de pos its in War saw com prise Cre ta ceous
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marly strata, in clud ing marls and sandy marls, with the top of
this se quence sit u ated at depths of 260–290 m b.g.l. in the cen -
tral War saw trough (Frankowski and Wysokiñski, 2000).

In War saw and its sur round ings, two main ground wa ter sys -
tems oc cur. The shal low Qua ter nary aqui fer is com posed
mainly of sands from the Mazovian Inter gla cial, lo cally over lain
by dis con tin u ous gla cial tills. The Qua ter nary aqui fer lies at
depths from a few to ~100 m, with vari able thick ness and ge om -
e try: thicker and more con tin u ous in the Wis³a Val ley (up to 60
m) and more ir reg u lar on the up land west of the river. Be neath
it, low-per me abil ity Plio cene clays (50–120 m thick) sep a rate
the shal low ground wa ter from deeper lev els. Be low these, Mio -
cene sands and silts (20–40 m thick) form a con fined aqui fer,
un der lain by Oligocene glauconitic ma rine sands (30–40 m
thick, at depths of 180–270 m), which con sti tute the most im -
por tant deeper ground wa ter res er voir of high qual ity. At greater
depths, Cre ta ceous and Ju ras sic for ma tions con tain chlo ride-
 so dium min eral wa ters of vary ing sa lin ity.

For ur ban plan ning and shal low geo ther mal po ten tial as -
sess ment, only un con sol i dated de pos its, here in af ter re ferred to 
as soil in the en gi neer ing sense of this word (com pres sive
strength Rc £600 kPa, ac cord ing to ISO 14689), were con sid -
ered, as lithified rock for ma tions lie far be low the depth range
ana lysed, and have no in flu ence on the very shal low geo ther -
mal po ten tial stud ied.

MATERIALS AND METHODS

A de tailed de scrip tion of the BDGI struc ture and its ap pli ca -
tion in ur ban-scale anal y ses was pre vi ously dis cussed by ̄ eruñ 
et al. (2024). In this study, the da ta base was re struc tured and
in te grated with the na tional Soil and Rock Ther mal Prop er ties
Da ta base to en hance the ac cu racy of parameterization and to
en able com pre hen sive map ping of both ther mal con duc tiv ity
(l) and re sis tiv ity (r). This in te gra tion forms the meth od olog i cal
foun da tion for the re pro duc ible, multi-depth geo ther mal po ten -
tial map ping pre sented herein.

DATA SOURCES – ENGINEERING-GEOLOGICAL 

DATABASE

The BDGI con sti tutes the larg est dig i tal col lec tion of
geoengineering data for ma jor Pol ish ur ban ag glom er a tions. It
in te grates geo log i cal, geotechnical and hydrogeological re -
ports, along with bore hole pro files. These datasets, de vel oped
within the frame work of En gi neer ing-geo log i cal maps of ur ban
ag glom er a tions (Fig. 1), con tain be tween 15,000 and 50,000
re cords of shal low bore holes (typ i cally 2–10 m deep) for each
city. The bore hole re cords serve as the ba sis for the matic maps 
that en able as sess ment of geoengineering con di tions in ur ban
ar eas – sup port ing spa tial plan ning, fore cast ing, and in vest -
ment de ci sion-mak ing (Frankowski et al., 2018). The BDGI
datasets orig i nate from stan dard ized geotechnical and geo log i -
cal in ves ti ga tions con ducted ac cord ing to na tional and Eu ro -
pean guide lines, en sur ing a high level of data con sis tency;
how ever, lo cal res o lu tion var ies with bore hole den sity, as is typ -
i cal of large ar chi val datasets.

Bore hole data, along with geotechnical soundings, are
stored in the GeoSTAR soft ware da ta base, which is used for
cre at ing pro files, cross-sec tions, sta tis tics, and 3D geo log i cal
mod els. The da ta base struc ture is com posed of sev eral re la -
tional ta bles (Fig. 2). The GS_Bore hole ta ble stores in for ma tion 
on bore hole lo ca tion, depth, con trac tor, drill ing date, and

method. The GS_Pro file_Log con tains lithostratigraphic de -
scrip tions, layer gen e sis, and their re clas si fi ca tion into en gi -
neer ing-geo log i cal units. This stan dard ized struc ture en ables
the in te gra tion of ar chi val and newly ac quired data from both
pub lic and pri vate sources. The sys tem fol lows na tional and Eu -
ro pean soil and rock clas si fi ca tion stan dards (Ry¿yñski and
Na³êcz, 2016).

The BDGI, de rived from GeoSTAR data, al lows for the col -
lec tion of geo log i cal and geotechnical in for ma tion com bined
with lab o ra tory test re sults. These data un der pin re gional sub -
surface char ac ter iza tion in ur ban ar eas and the cre ation of En -
gi neer ing-geo log i cal maps, serv ing as es sen tial ref er ence ma -
te rial for GIS-based anal y ses and geostatistical mod ell ing. By
com bin ing mul ti ple dig i tal lay ers, the matic maps are gen er ated
to syn the size lithological, strati graphic and geotechnical in for -
ma tion rel e vant for con struc tion and spa tial plan ning.

The full meth od ol ogy for pro duc ing dig i tal en gi neer ing-geo -
log i cal at lases is de tailed in the doc u ment “Geo log i cal and en gi -
neer ing at lases of ur ban ag glom er a tions at a scale of 1:10 000
– In struc tional Doc u ment” (Judkowiak et al., 2021), avail able
on line at https://www.pgi.gov.pl/inzynierska/1-geologia -inzynie -
rska/gi-projekty/13168-baza-danych-geologiczno-inzynierskich
.html#metodyka.

All data com piled are ac ces si ble via PGI-NRI spa tial data
view ers, which en able vi su al iza tion and down load of bore hole
pro files, cross-sec tions, and en gi neer ing–geo log i cal maps in
PDF for mat. The BDGI is there fore an in valu able tool for pre lim -
i nary subsurface in ves ti ga tions, plan ning of in situ and lab o ra -
tory test ing, and en hanc ing the un der stand ing of subsurface
con di tions in ur ban ar eas (Frankowski et al., 2020).

DATA SOURCES – SOIL AND ROCK THERMAL PROPERTIES
DATABASE

The Soil and Rock Ther mal Prop er ties Da ta base com piles
lab o ra tory mea sure ments of ef fec tive ther mal con duc tiv ity per -
formed on min eral soil sam ples of vary ing wa ter con tent and
bulk den sity. The de tailed test ing meth od ol ogy is de scribed in
£ukawska et al. (2020): “Se rial Lab o ra tory Ef fec tive Ther mal
Con duc tiv ity Mea sure ments of Co he sive and Non-co he sive
Soils for the Pur pose of Shal low Geo ther mal Po ten tial Map ping
and Da ta bases — Meth od ol ogy and Test ing Pro ce dure Rec -
om men da tions”. The da ta base in cludes over 1000 soil (both
co he sive and non-co he sive) and rock sam ples from dif fer ent
re gions of Po land, hold ing over 6000 mea sure ments of ther mal
con duc tiv ity (l). Ther mal re sis tiv ity (r) is the in verse of con duc -
tiv ity, so it can be as sumed that the re sis tiv ity r =1/l.

Se lected sam ples were tested across five wa ter con tent
ranges for non-co he sive soils and five li quid ity in dex (IL – a
geotechnical pa ram e ter de scrib ing the con sis tency and phys i -
cal state of co he sive soils) ranges for co he sive soils, ac cord ing
to the na tional stan dard PN-B-02480:1986. Each soil type was
rep re sented by three subsamples.

For non-co he sive soils, ther mal con duc tiv ity in creases with
in creas ing wa ter con tent (Ta ble 1). The most rapid growth oc -
curs be tween 0–5% wa ter con tent, slow ing as pores be come
sat u rated. The high est l val ues are ob served un der full wa ter
sat u ra tion (two-phase con di tions). Among the soil types ana -
lysed, the low est l val ues were re corded for grav els (¯) – from
0.22 W/m · K (0–5% wa ter con tent) to 2.80 W/m · K (>20% wa -
ter con tent), whereas the high est were found for sandy grav els
with cob bles (Po) – from 0.42 W/m · K (0–5% wa ter con tent) to
3.21 W/m · K (>20% wa ter con tent).

For co he sive soils, l val ues ini tially in crease with wa ter con -
tent (or sat u ra tion) and de crease be yond IL = 0.25 (Ta ble 2).
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The high est l val ues were ob served for sandy clays (Pg) – up
to 3.31 W/m · K at 0 < IL £0.25, while the low est oc curred for
clays (I) – from 0.61 W/m · K (IL <0) to 1.50 W/m·K (0< IL
£0.25). All co he sive soil types show a de cline in l be yond IL =
0.25, re flect ing in creased wa ter-in duced struc tural changes
that re duce ef fec tive ther mal trans fer.

The da ta base also in cludes ac com pa ny ing phys i cal pa ram -
e ters: wa ter con tent, bulk den sity, po ros ity, grain-size dis tri bu -
tion, con sis tency lim its, or ganic mat ter and car bon ate con tent,
sim pli fied min er al ogy, gen e sis, stra tig ra phy, and sam ple co or -
di nates. To gether, these datasets con sti tute the em pir i cal foun -
da tion for the ther mal parameterization of geo log i cal lay ers
within the BDGI frame work, sup port ing the semi-au to matic
map ping of ther mal con duc tiv ity and re sis tiv ity in the War saw
case study.

PARAMETERIZATION ALGORITHM

To gen er ate geo ther mal po ten tial maps for the very shal low
subsurface (up to 30 m b.g.l.), a ded i cated para meterization
and map ping workflow was de vel oped. The pro cess in te grates
geo log i cal and geotechnical data from the BDGI with ther mal
prop erty data from the Soil and Rock Ther mal Prop er ties Da ta -
base. The parameterization stage con sists of four se quen tial
steps (Fig. 3), form ing the an a lyt i cal foun da tion for sub se quent
spa tial pro cess ing of con tin u ous ther mal con duc tiv ity and re sis -
tiv ity lay ers in the GIS en vi ron ment.

Com pared to the ini tial workflow out lined by ¯eruñ et al.
(2024), the pres ent ver sion in tro duces sev eral sig nif i cant im -
prove ments. These in clude: 
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– si mul ta neous com pu ta tion of “up-to-depth” con duc tiv ity and 
“at-depth” re sis tiv ity pa ram e ters, 

– im ple men ta tion of ground wa ter cor rec tion for non-co he sive
lay ers,  

– op ti mi za tion of data merg ing be tween geo log i cal and ther -
mal datasets. 

These mod i fi ca tions en able more ac cu rate char ac ter iza tion 
of lithological vari abil ity and en hance the res o lu tion of the re -
sult ing ther mal maps. The com pu ta tional workflow was im ple -
mented in Py thon us ing stan dard sci en tific li brar ies (NumPy,
Pan das), with out in cor po rat ing third-party al go rithms or ex ter -
nal code re pos i to ries such as GitHub; all al go rith mic com po -
nents were de vel oped in ter nally as part of PGI-NRI’s pro pri -
etary an a lyt i cal frame work.

STEP 1

DATA QUERY FROM BDGI

The workflow be gins with data ex trac tion from the BDGI da -
ta base, which pro vides com pre hen sive geo log i cal, strati gra -
phic and geotechnical in for ma tion. Two pri mary re la tional ta -
bles were used: GS_BOREHOLES (metadata such as co or di -
nates, el e va tion, depth, drill ing date, and doc u men ta tion de -
tails) and GS_PROFILE_LOG (li thol ogy, gen e sis, stra tig ra phy,
ground wa ter level, and re sults of phys i cal-me chan i cal soil test -

ing). For the War saw re gion, ~35,000 bore hole re cords were
avail able, gen er at ing ~166,000 dis tinct litho logical in ter vals re -
quir ing parameterization.

STEP 2

THERMAL ADAPTATION FOR LITHOLOGICAL UNITS

Each unique lithological unit was as signed rep re sen ta tive
ther mal prop er ties – pri mar ily ther mal con duc tiv ity (l) and ther -
mal re sis tiv ity (r) – de rived from the na tional Soil and Rock
Ther mal Prop er ties Da ta base. The as sign ment was based on
li thol ogy, gen e sis and strati graphic po si tion. The val ues were
ad justed ac cord ing to in di vid ual soil char ac ter is tics such as wa -
ter con tent, bulk den sity and com pac tion. In lay ers with ad mix -
tures or interbeds, the fi nal pa ram e ter value was com puted as a 
weighted av er age of both lithologies, us ing pre de fined cor rec -
tion co ef fi cients re flect ing the type and pro por tion of inter -
layering.

STEP 3
INTEGRATION OF GEOLOGICAL AND THERMAL DATASETS

The adapted ther mal pa ram e ters were then merged with
geo log i cal data from BDGI, cre at ing a uni fied dataset that com -
bines lithological and ther mal at trib utes. Hydrogeological cor -
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Fig. 2. A sim pli fied scheme of the GeoSTAR bore hole data base struc ture (Ry¿yñski and Na³êcz, 2016)
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T a  b l e  1

Ef fec tive ther mal con duc tiv ity (l) for non-co he sive soils de pend ing on wa ter con tent (af ter £ukawska et al., 2021)

Sym bol de scrip tion: l min – low est mea sured ef fec tive ther mal con duc tiv ity value [W/m × K]; l max – high est mea sured ef fec tive ther mal

con duc tiv ity value [W/m × K]; x l – arith me tic mean value of ef fec tive ther mal con duc tiv ity for a cer tain soil type [W/m × K]

Soil clas si fi ca tion based on par ti cle size dis tri bu tion ac cord ing to PN-B-02480:1986:

PP: 0.05–2.00 mm: 68 ÷ 90%; 0.002 – 0.05 mm: 10 ÷ 30%; <0.002 mm: 0 ÷ 2%;

Pd: >2 mm: <10%; >0.5 mm: <50%; >0.25 mm: <50%;

Ps: >2 mm: <10%; >0.5 mm: <50%; >0.25 mm: >50%;

Pr: >2 mm: <10%; >0.5 mm: >50%;

Po: <0.002 mm: <2%; >2 mm: 10–50%;

¯: <0.002 mm: <2%; >2 mm: >50%

T a  b l e  2

Ef fec tive ther mal con duc tiv ity (l) for co he sive soils ac cord ing to li quid ity in dex classes (af ter £ukawska et al., 2021)

Sym bol de scrip tion: l min – low est mea sured ef fec tive ther mal con duc tiv ity value [W/m × K]; l max – high est mea sured ef fec tive ther mal con -

duc tiv ity value [W/m × K]; x l – arith me tic mean value of ef fec tive ther mal con duc tiv ity for a cer tain soil type [W/m × K].

Soil clas si fi ca tion based on par ti cle size dis tri bu tion ac cord ing to PN-B-02480:1986:

P: 0.05–2.00 mm: 0 ÷ 30%; 0.002–0.05 mm: 60 ÷ 100%; <0.002 mm: 0 ÷ 10%;

Pg: 0.05–2.00 mm: 60 ÷ 98% 0.002–0.05 mm: 0 ÷ 30%; <0.002 mm: 2 ÷ 10%;

Gp: 0.05–2.00 mm: 50 ÷ 90%; 0.002–0.05 mm: 0 ÷ 30%; <0.002 mm: 10 ÷ 20%;

G: 0.05–2.00 mm: 30 ÷ 60%; 0.002–0.05 mm: 30 ÷ 60%; <0.002 mm: 10 ÷ 20%;

GP: 0.05–2.00 mm: 0 ÷ 30%; 0.002–0.05 mm: 50 ÷ 90%; <0.002 mm: 10 ÷ 20%;

I: 0.05–2.00 mm: 0 ÷ 50%; 0.002–0.05 mm: 0 ÷ 50%; <0.002 mm: 30 ÷ 100%

https://doi.org/10.7306/2021.34


rec tions were in tro duced for non-co he sive soils lo cated be low
the ground wa ter ta ble, re flect ing fully sat u rated con di tions. The
pres ence and depth of the ground wa ter ta ble are crit i cal for es -
ti mat ing vSGP (Zhao et al., 2022; Rammler et al., 2023). When
the ground wa ter ta ble in ter sects a non-co he sive layer, the stra -
tum is sub di vided into sat u rated and un sat u rated zones, each
with dis tinct ther mal con duc tiv ity. As ground wa ter lev els may
fluc tu ate over time, the val ues re corded dur ing drill ing rep re -
sent the best avail able in for ma tion; de spite this tem po ral un cer -
tainty, in cor po rat ing the doc u mented wa ter ta ble pro vides a

more ac cu rate ther mal parameterization than omit ting hydro -
geological ef fects al to gether. Af ter this cor rec tion, weighted av -
er age ther mal con duc tiv i ties are cal cu lated for the lithological
pro files down to pre de fined depths. The weight ing al go rithm fol -
lows the meth od ol ogy de scribed by K³onowski et al. (2020), en -
sur ing that each depth in ter val re flects the cu mu la tive in flu ence
of soil lay er ing and mois ture con di tions. In par al lel, ther mal re -
sis tiv ity val ues are de ter mined at de fined cut-off lev els (2 and 5
m b.g.l.). The al go rithm iden ti fies the geo log i cal layer pres ent at
the spec i fied depth and as signs its re sis tiv ity value. This pro -
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Fig. 3. Parameterization pro cess – steps 1–6
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vides a point- spe cific es ti mate of ther mal con di tions at these
depths with out ap ply ing ver ti cal av er ag ing. 

STEP 4
RASTER ALGEBRA AND TABULAR OUTPUT

Us ing ras ter al ge bra op er a tions, two dis tinct ther mal pa -
ram e ters were com puted:

a) av er age ther mal con duc tiv ity up to a given depth,
b) ther mal re sis tiv ity at a given depth.
The out put was com piled into tab u lar form, where each

bore hole lo ca tion was as so ci ated with its cal cu lated pa ram e ter
val ues. This dataset con sti tuted the an a lyt i cal base for spa tial
rep re sen ta tion in the GIS en vi ron ment.

GIS ANALYSIS

The GIS anal y sis stage trans forms the parameterized nu -
mer i cal re sults into con tin u ous spa tial rep re sen ta tions of sub -
surface ther mal prop er ties. This part of the workflow fo cuses on 
geostatistical pro cess ing and car to graphic pre sen ta tion. The
pro ce dure in cludes three main steps: steps 5 to 7 (Figs. 3 and
4), lead ing from the tab u lar data to the fi nal vi sual out puts.

STEP 5
POINT DATA OUTPUT

The tab u lar dataset con tain ing ther mal con duc tiv ity and re -
sis tiv ity val ues was con verted into a vec tor point layer (SHP for -
mat). Each bore hole was rep re sented as a spa tial point car ry -
ing cal cu lated ther mal at trib utes for pre de fined depths. This
con ver sion en abled sub se quent spa tial al lo ca tion and map
gen er a tion.

STEP 6
GIS EUCLIDEAN ALLOCATION

To trans form dis crete point data into con tin u ous po lyg o nal
cov er age, the Eu clid ean al lo ca tion method was ap plied. This
geostatistical tech nique as signs each lo ca tion in space to the
near est data point (bore hole) based on straight-line dis tance,
gen er at ing a set of poly gons of equal prox im ity. Poly gon bound -
aries are au to mat i cally placed mid way be tween neigh bour ing
bore holes, en sur ing ob jec tive and re pro duc ible spa tial par ti -
tion ing. Al though the in put dataset con sists of vec tor points, the
Eu clid ean Al lo ca tion tool per forms the com pu ta tion in ras ter
space and the re sults were sub se quently con verted back to
vec tor poly gons for map ping.

Only bore holes deeper than 2 m were in cluded in this step
to main tain geo log i cal re li abil ity and ex clude su per fi cial, non-
 rep re sen ta tive data. At greater depths, poly gons cor re spond ing 
to ar eas with out bore hole in for ma tion were au to mat i cally ex -
cluded. The re sult ing poly gons were sub se quently ag gre gated
into 0.2 W/m · K ther mal con duc tiv ity classes and equiv a lent re -
sis tiv ity ranges, pro duc ing a con sis tent ba sis for ther mal map -
ping.

STEP 7
FINAL MAP LAYOUTS

The fi nal stage in volves in te grat ing Eu clid ean poly gons with 
a top o graphic base map of War saw to pro duce the ther mal pa -
ram e ter maps (Fig. 4). These in clude:

a) maps of weighted-av er age ther mal con duc tiv ity up to a
given depth,

b) maps of ther mal re sis tiv ity at spe cific depths (e.g., 2 and
5 m).

The vi sual out puts de pict the spa tial dis tri bu tion of ther mal
prop er ties within the up per 30 m of the subsurface and pro vide
a foun da tion for as sess ing lo cal geo ther mal po ten tial. The Eu -
clid ean al lo ca tion method en sures trans par ency, ob jec tiv ity and 
reproducibility, which are key ad van tages in het er o ge neous ur -
ban datasets with un even bore hole cov er age.

RESULT INTERPRETATION AND DISCUSSION

The ther mal con duc tiv ity and re sis tiv ity maps gen er ated for
War saw pro vide the first high-res o lu tion as sess ment of the
vSGP for an ur ban area in Po land. Their in ter pre ta tion re veals
key spa tial and depth-re lated pat terns that have di rect im pli ca -
tions for both geo ther mal en ergy uti li za tion and the man age -
ment of un der ground in fra struc ture.

INTERPRETATION OF THERMAL RESISTIVITY 

PATTERNS

The ther mal re sis tiv ity maps gen er ated for 2 and 5 m be low
the ground level re flect the spa tial vari abil ity of the un con sol i -
dated Qua ter nary de pos its prev a lent in War saw. These lay ers
are com posed pre dom i nantly of sandy and silty de pos its with
vari able mois ture con tent and com pac tion, while co he sive soils
and anthropogenic fills oc cur lo cally. The cal cu lated re sis tiv ity
val ues at 2 m depth range from ~0.3 to over 3.0 m · K/W, with
the most ex ten sive zones (al most 60% of the area) char ac ter -
ized by very low re sis tiv ity (0.5–0.7 m · K/W) (Fig. 5). These
zones are mainly dis trib uted within river val leys and ar eas with
shal low ground wa ter ta bles, where higher sat u ra tion and fine -
-grained ma te ri als en hance ther mal cou pling. This re la tion ship
forms one of the key con trols on the spa tial dis tri bu tion of ther -
mal re sis tiv ity in the study area. Depths (2 and 5 m b.g.l.) cor re -
spond to typ i cal in stal la tion lev els of un der ground util ity net -
works in War saw, mak ing ther mal re sis tiv ity di rectly rel e vant for
as sess ing heat dis si pa tion and op er a tional con di tions of bur ied
in fra struc ture.

At 5 m depth, the range of ther mal re sis tiv ity val ues re mains 
sim i lar, but the spa tial dis tri bu tion be comes more uni form, re -
flect ing both in creas ing soil com pac tion and more sta ble hydro -
geological con di tions with depth. The share of ar eas with very
low re sis tiv ity (<0.5 K · m/W) rises, ac count ing for nearly three -
-quar ters of the to tal area, in di cat ing im proved heat trans fer po -
ten tial. Higher ther mal re sis tiv ity val ues (0.85–1.5 m · K/W) oc -
cur lo cally, for ex am ple, in ar eas where sandy de pos its with low
mois ture con tent and sig nif i cant ad mix tures of anthropogenic
ma te ri als dom i nate. 

From a prac ti cal stand point, these re sis tiv ity maps sup port
the de sign and mon i tor ing of un der ground util ity net works –
elec tric power ca bles, gas pipe lines and wa ter mains – where
soil re sis tiv ity di rectly af fects ther mal per for mance, en ergy
losses and safe op er a tional lim its. Ar eas char ac ter ized by very
low re sis tiv ity rep re sent op ti mal zones for ef fi cient heat trans fer
and re duced ther mal stress on bur ied in fra struc ture. These
zones there fore rep re sent pri or ity ar eas for ef fi cient ther mal
man age ment of un der ground util ity sys tems.
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Fig. 4. Parameterization pro cess – fi nal map lay outs (Step 7)



INTERPRETATION OF THERMAL CONDUCTIVITY 

PATTERNS

The weighted-av er age ther mal con duc tiv ity (l) maps, pro -
duced for cu mu la tive in ter vals down to 2, 5, 10, 15, 20, 25, and
30 m b.g.l., show a sys tem atic in crease in l with depth (Fig. 6).
The mean con duc tiv ity for the top 2 m layer is ~1.65 W/m · K,
ris ing to 2.55 W/m · K for the in ter val up to 30 m. This ver ti cal
trend re flects the tran si tion from loose, vari ably moist sur face
soils to more com pact, denser, and fre quently sat u rated de pos -
its. 

Spa tially, higher l val ues (>2.2 W/m · K) oc cur pre dom i -
nantly in the east ern dis tricts along the Vistula river ter races,
where coarse sands and grav els pre vail. Lower l val ues (<1.7
W/m · K) dom i nate the west ern and north-west ern parts of the
city, where co he sive Plio cene clays and silts form the up per -
most strata. The vari abil ity of l di min ishes with depth, which
con firms that the lithological and mois ture-re lated het er o ge ne -
ity typ i cal of the near-sur face zone grad u ally de creases in
deeper soil lay ers.

For geo ther mal en gi neer ing, these find ings in di cate that
large parts of War saw pro vide fa vour able con di tions for vSGE

ex ploi ta tion. Con duc tiv ity val ues ex ceed ing 2.0 W/m · K are suf -
fi cient for ef fi cient op er a tion of both hor i zon tal ground heat
exchangers and thermo active geostructures such as en ergy
piles, di a phragm walls, and tun nel lin ings. The grad ual in crease 
in l with depth also sug gests sta ble long-term ther mal per for -
mance and lim ited risk of ef fi ciency loss due to sea sonal tem -
per a ture fluc tu a tions or dry ing of sur face lay ers. This makes
deeper ther mal zones par tic u larly fa vour able for re li able and
pre dict able op er a tion of shal low geo ther mal sys tems.

INTEGRATED INTERPRETATION AND ENGINEERING

IMPLICATIONS

The com bined anal y sis of ther mal con duc tiv ity (l) and ther -
mal re sis tiv ity (r) dem on strates that War saw’s sub soil gen er ally 
of fers a sta ble and con duc tive me dium suit able for both en ergy
ex trac tion and ther mal man age ment. The cor re spon dence be -
tween low re sis tiv ity and high con duc tiv ity zones cor rob o rates
the ro bust ness of the parameterization and val i dates the geo -
log i cal logic of the map ping pro ce dure. 
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Fig. 5. Ther mal re sis tiv ity dis tri bu tion at 2 and 5 m b.g.l.



The “at-depth” ther mal re sis tiv ity maps are par tic u larly im -
por tant for shal low un der ground in fra struc ture, as they in di cate
how ef fec tively the lo cal ground can dis si pate or ab sorb heat.
They can guide rout ing de ci sions for power trans mis sion ca -
bles, in form the place ment of en ergy-ef fi cient dis trict heat ing
net works, and sup port ther mal back fill de sign. The “up-to -
-depth” con duc tiv ity maps, by con trast, serve as a valu able ref -
er ence for the pre lim i nary de sign of geo ther mal sys tems op er -
at ing within the up per 30 m b.g.l., par tic u larly en ergy geo -
structures in te grated into build ings and trans port in fra struc ture. 

The spa tial pat terns iden ti fied in this study may also in form
sus tain able ur ban plan ning. Ar eas with high l and low r val ues
cor re spond to zones of in creased geo ther mal po ten tial and
may be pri ori tised for re new able en ergy in stal la tions or pi lot
pro jects un der mu nic i pal Smart City strat e gies. Con versely,
zones with low l and high r should be treated with cau tion, as
they im ply lim ited heat ex change ef fi ciency and po ten tially
higher sys tem costs.

The spa tial re la tion ships ob served in the cur rent study con -
firm and ex tend the pat terns iden ti fied in the ear lier pi lot anal y -
sis (¯eruñ et al., 2024). In par tic u lar, the strong cor re la tion be -
tween ground wa ter oc cur rence and zones of re duced ther mal
re sis tiv ity re in forces the va lid ity of the parameterization pro ce -
dure. Un like the pre lim i nary ver sion, the pres ent re search pro -

vides a quan ti ta tive eval u a tion of spa tial cov er age, un cer tainty
as sess ment re lated to bore hole dis tri bu tion, and an ex plicit dis -
cus sion of en gi neer ing im pli ca tions for en ergy and in fra struc -
ture plan ning.

METHODOLOGICAL CONSIDERATIONS 

AND LIMITATIONS

The Eu clid ean al lo ca tion al go rithm ap plied in this re search
of fers sev eral meth od olog i cal ad van tages. It pro vides a de ter -
min is tic and trans par ent means of de lin eat ing zones of in flu -
ence be tween bore holes, avoid ing the sub jec tive in ter pre ta tion
in her ent to con ven tional in ter po la tion meth ods. This ap proach
en sures reproducibility and fa cil i tates clear com mu ni ca tion of
re sults to non-spe cial ists and de ci sion-mak ers. 

Nev er the less, the ap proach has lim i ta tions that stem pri -
mar ily from the het er o ge ne ity and un equal dis tri bu tion of bore -
hole data. The den sity of avail able data de creases mark edly
be low 20 m b.g.l., re duc ing spa tial res o lu tion and in creas ing
geo log i cal un cer tainty. While the Eu clid ean al lo ca tion method
pre serves the geo met ric con sis tency of poly gon bound aries
across depth lev els, this con sis tency may lead to over genera -
lization in ar eas with sparse in put data. Fu ture work should ad -
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Fig. 6. Ther mal con duc tiv ity dis tri bu tion up to 2, 5, 10, 15, 20, 25, and 30 m b.g.l.



dress these lim i ta tions through hy brid ap proaches com bin ing
de ter min is tic al lo ca tion with proba bil is tic un cer tainty as sess -
ment.

BROADER IMPLICATIONS AND PROSPECTS

Be yond geo ther mal en ergy ap pli ca tions, the workflow de -
scribed can con trib ute to the in te grated ther mal man age ment of 
the ur ban subsurface. The same datasets can be used to as -
sess the risk of heat ac cu mu la tion in densely de vel oped dis -
tricts, sim u late un der ground tem per a ture fields, which are cru -
cial for the soil shear strength de scribed by Yavari et al. (2016),
or eval u ate the in ter ac tion be tween geo ther mal sys tems and
bur ied util i ties. 

The War saw case study dem on strates the fea si bil ity of
repurposing en gi neer ing-geo log i cal data for en ergy tran si tion
ob jec tives. The meth od ol ogy is scal able and can be readily
adapted to other Pol ish cit ies cov ered by the BDGI. With sup -
ple men tary datasets, it can be ex tended to de rive ad di tional
ther mal pa ram e ters (such as spe cific heat ca pac ity or ther mal
diffusivity) and, in the fu ture, to gen er ate near-sur face ground
tem per a ture maps. 

The in te gra tion of such spa tial in for ma tion with ur ban en -
ergy mod els will en hance the ca pa bil ity of plan ners and de sign -
ers to make data-driven de ci sions sup port ing low-car bon de vel -
op ment. As dig i tal geo log i cal re pos i to ries con tinue to ex pand,
the cou pling of parameterized datasets with ma chine-learn ing
tech niques will en able con tin u ous im prove ment of pre dic tive
ac cu racy and re gional trans fer abil ity of the re sults.

CONCLUSIONS AND FURTHER 
RESEARCH

This study builds upon and sub stan tially ex tends the ini tial
frame work pro posed by ¯eruñ et al. (2024), pre sent ing a fully
de vel oped and val i dated meth od ol ogy for map ping the vSGP of 
ur ban ar eas us ing en gi neer ing-geo log i cal data. The de vel oped
workflow com bines lithological parameterization with GIS-

 based Eu clid ean al lo ca tion, en abling the vi su al iza tion of ther -
mal con duc tiv ity and re sis tiv ity con sis tently and trans par ently.
The War saw case study con firms that large parts of the city
pos sess fa vour able ther mal prop er ties — mod er ate to high
con duc tiv ity and low re sis tiv ity — suit able for ef fi cient op er a tion
of en ergy geostructures and shal low heat ex change sys tems.

The meth od ol ogy bridges the gap be tween tra di tional geo -
log i cal map ping and en ergy sys tem plan ning, of fer ing a data -
-driven tool to sup port Smart City strat e gies and sus tain able un -
der ground space man age ment. By avoid ing sub jec tive in ter po -
la tion and main tain ing geo met ric con sis tency across depth lev -
els, the ap proach en sures reproducibility and clear com mu ni ca -
tion of re sults to en gi neers, plan ners and pub lic stake holders.

Given the uni fied struc ture of the BDGI, the workflow can be 
readily ex tended to other ur ban ar eas, with only mi nor ad just -
ments for re gional lithological con di tions. In most re gions of the
Pol ish Low lands, the shal low geo log i cal struc ture down to
~30 m b.g.l. is rel a tively uni form and only weakly in flu enced by
tec tonic pro cesses, al low ing the workflow to be ap plied with
min i mal ad just ments. How ever, in ar eas where tec tonic faults
or con tacts be tween dis tinct struc tural units oc cur, such as
south ern Po land, ad di tional sub di vi sion cri te ria or al go rith mic
re fine ments may be re quired to cor rectly re flect geo log i cal
bound aries. Fu ture de vel op ments will fo cus on im prov ing pa -
ram e ter pre dic tion through the ap pli ca tion of ma chine-learn ing
re gres sion al go rithms, and on ex pand ing the frame work to -
wards the gen er a tion of ad di tional ther mal pa ram e ter maps, in -
clud ing spe cific heat ca pac ity and near-sur face ground tem per -
a ture. To gether, these ad vance ments will en hance the pre ci -
sion, scalability, and prac ti cal ap pli ca bil ity of geo ther mal po ten -
tial as sess ments in sup port of Po land’s low-car bon en ergy tran -
si tion.

Ac knowl edeg ments. This ar ti cle was fi nanced by the Na -
tional Fund for En vi ron men tal Pro tec tion and Wa ter Man age -
ment.

This pa per is an ex tended ver sion of our pa per pub lished in
the pro ceed ings of the 49th Work shop on Geo ther mal Res er -
voir En gi neer ing, Stan ford Uni ver sity, Stan ford, Cal i for nia,
USA, Feb ru ary 12-14, 2024
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