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

We in ves ti gate the fun da men tal con di tions for the ef fec tive de ploy ment of Aqui fer Ther mal En ergy Stor age (ATES), fo cus ing 
on low-tem per a ture ap pli ca tions (LT-ATES) in Po land, iden ti fy ing op por tu ni ties and chal lenges as so ci ated with im ple ment -
ing this tech nol ogy within na tional hydrogeological and in sti tu tional set tings. This study builds upon the find ings of the pro ject 
“Pre lim i nary as sess ment of ther mal en ergy stor age po ten tial in aqui fers in Po land” com pleted in 2024, which pro vided the
first com pre hen sive eval u a tion of LT-ATES po ten tial. Our anal y sis en com passes key tech ni cal and reg u la tory de ter mi nants
of sus tain able sys tem op er a tion, em pha siz ing the ne ces sity of full ground wa ter re-in jec tion and rig or ous site se lec tion to
safe guard wa ter qual ity and pre vent in ter fer ence with me dic i nal and ther mal wa ter re sources. Op er a tional per for mance may
be en hanced through ad vanced con trol strat e gies and sys tem atic well main te nance. A SWOT anal y sis is ap plied to as sess
the strengths, weak nesses, op por tu ni ties and threats rel e vant to LT-ATES de ploy ment in Po land. LT-ATES could play an im -
por tant role in de car bon iz ing the na tional heat ing sec tor by sup port ing dis trib uted sys tems, build ing clus ters, and small dis -
trict net works. The tech nol ogy is in creas ingly rec og nized in stra te gic pol icy doc u ments such as PEP2040 and the
Geo ther mal De vel op ment Roadmap (2021). We con clude with pol icy rec om men da tions to strengthen reg u la tory frame -
works, in crease aware ness, and sup port na tion wide im ple men ta tion across Po land.

Key words: LT-ATES, de car bon iza tion, heat ing mar ket, tech ni cal and non-tech ni cal con di tions, Po land.

INTRODUCTION

Aqui fer Ther mal En ergy Stor age (ATES) has evolved over
the past five de cades from a the o ret i cal con cept into a  sig nif i -
cant el e ment of green heat ing and cool ing strat e gies. Ini tially
de vel oped in re sponse to global en ergy con cerns, ATES sys -
tems ex ploit the ther mal ca pac ity of subsurface aqui fers to store 
and re cover heat or cold across sea sons. Their ap pli ca tion has
ex panded rap idly in re cent de cades, par tic u larly in west ern and
north ern Eu rope, where they now play an im por tant role in sus -
tain able en ergy tran si tions and car bon-neu tral heat ing strat e -
gies (Köhler and Ganal, 2024; Marojeviæ et al., 2025; Stemmle,
2025b).

The roots of ATES tech nol ogy trace back to the 1960s and
70s, when re search ers be gan to in ves ti gate the po ten tial of un -
der ground wa ter-bear ing for ma tions to serve as ther mal res er -

voirs. The 1973 oil cri sis catalysed in ter est in al ter na tive and re -
new able en ergy stor age meth ods, lead ing to pi lot stud ies in
Swe den, Ger many and the United States. By 1978, one of the
ear li est dem on stra tion sys tems was built in Uppsala, Swe den,
de signed to store so lar heat in sum mer and re cover it for space
heat ing in win ter (Lund; Andersson, 1985; Gehlin and Nordell,
2003; Freeston  and Boyd, 2010; Fleuchaus et al., 2018).

These early sys tems, while op er a tional, lacked ro bust mod -
el ling ca pa bil i ties and suf fered from ther mal dis per sion losses.
Lee (2010) pro vided a foun da tional re view of ATES op er a tion,
clas si fi ca tion, and mod el ling ap proaches, high light ing the need
for ad vanced hy dro ther mal sim u la tions and ro bust dou blet-well
de signs to pre vent min eral pre cip i ta tion at well screens and
ther mal short-cir cuit ing, and to max i mize re cov ery ef fi ciency.

A key turn ing point in ATES de vel op ment came in the
1990s, par tic u larly in the Neth er lands. The coun try’s fa vour able 
geo log i cal con di tions – wide spread sandy aqui fers at ac ces si -
ble depths be tween 20 and 150 metres – com bined with
proactive reg u la tory sup port and a grow ing em pha sis on ur ban
sustainability, made it a fer tile ground for wide spread im ple -
men ta tion (Fleuchaus et al., 2018). Dutch en gi neers re fined the 
dou blet-well con fig u ra tion, whereby one well stores heated

* Cor re spond ing au thor, e-mail: mkon@pgi.gov.pl

Re ceived: Oc to ber 17, 2025; ac cepted: Jan u ary 13, 2026; first
pub lished on line: January 14, 2026

https://doi.org/10.1016/j.rser.2018.06.057
https://doi.org/10.1016/j.rser.2018.06.057
https://www.oeko.de/en/publications/demand-and-potential-for-seasonal-heat-storage-in-urban-district-heating-systems-in-aquifer-thermal-energy-storages
https://www.mdpi.com/1996-1073/3/6/1320
https://doi.org/10.3390/en18041001
https://doi.org/10.1007/s10098-024-02892-1
https://doi.org/10.1007/s10098-024-02892-1


ground wa ter (the so-called “warm well”) and the other stores
cooled ground wa ter (the “cold well”). An im por tant el e ment of
the ATES heat ing sys tem is a heat pump. Dur ing win ter time,
wa ter, pumped via the hot well at a tem per a ture of ~15–20°C,
passes through the evap o ra tor of the heat pump to raise the
tem per a ture of wa ter cir cu lat ing in build ings to the re quired
level, usu ally in the range from 35 to 50°C. At the same time,
the heat pump cools ground wa ter to ~10°C or lower. In the
sum mer time, the cy cle is re versed. Cooled ground wa ter is
used for air-con di tion ing. Af ter ab sorb ing heat from the build ing, 
wa ter is re inject ed through the hot well (Fig. 1A). This op er a tion
pat tern is called a cy clic re gime due to the al ter nat ing di rec tion
of ground wa ter pump ing be tween wells, and it re quires ground -
wa ter to flow at a low ve loc ity.

At high ground wa ter flow ve loc i ties (usu ally >100 m/year), a 
uni di rec tional sys tem is most of ten used, where wa ter is
pumped in the di rec tion of ground wa ter flow (Fig. 1B). Each well 
then serves as a pro duc tion or in jec tion well, re gard less of the
sea son. In the uni di rec tional re gime, the tem per a ture gra di ent
be tween wells is lower than in the cy clic re gime.

In both cases, if the wa ter tem per a ture in the cold well is low
enough, it can be used di rectly to air-con di tion build ings via a
wa ter-to-air heat exchanger, by pass ing the heat pump. This is
known as free cool ing.

By the early 2000s, sev eral hun dred ATES sys tems were
al ready op er at ing across Eu rope, mainly serv ing com mer cial
fa cil i ties, hos pi tals, air ports and uni ver sity cam puses. As de -
ploy ment ex panded, re search ers be gan to fo cus more on sub -
surface pro cesses and po ten tial en vi ron men tal ef fects.
Bloemendal and Hartog (2018) made an im por tant  con tri bu tion 
by ana lys ing how aqui fer char ac ter is tics in flu ence the ther mal
re cov ery ef fi ciency of low-tem per a ture ATES (LT-ATES) sys -
tems. Their study dem on strated that re cov ery per for mance
strongly de pends on pa ram e ters such as per me abil ity, trans -
missivity and ground wa ter flow re gime, as well as on op er a -
tional prac tices aimed at main tain ing ther mal bal ance be tween
heat ing and cool ing sea sons. They found that re cov ery ef fi -
ciency can vary widely – from ~50 to over 90% – de pend ing on
the de gree of align ment be tween sys tem de sign, geo log i cal
con di tions, and ther mal de mand.

On go ing re search ef forts have been in stru men tal in fa cil i tat -
ing the adop tion of ATES within in te grated en ergy net works. In
the 2010s, Eu ro pean util i ties, mu nic i pal i ties and en ergy re -
search ers be gan em bed ding ATES within broader re new able
heat ing and cool ing in fra struc tures. In the Neth er lands, the
WarmingUP pro ject – a col lab o ra tion in volv ing Deltares and
doz ens of other in sti tu tions – ex plored com bin ing ATES with
high-tem per a ture dis trict heat ing net works, aquathermal en -
ergy from sur face wa ter, and geo ther mal heat. The re port by
Deltares (2023) high lighted that ATES sys tems are not only ef -
fi cient and du ra ble but also in vis i ble and space-ef fi cient, mak -
ing them ideal for de ploy ment in dense ur ban en vi ron ments
where so lar pan els or wind tur bines may not be fea si ble.

One of the de fin ing de vel op ments of the 2010s was the in -
tro duc tion of me dium- and high-tem per a ture ATES (MT-ATES
and HT-ATES) sys tems, ca pa ble of op er at ing at 30–85°C.
These sys tems al low stor age of ex cess heat from so lar ther mal
col lec tors, com bined heat and power (CHP) plants, and geo -
ther mal sources for later use. The ATES Factsheet v6, pub -
lished by Wa ter Eu rope (Kleyböcker et al., 2023) pro vides nu -
mer ous ex am ples, in clud ing a long-run ning HT-ATES in
Neubrandenburg, Ger many, stor ing geo ther mal heat since
1987, and the MT-ATES in Westland, Neth er lands, stor ing
CHP and so lar en ergy since 2015. The re port high lights re cov -
ery ef fi cien cies rang ing from 72 to 93%, de pend ing on sys tem
de sign and aqui fer char ac ter is tics.

While the tech no log i cal ma tu rity of ATES has im proved
over time, so did the un der stand ing of its in ter ac tion with lo cal
hy drol ogy and chem is try. Visser et al. (2015) in ves ti gated the
long-term im pacts of ATES on ground wa ter hydrochemistry
and found that tem per a ture changes can sig nif i cantly in flu ence
mi cro bial ac tiv ity, re dox po ten tial, and sol ute mo bi li za tion. Such 
ef fects prompted stron ger reg u la tory frame works and en vi ron -
men tal as sess ments, par tic u larly in ar eas with sen si tive aqui -
fers or over lap ping ther mal zones.

From an op er a tional per spec tive, the re cov ery fac tor (RF),
de fined as the ra tio be tween dis charged and charged en ergy,
emerged as a key per for mance met ric. Todorov et al. (2020)
con ducted one of the most de tailed stud ies of di rect heat ing and 
cool ing with ATES sys tems in Fin land, show ing that the RF sta -
bi lizes af ter three to four years of op er a tion. Their work em pha -
sized the im por tance of de mand-side fore cast ing, dy namic con -
trol strat e gies and aqui fer ther mo dy nam ics in op ti miz ing per for -
mance.

Ad vances in dig i tal mon i tor ing and con trol sys tems also oc -
curred dur ing this pe riod, im prov ing ther mal op ti mi za tion. Pei et
al. (2024) ap plied dis trib uted tem per a ture sens ing (DTS) and
en sem ble-based sim u la tions to mon i tor heat plume move ment
within aqui fers in real time. This al lowed for early de tec tion of
sys tem in ef fi cien cies (such as clogged well screens or ther mal
dis per sion) and en abled op er a tors to ad just flows dy nam i cally
to pre serve high re cov ery rates.

In par al lel, the role of ATES in broader cli mate strat e gies
be came in creas ingly prom i nent. The re port by Deltares (2023)
and Wa ter Eu rope em pha sized the syn ergy be tween ATES and 
en ergy neu tral ity tar gets, par tic u larly in cit ies look ing to de car -
bon ize their build ing stock. HT-ATES, op er at ing at 70–80°C, is
now be ing de vel oped for ret ro fit ap pli ca tions, where space and
en ergy in fra struc ture con straints limit the vi a bil ity of other re -
new able op tions. In these sys tems, ATES can re place gas boil -
ers en tirely, de liv er ing high-grade heat from so lar or geo ther mal 
sources with no di rect emis sions. An ex am ple of a HT-ATES
pro ject, in clud ing ret ro fit ap pli ca tions, has been doc u mented in
Neubrandenburg, Ger many. The sys tem was de vel oped by
con vert ing ex ist ing geo ther mal heat ing in fra struc ture into an
HT-ATES to sea son ally store ex cess heat for dis trict heat ing
ap pli ca tions.  The HT-ATES ret ro fit sys tem op er ated with for -
ma tion tem per a tures ~50–55°C from the geo ther mal wells, and
geo chem i cal mod el ling sug gested that in jec tion tem per a tures
could po ten tially be in creased to ~90°C un der fa vour able con di -
tions (Dobson et al., 2025). Now a days, ATES is firmly em bed -
ded in ur ban en ergy plan ning across north ern and west ern Eu -
rope, with grow ing in ter est also in China, Can ada and USA. Its
adop tion is ex pand ing into hy brid con fig u ra tions - com bined
with bore hole stor age, geo ther mal plants, and heat pumps -
and linked to smart-grid in fra struc ture that can bal ance ther mal
loads at the dis trict or city scale (Stemmle et al., 2024, 2025a;
Geerts et al., 2025; Marojeviæ et al., 2025).

GLOBAL LANDSCAPE OF ATES DEVELOPMENT
AND TRENDS

World wide, and es pe cially in west ern and north ern Eu rope,
ATES tech nol ogy has gained trac tion in coun tries with tem per -
ate cli mates and suit able aqui fer con di tions, in clud ing the Neth -
er lands, Bel gium, Swe den, Ger many, Den mark and the United
States, Can ada, and China out side of Eu rope (Fig. 2).

Global ex pan sion of ATES has been pri mar ily driven by a
com bi na tion of ur ban de car bon iza tion ob jec tives, the in creas -
ing em pha sis on waste heat re cov ery and sea sonal stor age,
and its in te gra tion with com ple men tary tech nol o gies such as
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Fig . 1. Sim pli fied scheme of LT-ATES sys tems op er a tion in sum mer and win ter sea sons

A – cy clic re gime, B – uni di rec tional re gime



so lar ther mal, shal low geo ther mal, and dis trict heat ing net -
works. These fac tors have po si tioned ATES as a stra te gic com -
po nent in sus tain able ur ban en ergy tran si tions (Stemmle et al.,
2024; Marojeviæ et al., 2025).

Nev er the less, the adop tion of ATES out side of Eu rope re -
mains rel a tively lim ited (Fleuchaus et al., 2018).  This is partly
at trib uted to suboptimal aqui fer con di tions in some re gions, but
it is also largely due to the lack of gov ern men tal sup port and ap -
pro pri ate le gal reg u la tions in many coun tries. In sti tu tional bar ri -
ers, such as lim ited tech ni cal ex per tise and the ab sence of tar -
geted fi nan cial in cen tives, fur ther con strain de ploy ment. More -
over, in ar eas where sea sonal de mand for both heat ing and
cool ing is not well bal anced, the eco nomic and op er a tional vi a -
bil ity of ATES sys tems is sig nif i cantly re duced. Emerg ing econ -
o mies with rap idly grow ing cit ies and ris ing en ergy de mands
(e.g., in Asia and the Mid dle East) rep re sent un tapped po ten -
tial, but their de vel op ment re quires cus tom ized reg u la tory
frame works and tech nol ogy ad ap ta tion (Stemmle et al., 2024;
Gao et al., 2025; Marojeviæ et al., 2025). The above also ap plies 
to Po land (Miecznik and Skrzypczak, 2019).

In Eu rope, ATES has be come a cen tral com po nent of sus -
tain able en ergy in fra struc ture, es pe cially in re gions aim ing to
phase out fos sil fu els from heat ing and cool ing sys tems. The
con ti nent leads the world in ATES de ploy ment, with the Neth er -
lands firmly es tab lished as a global pi o neer. With more than
3000 op er a tional sys tems as of 2025 (Bloemendal and Ols -
thoorn, 2025), the Dutch model has in te grated ATES into new
ur ban de vel op ments, com mer cial build ings and pub lic fa cil i ties
at scale. This suc cess is at trib uted to the coun try’s fa vour able
ge ol ogy, shal low, per me able sandy aqui fers, and a pro gres sive 
pol icy en vi ron ment that in cludes clear per mit ting rules, ther mal
zon ing, and ro bust in te gra tion into spa tial and en ergy plan ning
(Fleuchaus et al., 2018; Deltares, 2023). Pro jects are fur ther
sup ported by cut ting-edge re search in sti tu tions such as
Deltares, which play a lead ing role in op ti miz ing sys tem de sign,
im prov ing mon i tor ing tech niques, and ex plor ing high-tem per a -
ture ATES (HT-ATES) for retro fit ting older res i den tial dis tricts
(Kleyböcker et al., 2023).

Ger many also is con tin u ing re search and dem on stra tion
pro jects on ATES tech nol ogy, par tic u larly through its em pha sis
on me dium- and high-tem per a ture stor age sys tems that pair
well with waste heat from in dus trial pro cesses and geo ther mal
en ergy sources. The sys tem in Neubrandenburg, for in stance,
has been in op er a tion since the late 1980s and is one of the old -
est con tin u ously func tion ing HT-ATES sys tems in Eu rope
(Kleyböcker et al., 2023). Ger man re search, such as that by
Stemmle et al. (2025), con tin ues to ex plore ef fi ciency im prove -
ments, en vi ron men tal im pacts, and op ti mal in te gra tion with re -
new able heat net works. Across Scan di na via, coun tries like
Swe den and Den mark fo cus heavily on sea sonal in te gra tion of
ATES with so lar ther mal en ergy, us ing the tech nol ogy pri mar ily
to sup port large-scale dis trict heat ing schemes. An ex cel lent
ex am ple of a large-scale LT-ATES sys tem is in Stock holm
Arlanda air port. One of the larg est ATES sys tems in the world is 
used for cool ing and pre-heat ing of ven ti la tion in the build ings
and for de-ic ing of air craft park ing stands (MidttÝmme et al.,
2017). The vol ume of the aqui fer be neath the boul der ridge
known as Brunkebergsåsen is es ti mated at 200 mil lion m3. The
av er age stor age tem per a ture in the cold zones is be tween 3
and 6°C, while in the warm zones it is be tween 15 and 25 °C
(~20°C on av er age). The use of this aqui fer for cool ing and
heat ing at the air port al lows sav ings of ~19 GWh of en ergy,
which is equiv a lent to the en ergy used by 2,000 sin gle-fam ily
homes (Swedavia Air ports, 2026). In Den mark, re search is
more fo cused on high-tem per a ture ATES (HT-ATES), an ex -
am ple of which is the study of Pasquinelli et al. (2020). Based
on three sce nar ios de rived from a Pe trel-based geostatistical
model, fi nite-dif fer ence res er voir sim u la tions in di cate an av er -
age re cov ery ef fi ciency of ~72% when in ject ing wa ter at 90°C
into a highly po rous and per me able aqui fer with a back ground
tem per a ture of 55°C. These re sults sug gest that im ple men ta -
tion of a high-tem per a ture aqui fer ther mal en ergy stor age
(HT-ATES) sys tem in the Gassum For ma tion within the Stenlille 
struc ture is tech ni cally fea si ble.

De spite these suc cesses, the ex pan sion of ATES across
Eu rope re mains un even, ow ing to a com bi na tion of dif fer ent
fac tors, in clud ing reg u la tory frag men ta tion and lim ited in sti tu -
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Fig. 2. Es ti mated global dis tri bu tion of ATES in stal la tions (data source Fleuchaus et al., 2018)
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tional ex pe ri ence. In ar eas with frac tured rock for ma tions or
high-sa lin ity aqui fers, tech ni cal chal lenges per sist re gard ing
heat re ten tion and ground wa ter mo bil ity. Ad di tion ally, EU reg u -
la tions on ground wa ter use and en vi ron men tal pro tec tion are
in ter preted dif fer ently across mem ber states, re sult ing in vari -
able le gal frame works and in con sis tent sup port for ATES pro -
jects (Guglielmetti et al., 2021).

Ur ban den sity pres ents an other layer of com plex ity. In cit ies 
like Am ster dam and Rot ter dam, over lap ping ther mal plumes
from ad ja cent ATES sys tems can lead to ther mal in ter fer ence if
not prop erly man aged. Dutch au thor i ties have re sponded with
aqui fer zon ing and stra te gic li cens ing to co or di nate spa tial dis -
tri bu tion, but such frame works are still un der de vel oped in most
Eu ro pean cit ies (Bloemendal and Hartog, 2018; Deltares,
2023). As in ter est in ATES grows, the need for in te grated
subsurface plan ning be comes in creas ingly ur gent.

An other chal lenge lies in sea sonal asym me try, par tic u larly
in south ern Eu rope, where cool ing de mand out paces heat ing
for most of the year. This im bal ance com pli cates the de sign of
ther mally bal anced sys tems and may ne ces si tate hy brid con fig -
u ra tions, such as com bin ing ATES with bore hole stor age or
phase change ma te ri als or in te grat ing with waste heat from
sewer net works (Elkhatat and Al-Muhtaseb, 2023).

Nev er the less, the Eu ro pean Un ion has pro vided vi tal sup -
port through fund ing ma jor re search and in no va tion pro grams
such as PUSH IT, HEATSTORE and NextGen. These ini tia -
tives have helped stan dard ize ATES per for mance met rics, as -
sess en vi ron men tal im pacts, and fa cil i tate knowl edge ex -
change be tween coun tries (Guglielmetti et al., 2021; Szklarz et
al., 2024). EU-backed re search has also pro moted ATES as a
core el e ment in broader strat e gies for ur ban cli mate neu tral ity,
dis trict heat ing de car bon iza tion, and re sil ience to en ergy price
shocks.

In sum mary, Eu rope’s lead er ship in ATES is well-es tab -
lished, but its fu ture growth hinges on ad dress ing sev eral struc -
tural chal lenges. These in clude the har mo ni za tion of ground wa -
ter reg u la tions, im proved aqui fer map ping, and greater pub -
lic-pri vate col lab o ra tion to un lock fi nanc ing and pro ject de vel op -
ment ca pac ity. More broadly, Eu rope must en sure that its lead -
er ship ex tends be yond its north west core, where ATES is al -
ready thriv ing, into emerg ing re gions in cen tral, east ern, and
south ern Eu rope, where the po ten tial re mains largely un -
tapped. With the proper in sti tu tional frame works, tech ni cal ad -
ap ta tions, and stra te gic in vest ment, ATES could play a foun da -
tional role in Eu rope’s jour ney to cli mate-neu tral heat ing and
cool ing.

CURRENT STATE OF ATES RESEARCH 
AND POLICY IN POLAND

In Po land, the de vel op ment of ATES, es pe cially LT-ATES,
re mains in an early and ex plor atory phase, de spite the coun try’s 
fa vour able con di tions for sea sonal ther mal stor age and a high
po ten tial for the de vel op ment of ATES tech nol ogy ex plic itly
sug gested in in ter na tional re search. A land mark study by
Bloemendal et al. (2015) from TU Delft iden ti fied Po land as one
of the Eu ro pean coun tries with very fa vour able geo log i cal and
cli ma tic con di tions for wide spread ATES de ploy ment. Their as -
sess ment high lighted the pres ence of ex ten sive sed i men tary
bas ins and a suit able ther mal de mand pro file, par tic u larly in ur -
ban ar eas with high heat ing needs in win ter and in creas ing
cool ing re quire ments in sum mer. De spite the global scale as -
sess ment, hence low res o lu tion of maps, these au thors noted
that Po land holds sig nif i cant prom ise for fu ture ATES ex pan -
sion if sup ported by proper in sti tu tional and reg u la tory frame -
works.

This ob ser va tion is sup ported by the pre lim i nary as sess -
ment of Miecznik and Skrzypczak (2019) and re cent ini tia tives
un der taken by the Pol ish Geo log i cal In sti tute – Na tional Re -
search In sti tute (PIG-PIB). The PIG-PIB cur rently com pleted
the pro ject “Wstêpna ocena mo¿liwoœci magazynowania
energii cieplnej w poziomach wodonoœnych na obszarze Polski
(ATES)” (Pre lim i nary as sess ment of the po ten tial for ther mal
en ergy stor age in aqui fers in Po land), car ried out in 2023–2024. 
In ad di tion, the lo cal po ten tial for the tech nol ogy’s use has been 
ana lysed in the Koœcierzyna dis trict case study (Lemoine,
2021). The re sults show that cer tain ar eas of fer fa vour able
hydrogeological con di tions for LT-ATES sys tems with sev eral
mega watts of cool ing ca pac ity; how ever, they pres ent this as a
pos si bil ity for ap pro pri ate en gi neer ing re search rather than for
ex ist ing op er a tional sys tems. Po land’s cli mate, char ac ter ized
by cold win ters and in creas ingly hot sum mers, cre ates a strong
nat u ral de mand for both heat ing and cool ing, align ing well with
the fun da men tal prin ci ples of ATES.

Ad di tion ally, the pres ence of ex ten sive sed i men tary bas ins, 
par tic u larly in cen tral and north ern re gions, sug gests sig nif i cant 
hydrogeological po ten tial for aqui fer-based stor age. Stud ies of
the Lower Cre ta ceous aqui fer in cen tral Po land con firm fa vour -
able hydrogeological con di tions for ATES but em pha size that
the tech nol ogy re mains at the re search and mod el ling stage
(Ha³aj et al., 2022). De spite these ad van tages, ATES tech nol -
ogy has not yet been adopted in the Pol ish heat ing mar ket.

The use of un der ground ther mal en ergy stor age tech nol o -
gies in Po land be gan to at tract sci en tific in ter est about a de -
cade ago. In ad di tion to re view ar ti cles on var i ous un der ground
heat stor age tech nol o gies (Miecznik, 2016; Malina and Bujak,
2017), pre lim i nary stud ies were un der taken to as sess the suit -
abil ity of se lected hydrogeological struc tures in Po land for
meet ing the re quire ments for ATES in stal la tions. Par tic u larly
note wor thy are stud ies con ducted on the young gla cial ar eas of
the Kashubian Lake Dis trict (Lemoine 2016, 2020, 2021) and
the ̄ arnowiec Up land (Lemoine, 2018) in north-cen tral Po land. 
In cen tral Po land, in ves ti ga tions fo cused on Qua ter nary and
Up per Cre ta ceous aqui fers in Piotrków County (Bujakowski et
al., 2016) and the city of Sochaczew (Skrzypczak et al., 2017),
where Qua ter nary and po ten tially Oligocene for ma tions were
iden ti fied as pro spec tive aqui fers for ATES ap pli ca tions. A sig -
nif i cant study con trib ut ing to the ini tial se lec tion of ar eas meet -
ing the hydrogeological cri te ria for ATES tech nol ogy was by
Miecznik and Skrzypczak (2019). These au thors used pub licly
avail able hydrogeological data, in clud ing in for ma tion ob tained
from 1324 bore holes of the ground wa ter ob ser va tion and re -
search net work and 172 in for ma tion sheets of uni form ground -
wa ter bod ies. The au thors took into ac count such pa ram e ters
as: depth to the top of the aqui fer; type of po ros ity of res er voir
rocks; stra tig ra phy and li thol ogy of the aqui fer rocks (i.e. only
sands and grav els were con sid ered); type of the wa ter ta ble in
the aqui fer; the depth range of the ac cessed aqui fer (its thick -
ness); and the depth to the static wa ter level. Ground wa ter body 
fact sheets can then be used for com par i son with well data and
also pro vide ad di tional in for ma tion on the range of hy drau lic
con duc tiv ity and transmissivity in a given ground wa ter body.
The se lec tion of wells that met the cri te ria for aqui fer ther mal
en ergy stor age en abled an ini tial as sess ment in di cat ing that the 
great est po ten tial for ATES de vel op ment ex ists pri mar ily in
north ern and west ern Po land, which is in line with the re sults of
the cur rent study and the work pre sented by Bloemendal
(2015).  How ever, key pa ram e ters – such as ground wa ter ve -
loc ity and po ten tial sin gle well dis charge rates – were not con -
sid ered in that ear lier as sess ment. En cour ag ingly, the im por -
tance of ATES is be gin ning to be re flected in na tional pol icy
doc u ments. The tech nol ogy is now in cluded in the list of Po -
land’s Na tional Smart Spe cial iza tions (pol. Krajowe Inteligentne 
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Specjalizacje – KIS) un der the the matic area of sus tain able en -
ergy sys tems. Fur ther more, de vel op ment of ATES tech nol ogy
ap pears in the Multi-year Pro gram for the De vel op ment of the
use of Geo ther mal Re sources in Po land1 (2021) as a tech nol -
ogy to be sup ported by the gov ern ment dur ing the next 15
years. This stra te gic doc u ment – com monly known among Pol -
ish geoengineers and policymakers as the “Geo ther mal De vel -
op ment Roadmap” – in cludes PLN 159 mil lion (about EUR 38
mil lion) that the gov ern ment plans to al lo cate to sub si dize the
con struc tion of ATES in stal la tions in Po land by 2040. How ever,
at the re quest of the Min is try of Cli mate and En vi ron ment, this
doc u ment will be re vised in early 2026, so it can be ex pected
that other fund ing amounts will be pro vided then. These in clu -
sions mark a pos i tive in sti tu tional sig nal that ATES is be ing in -
creas ingly rec og nized not only as a tech no log i cal op por tu nity
but also as a stra te gic as set for achiev ing na tional and EU-level
cli mate and en ergy tar gets.

Re cently, a se ries of the matic maps, in clud ing a map ag gre -
gat ing LT-ATES po ten tial into three util ity classes, has been
pub lished (Konieczyñska et al., 2025).

The spa tial dis tri bu tion of ATES classes within the aqui fers
ana lysed showed a het er o ge neous, mo saic-like pat tern
(Fig. 3). This re flects the in her ent vari abil ity in hydrogeological
con di tions across Po land. The map fur ther il lus trates the ar eas
where LT-ATES sys tems could be ini tially pri or i tized for im ple -
men ta tion in Po land.

One of the most com pel ling driv ers for fu ture ATES de vel -
op ment in Po land is the coun try’s need to de car bon ize its
heavily coal-de pend ent heat ing sec tor. Ris ing en ergy prices,
com bined with Eu ro pean Un ion man dates to re duce green -
house gas emis sions, are push ing both policymakers and en -
ergy pro vid ers to ex plore re new able and de cen tral ized heat
sources. In this re gard, high tem per a ture ATES (HT-ATES)
could pro vide an ef fi cient and long-term so lu tion for stor ing ex -
cess heat from so lar sys tems, waste heat from in dus trial pro -
cesses, and/or re sid ual heat of geo ther mal plants for later use
in win ter, po ten tially re duc ing the de mand on fos sil fuel-based
dis trict heat ing.

More over, EU fund ing mech a nisms, such as the Ho ri zon
Eu rope, Interreg, Co he sion Fund pro grams or re search net -
works such as Geothermica or COST Ac tion are cre at ing new
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Fig. 3. Clas si fi ca tion of LT-ATES po ten tial in Po land

1 – for sys tems up to 175 kW; 2 – for sys tems above 500 kW; 3 – mixed con di tions, power ad just ment by in stal la tion tech ni cal de sign,
based on Konieczyñska et al. (2025)

1 also called “Geothermal Development Roadmap”
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op por tu ni ties for the fi nan cial and tech ni cal sup port of in no va -
tive ther mal stor age pro jects. These in stru ments have al ready
catalysed the de vel op ment of geo ther mal and heat stor age in
Po land (Ta ble 1) and could be ex tended to sup port ATES fea si -
bil ity stud ies and pi lot pro jects. The PIG-PIB, along with AGH
Uni ver sity of Kraków, MEERI PAS, and oth ers, is in creas ingly
ac tive in en ergy tran si tion re search and could play a cen tral role 
in adapt ing ATES mod els to lo cal geo log i cal and cli ma tic con di -
tions and over all tech ni cal con cerns.

De spite these op por tu ni ties, sev eral bar ri ers con tinue to
hin der the wide spread adop tion of ATES in Po land. The most
crit i cal of these is the ab sence of a clear le gal and reg u la tory
frame work for sea sonal ther mal en ergy stor age in aqui fers.
With out de fined rules gov ern ing ground wa ter rights, ther mal in -
jec tion thresh olds, and long-term mon i tor ing ob li ga tions, in ves -
tors and util i ties face con sid er able le gal un cer tainty. This un cer -
tainty is com pounded by the lim ited aware ness and tech ni cal
ex pe ri ence with ATES among ur ban plan ners, heat net work op -
er a tors, and policymakers.

Fur ther more, Po land’s dis trict heat ing in fra struc ture is
among the larg est in Eu rope, and re mains largely cen tral ized
and coal-fired, es pe cially in small and me dium-sized towns. Ac -
cord ing to re cent data, coal ac counted for ~61.2% of fuel used
in dis trict heat ing in 2023 (URE, 2024). These sys tems are not
yet well-adapted for in te gra tion with de cen tral ized ther mal stor -
age units such as ATES, which are typ i cally op ti mized for use at 
the build ing or dis trict scale in more flex i ble net works. Mod ern -
iza tion of these sys tems is on go ing but will re quire sub stan tial
in vest ment and pol icy re form to cre ate a more open and mod u -
lar heat ing mar ket based on low tem per a ture grids. The sig nif i -
cant chal lenge lies in aqui fer char ac ter iza tion. Po land’s pub licly
ac ces si ble hydrogeological map ping sys tem is not spe cif i cally
tai lored for ATES fea si bil ity. While deep geo ther mal re source
map ping is rel a tively well de vel oped, it does not pro vide suf fi -
cient data on shal low ground wa ter flow char ac ter is tics, crit i cal
for suc cess ful ATES sys tem de sign. This knowl edge gap
makes it dif fi cult to iden tify vi a ble sites, and ham pers the de vel -
op ment of risk as sess ment pro to cols.

To ad dress this sit u a tion, dur ing 2023–2024 three Pol ish re -
search in sti tu tions in clud ing the Pol ish Geo log i cal In sti tute –
Na tional Re search In sti tute (PIG-PIB), the Min eral and En ergy
Econ omy Re search In sti tute of the Pol ish Acad emy of Sci -
ences (MEERI PAS), and the AGH Uni ver sity of Krakow (AGH
Uni ver sity of Krakow), con ducted a com pre hen sive re view of
avail able ground wa ter data to as sess the na tional po ten tial for
uti liz ing fresh wa ter aqui fers as stor age res er voirs for ther mal
en ergy, in clud ing both for heat and cold. As an out come of this
work, a Map of Low-Tem per a ture Aqui fer Ther mal En ergy Stor -
age Po ten tial was de vel oped and pub lished, iden ti fy ing ar eas
across Po land with hydrogeological con di tions fa vour able for
ATES im ple men ta tion (Fig. 3). This means that at least one of
the aqui fers pres ent down to 200 m of depth meets the bound -
ary con di tions which make pos si ble to store and de liver enough 
en ergy for heat ing and cool ing de mand in Po land’s cli ma tic
zone. The main ver sion of the map is avail able on
https://geologia.pgi.gov.pl/mapy/?page=Podziemne-magazynowanie
and con tains ap prox i mate data on the main ATES fa vour able
aqui fer pa ram e ters, such as depth, thick ness, transmissivity,
sin gle well dis charge, hy drau lic con duc tiv ity, ground wa ter flow
ve loc ity and as sumed ef fec tive po ros ity used in flow ve loc ity
cal cu la tions2. These val ues can not be ap plied to the scale of in -
di vid ual in stal la tions, the proper plan ning of which will al ways
re quire de tailed site in ves ti ga tion. How ever, the pro ject out -
comes pave the way for fur ther ATES de vel op ment in Po land.
Es pe cially since the pro ject also in cluded a de tailed le gal sys -
tem re view re gard ing ATES ap pli ca tions in us able ground wa ter 
lay ers. Many gaps and in con sis ten cies in the cur rent reg u la tion
frame work were iden ti fied, and pro pos als for changes and
amend ments were for mu lated.
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Eu ro pean re search pro jects ad dress ing UTES tech nol ogy (non-ex haus tive list)

2 more in Konieczyñska et al. (2025)
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LEGAL ASPECTS OF ATES IN POLAND

Aqui fer ther mal en ergy stor age is not im ple mented in the
Pol ish le gal sys tem. The only ex cep tion is found in the Act of 20
July 2017 – Wa ter Law (con sol i dated text - Jour nal of Laws of
2025, item 960) in which “heat ac cu mu la tors in aqui fers” are
named but not de fined. No de tailed reg u la tions on the cre ation
and use of such sys tems are stated, ex cept for charg ing rules
and rates, and pos si ble re stric tions pre sented later in the Dis -
cus sion: How to Ac cel er ate the De vel op ment of ATES Tech nol -
ogy in Po land.

The Act of 9 June 2011 – Geo log i cal and Min ing Law (con -
sol i dated text – Jour nal of Laws of 2024, item 1290) in tro duc ing
spe cial reg u la tions for “the use of the Earth’s heat”, with no def i -
ni tion of its mean ing, caused con fu sion as re gards which ad -
min is tra tive pro ce dure is valid for use of ground wa ter for ther -
mal en ergy stor age and use. Ther mal en ergy stor age, though
pos si ble in aqui fers and with di rect use of ground wa ter as the
en ergy car rier, is not con sid ered as a hydrologeology-re lated
is sue in this Act, which causes in con sis tences with ad min is tra -
tive pro ce dures re quired by the Wa ter Law.

A lack of def i ni tion for ther mal en ergy stor age, in clud ing un -
der ground tankless heat stor age, ground wa ter re turned in take,
and not in clud ing  heat stor age in re new able en ergy source in -
stal la tions, are only some fur ther le gal prob lems iden ti fied
within the ex ten sive Eu ro pean and Pol ish reg u la tions rel e vant
and needed for ATES sys tems de vel op ment in Po land.

Given the cur rent le gal un cer tain ties and the lack of de tailed 
reg u la tions re gard ing ATES im ple men ta tion in Po land, it is cru -
cial to as sess the broader po ten tial and lim i ta tions of this tech -
nol ogy. A struc tured SWOT anal y sis pro vides a use ful frame -
work to iden tify the strengths, weak nesses, op por tu ni ties and
threats as so ci ated with LT-ATES in the Pol ish con text. This
anal y sis aims to sup port stra te gic de ci sions for its de vel op -
ment, con sid er ing both the na scent le gal frame work and the
coun try’s press ing en ergy and en vi ron men tal chal lenges.

SWOT ANALYSIS OF LT-ATES IN POLAND

The or i gins of SWOT (Strengths, Weak nesses, Op por tu ni -
ties, Threats) anal y sis trace back to the mid-1960s re search at
the Stan ford Re search In sti tute, where Rob ert Frank lin Stew art
and his col leagues de vel oped the SOFT ap proach (Sat is fac -
tory, Op por tu nity, Fault, Threat), a pre cur sor to SWOT, as part
of long-range stra te gic plan ning ef forts. Al though Humphrey
(2005) later pop u lar ized the ter mi nol ogy within man age ment
prac tice, ar chi val re search iden ti fies Stew art as the orig i na tor of 
the con cep tual frame work that evolved into the mod ern SWOT
cat e go ri za tion (Puyt et al., 2023).

A SWOT anal y sis is a stra te gic as sess ment frame work
orig i nally de vel oped in or ga ni za tional and busi ness stud ies to
sys tem at i cally eval u ate in ter nal strengths and weak nesses
along side ex ter nal op por tu ni ties and threats. In en ergy and
tech nol ogy stud ies, it is widely used to sup port struc tured de ci -
sion-mak ing by iden ti fy ing key fac tors that in flu ence the fea si -
bil ity, risks and de vel op ment path ways of emerg ing so lu tions.

For the pur poses of this ar ti cle, the con cept of SWOT anal y -
sis has been adopted to sys tem at i cally as sess the po ten tial of
LT-ATES in Po land’s heat ing and cool ing sec tor, con sid er ing
tech no log i cal, reg u la tory and mar ket-re lated fac tors. In this pa -
per, the cat e go ries are de fined as fol lows: “Strengths” re fer to
in ter nal at trib utes of LT-ATES that en hance its adop tion and
per for mance; “Weak nesses” de note in ter nal lim i ta tions or bar ri -

ers in her ent to the tech nol ogy or its de ploy ment con text; “Op -
por tu ni ties” com prise ex ter nal con di tions or trends that could fa -
cil i tate the ex pan sion of LT-ATES; and “Threats” en com pass
ex ter nal chal lenges, risks or ob sta cles that may hin der its de -
vel op ment. This struc tured ap proach al lows for a com pre hen -
sive eval u a tion of LT-ATES, high light ing both the po ten tial ben -
e fits and the con straints within the Pol ish con text.

De spite the coun try’s grow ing in ter est in re new able and
low-car bon en ergy sys tems, the Pol ish mar ket for un der ground
ther mal en ergy stor age re mains poorly de vel oped. Con ven -
tional dis trict heat ing sys tems, still largely de pend ent on fos sil
fu els, strug gle to meet in creas ing en ergy ef fi ciency and de car -
bon iza tion re quire ments set by the Eu ro pean Un ion. Con se -
quently, there is an ur gent need to iden tify and eval u ate in no va -
tive tech nol o gies that can en hance the op er a tional flex i bil ity,
sustainability and re sil ience of heat sup ply sys tems.

ATES rep re sents one of the most prom is ing yet under -
utilized so lu tions ca pa ble of trans form ing the way ther mal en -
ergy is man aged. By en abling the sea sonal stor age of heat and
cold within aqui fers, ATES can sig nif i cantly im prove the ef fi -
ciency of dis trict heat ing net works and in te grated en ergy sys -
tems, al low ing for better use of waste heat and re new able
sources. How ever, the im ple men ta tion of such sys tems in Po -
land is con strained by tech ni cal, le gal and eco nomic bar ri ers,
as well as by a gen eral lack of aware ness and ex pe ri ence in this 
field.

The pur pose of con duct ing a SWOT anal y sis was there fore
to com pre hen sively eval u ate the strengths, weak nesses, op -
por tu ni ties and threats as so ci ated with the de ploy ment of
LT-ATES tech nol ogy un der Pol ish con di tions (Ta ble 2). The
anal y sis aims to sup port de ci sion-mak ers, plan ners and in ves -
tors in un der stand ing both the po ten tial and the lim i ta tions of
this tech nol ogy, and to iden tify the mea sures nec es sary for its
broader adop tion. In the con text of en ergy tran si tion, in creas ing
en ergy ef fi ciency, and the mod ern iza tion of dis trict heat ing,
ATES could play a stra te gic role in achiev ing na tional and Eu ro -
pean cli mate goals.

DISCUSSION: ACCELERATING 
THE DEVELOPMENT OF ATES TECHNOLOGY

 IN POLAND BASED ON SWOT ANALYSIS

The anal y sis of strengths, weak nesses, op por tu ni ties and
threats as so ci ated with ATES tech nol ogy high lights both the
con sid er able po ten tial of this so lu tion and the nu mer ous chal -
lenges hin der ing its wide spread im ple men ta tion in Po land. To
en able sta ble de vel op ment of ATES sys tems, co or di nated ac -
tions are re quired across sev eral key ar eas: pol icy, reg u la tion,
fi nanc ing, ed u ca tion, and tech ni cal ca pac ity build ing.

STRENGTHENING POLICY AND REGULATORY SUPPORT

The ef fec tive de ploy ment of ATES sys tems in Po land faces
sev eral bar ri ers, in clud ing high ini tial in vest ment costs, tech no -
log i cal un cer tain ties, and a lack of reg u la tory clar ity. These
chal lenges are fur ther com pounded by lim ited na tional ex pe ri -
ence, a com plex sys tem of pay ments for wa ter us age, and vari -
able hydrogeological con di tions that re strict suit able lo ca tions.
There fore, strength en ing pol icy and reg u la tory sup port is es -
sen tial to cre ate a more fa vour able en vi ron ment for ATES de -
vel op ment, re duce in ves tor risk, and ac cel er ate the in te gra tion
of this tech nol ogy into Po land’s heat ing and cool ing sec tor. This 
will be achieved only with:
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– De vel op ment of le gal and tech ni cal guide lines tai lored
for ATES sys tems, clearly de fined per mit ting frame work, 
mon i tor ing re quire ments, and en vi ron men tal safe -
guards.

– In tro duc tion of ATES into na tional and re gional en ergy
strat e gies, such as dis trict heat ing mod ern iza tion pro -
grams and lo cal en ergy tran si tion plans.

– En hanced in te gra tion of ATES within long-term geo ther -
mal and re new able en ergy de vel op ment pol i cies, in clud -
ing the Long-Term Pro gram for the De vel op ment of
Geo ther mal Re sources in Po land and the Na tional
Smart Spe cial iza tions (KIS).

Based on the SWOT anal y sis and a ded i cated na tional pro -
ject com mis sioned by the Min is try of Cli mate and En vi ron ment,
the main gaps and in con sis ten cies iden ti fied in the le gal sys tem 
re late to the ab sence of clear le gal def i ni tions of ATES and un -
der ground ther mal en ergy stor age in gen eral, am bi gu ities in ad -
min is tra tive pro ce dures gov ern ing ground wa ter pump ing and
reinjection for ther mal pur poses, and in con sis ten cies be tween
wa ter law, geo log i cal reg u la tions, and re new able en ergy frame -
works. These gaps cre ate un cer tainty re gard ing per mit ting pro -
ce dures, en vi ron men tal re spon si bil ity, and the ac cept able use

of pro duc tive (in clud ing drink ing-wa ter) aqui fers for ther mal en -
ergy stor age, which dis cour ages both re search ers and po ten -
tial in ves tors. Pro posed changes in clude in tro duc ing ex plicit le -
gal def i ni tions of ATES and LT-ATES, clar i fy ing per mit ting pro -
ce dures, har mo nis ing ground wa ter pro tec tion and en ergy reg u -
la tions, and pro vid ing guid ance on ac cept able tem per a ture
thresh olds and mon i tor ing re quire ments for aqui fer-based stor -
age. Al though these reg u la tory bar ri ers and pro posed amend -
ments have been for mally iden ti fied and are cur rently un der
pro ce dural con sid er ation, de tailed doc u men ta tion can not yet
be dis closed for for mal rea sons.

Nev er the less, out lin ing these is sues and di rec tions for
change is highly rel e vant for the in ter na tional com mu nity, as
sim i lar le gal and in sti tu tional chal lenges have been re ported in
other coun tries at an early stage of ATES de ploy ment. In clud -
ing this dis cus sion strength ens the SWOT anal y sis and pro -
vides trans fer able in sights for policymakers, de vel op ers, and
re search ers work ing on ATES im ple men ta tion be yond Po land.

Clear and sup port ive reg u la tion would not only re duce in -
vest ment un cer tainty but also en cour age mu nic i pal i ties and pri -
vate in ves tors to con sider ATES as a vi a ble com po nent of sus -
tain able en ergy sys tems.
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T a  b l e  2

SWOT as sess ment of LT-ATES de vel op ment in Po land

1 – based on the ex pe ri ence from coun tries with ma ture ATES mar ket (Fleuchaus et al., 2018;  Schüppler et al., 2019; Herrmann et al., 2026);
2 – Pit Ther mal En ergy Stor age; 3 – Bore hole Ther mal En ergy Stor age; 4 – Hot Wa ter Tanks; 5 – Thermochemical Heat Stor age
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EXPANDING FINANCIAL INCENTIVES AND PILOT PROJECTS

High ini tial cap i tal ex pen di ture (CAPEX) re mains one of the
stron gest de ter rents for in ves tors. There fore, it is cru cial to:

– Es tab lish ded i cated fund ing mech a nisms and grant pro -
grams at least at the na tional level (EU level highly rec -
om mended) to sup port fea si bil ity stud ies, pi lot in stal la -
tions and dem on stra tion pro jects.

– Pro vide pref er en tial loans or tax in cen tives for in vest -
ments in te grat ing ATES with re new able heat sources or
heat pumps.

– En cour age pub lic–pri vate part ner ships (PPP) that can
share fi nan cial and op er a tional risks be tween lo cal gov -
ern ments, en ergy com pa nies and re search in sti tu tions.

– Con sider abol ish ing charges for the use of ground wa ter
for en ergy pur poses un der a full reinjection re gime.

Suc cess ful pi lot pro jects would show case the prac ti cal ben -
e fits of ATES and build in ves tor con fi dence, pav ing the way for
broader adop tion across Po land. To max i mize their im pact and
en sure tech ni cal suc cess, such pi lots should be in ar eas with
fa vour able hydrogeological con di tions that al low sta ble and ef fi -
cient sys tem op er a tion. One prom is ing ex am ple is the Koœcie -
rzyna mo raine is land. Ac cord ing to Lemoine (2020), this area
of fers good po ten tial for sea sonal heat and cold stor age, with
sev eral-mega watt cool ing ca pac ity pos si ble un der ap pro pri ate
en gi neer ing con di tions. Other po ten tial pi lot lo ca tions could
also be con sid ered. Ur ban ar eas, pref er a bly those with small or
me dium-sized dis trict heat ing net works, where in te gra tion with
ATES would be tech ni cally and eco nom i cally fea si ble, could
prove to be the best op tion. The se lec tion of such sites is now
pos si ble based on the re cently com pleted na tional pro ject led
by the Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute
(PGI-NRI, 2024).

BUILDING KNOWLEDGE AND TECHNICAL CAPACITY

Lim ited ex pe ri ence and a short age of spe cial ists re main
chal lenges for the de vel op ment of the Pol ish ATES mar ket.
While Pol ish ex perts have ex ten sive ex pe ri ence with ground-
 source heat pump sys tems (GSHP), their prac ti cal knowl edge
of large-scale ground wa ter-based en ergy stor age and ex trac -
tion sys tems is still rel a tively lim ited. To ad dress this, ac tions
should in clude:

– Es tab lish ing train ing pro grams and cer tif i ca tion
schemes for en gi neers, hydrogeologists and HVAC de -
sign ers fo cused on ATES de sign, op er a tion, and main -
te nance.

– Pro mot ing ac a demic–in dus try col lab o ra tion to con duct
ap plied re search, model per for mance un der Pol ish geo -
log i cal con di tions, and de velop op ti mi za tion tools.

– Rais ing pub lic and de ci sion-maker aware ness through
tar geted com mu ni ca tion cam paigns, con fer ences, and
dem on stra tion events em pha siz ing the en vi ron men tal
and eco nomic ben e fits of ATES.

These mea sures would help to pro fes sion al ize the mar ket
and en sure high-qual ity sys tem de sign and op er a tion, re duc ing
the risk of tech ni cal fail ures.

LEVERAGING SYNERGIES WITH RENEWABLE 
AND SMART ENERGY SYSTEMS

ATES tech nol ogy can be come a stra te gic com po nent of in -
te grated, low-car bon en ergy sys tems if prop erly con nected with 
other re new able tech nol o gies. The fol low ing steps are rec om -
mended:

– Pro mote hy brid so lu tions com bin ing ATES with heat
pumps, so lar heat col lec tors, pho to vol taic in stal la tions
and waste heat re cov ery.

– In te grate ATES into smart grid, smart city ini tia tives and
en ergy com mu ni ties, al low ing for better bal anc ing of en -
ergy de mand and sup ply.

– En cour age the use of ATES for dis trict heat ing de car -
bon iza tion, where stored re new able heat can sup ple -
ment or re place fos sil-fuel-based sources.

Such in te gra tion would max i mize en ergy ef fi ciency and
con trib ute to na tional goals of car bon neu tral ity and en ergy in -
de pend ence.

MANAGING GEOLOGICAL, ENVIRONMENTAL AND TECHNICAL RISKS

In many re gions, ground wa ter lev els fluc tu ate sig nif i cantly,
and the per me abil ity or hy drau lic con nec tiv ity of aqui fers can
vary over time (Miecznik and Skrzypczak, 2019; Krogulec et al., 
2022; Guzy et al., 2025). Such hydrogeological vari abil ity may
limit the ca pac ity of the sys tem to store and re cover heat ef fec -
tively. Con se quently, these con di tions can hin der large-scale
im ple men ta tion of ATES tech nol o gies and re quire de tailed lo cal 
as sess ments be fore de ploy ment.

Given the vari abil ity of geo log i cal and hydrogeological con -
di tions in Po land, care ful site se lec tion and mon i tor ing are es -
sen tial. Au thor i ties should:

– Cre ate a na tion wide reg is ter of un der ground ther mal en -
ergy stor age fa cil i ties with op er a tional pa ram e ters to
pre vent over use of re sources and pro vide data for map -
ping the ac tual con di tions for subsurface ther mal en ergy
stor age.

– Es tab lish stan dards for sys tem de sign and ground wa ter
pro tec tion, in clud ing re quire ments for seal ing, mon i tor -
ing and remediation where nec es sary.

– Sup port re search on adap tive sys tem de sign for dif fer -
ent geo log i cal set tings, in clud ing shal low and me -
dium-depth aqui fers.

This ap proach would min i mize en vi ron men tal risks and im -
prove con fi dence in the long-term sta bil ity of ATES op er a tions.

Man ag ing geo log i cal, en vi ron men tal, and tech ni cal risks in
ATES sys tems ex tends not only to de sign and op er a tion as -
pects but also to the pro tec tion of ground wa ter re sources, in -
clud ing those clas si fied as min eral wa ters un der Pol ish law. The 
stor age of heat and cold in aqui fer sys tems rep re sents a di rect
in ter ac tion with the ground wa ter en vi ron ment, as the aqui fer it -
self serves as the stor age space, while ground wa ter acts as the
en ergy car rier. Due to the ob li ga tion to pro tect ground wa ter re -
sources, it is rec om mended that any sys tem us ing them di rectly 
should be de signed sustainably, mean ing that wa ter with drawn
from the aqui fer must be fully re-in jected into the same aqui fer.
With draw als of wa ter, es pe cially sig nif i cant ones, for pur poses
other than heat ex change should, if nec es sary, take place out -
side the stor age zones, where wa ter re tains its nat u ral tem per a -
ture and chem i cal equi lib rium with the aqui fer ma te rial. For this
rea son, ATES sys tems should not be lo cated in ground wa ter
re charge zones of ex ist ing or planned drink ing wa ter in takes.

The Wa ter Law (con sol i dated text – Jour nal of Laws of
2025, item 960)  in Ar ti cle 130 has al ready fore seen a pos si bil ity 
for the pro hi bi tion or re stric tion of ac tiv i ties in volv ing the sit ing of 
heat pumps and aqui fer heat stor age sys tems within the pro tec -
tion zones of ground wa ter in takes, due to the risk of com pro -
mis ing the “suit abil ity of the cap tured wa ter or the ef fi ciency of
the in take.” Ac cord ing to Ar ti cle 140, such pro hi bi tions to pro tect 
wa ter from deg ra da tion may also be es tab lished in pro tected ar -
eas de fined un der Ar ti cle 139, i.e., those es tab lished un der lo -
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cal laws. It should be as sumed that such re stric tions must re sult 
from lo cal aqui fer use con di tions and jus ti fied con cerns that, in
these cir cum stances, ATES sys tems could ad versely af fect
ground wa ter qual ity or re sources.

In ad di tion, man ag ing ATES-re lated risks must take into ac -
count res er voirs of me dic i nal or ther mal wa ters, which are le -
gally con sid ered min eral de pos its and should main tain sta ble
chem i cal com po si tion and phys i cal prop er ties, in clud ing tem -
per a ture. It is there fore highly un likely that low-tem per a ture
stor age sys tems in us able aqui fers could neg a tively im pact
such wa ters, which are mostly found at depths greater than 200
m b.g.l., i.e. the bound ary depth as sumed for LT-ATES. Wa ters
lo cated at shal lower depths in Inowroc³aw, Ko³obrzeg, Œwino -
ujœcie, Wieniec-Zdrój, and Kotowice are al ready cov ered (ex -
cept for the last one) by ex trac tion li censes and are des ig nated
as min ing ar eas re served for geo ther mal or ther a peu tic wa ter
ex ploi ta tion. Any drill ing within these ar eas re quires the ap -
proval of the rel e vant min ing au thor ity fol low ing an as sess ment
of the pro ject’s po ten tial im pact on the de posit. Such ap proval
should not be granted if the planned works could threaten the
sta bil ity of the chem i cal com po si tion and/or tem per a ture of the
ex ploited wa ters.

Thus, man ag ing geo log i cal and tech ni cal risks in ATES de -
vel op ment must in te grate not only tech ni cal and en vi ron men tal
safe guards but also the le gal frame work for ground wa ter and
min eral wa ter pro tec tion, en sur ing that en ergy stor age sys tems
are de vel oped sustainably and with out com pro mis ing Po land’s
valu able subsurface wa ter re sources.

Man ag ing geo log i cal and tech ni cal risks in ATES sys tems
also re quires ad dress ing po ten tial threats to sys tem per for -
mance, among which clog ging of in stal la tions used for stor ing
and re cov er ing ther mal en ergy from aqui fers is one of the most
crit i cal. This pro cess can grad u ally re duce sys tem ef fi ciency
and, in se vere cases, lead to op er a tional fail ure. Clog ging
mech a nisms are typ i cally di vided into bi o log i cal, chem i cal and
phys i cal types (Vandevivere and Baveye, 1992; Baveye et al.,
1998), which of ten oc cur si mul ta neously and in ter act with one
an other. Tem per a ture vari a tions in flu ence the sol u bil ity of min -
eral phases and can trig ger pre cip i ta tion of sol ids, par tic u larly
when re dox (ox i da tion–re duc tion) con di tions change. These
pro cesses in crease the risk of clog ging in sur face heat
exchangers and around well screens, es pe cially dur ing the
early stages of sys tem op er a tion. Over time, as ATES sys tems
cir cu late the same ground wa ter, the risk of pre cip i ta tion tends
to de crease; main tain ing iso la tion from at mo spheric ox y gen
helps pre serve the ground wa ter nat u ral re dox po ten tial and pre -
vent the for ma tion of less sol u ble min eral phases. The in stal la -
tion of sur face fil tra tion units can fur ther pro tect the well screen
zones and ex tend the sys tem’s life time.

Ad di tion ally, other forms of subsurface and ground wa ter
use, such as the de vel op ment of new wa ter in takes, mine or
con struc tion dewatering sys tems, or nearby closed-loop bore -
hole ther mal en ergy stor age (BTES) in stal la tions – may al ter
the lo cal hy drau lic re gime and neg a tively af fect ATES per for -
mance. There fore, again, it is es sen tial to main tain a com pre -
hen sive na tional reg is ter/da ta base of all un der ground ther mal
en ergy stor age and uti li za tion sys tems to sup port co or di nated
plan ning and min i mize the risk of hy drau lic or ther mal in ter fer -
ence be tween in stal la tions.

CONCLUSIONS

Aqui fer Ther mal En ergy Stor age (ATES) rep re sents a tech -
no log i cally ma ture and scal able so lu tion for sus tain able heat ing 
and cool ing, with dem on strated suc cess across north ern and

west ern Eu rope. Its in te gra tion into smart ur ban in fra struc tures, 
hy brid ther mal net works, and car bon-neu tral en ergy plan ning
has shown sub stan tial en vi ron men tal and eco nomic ben e fits. In 
Po land, how ever, the mar ket for ATES re mains at an early
stage of de vel op ment, con strained by a com bi na tion of reg u la -
tory am bi gu ity, tech ni cal bar ri ers, and lim ited in sti tu tional ex pe -
ri ence.

The na tion wide as sess ment of ATES po ten tial in Po land
should be re garded as in dic a tive and can not re place de tailed
lo cal eval u a tions. Each in stal la tion re quires a site-spe cific anal -
y sis of geo log i cal and hydrogeological con di tions, as hy dro dy -
namic and hydrochemical fac tors have a de ci sive in flu ence on
both the ef fi ciency and long-term sta bil ity of the sys tem. Sus -
tain able op er a tion re quires the full re-in jec tion of ground wa ter
and care ful site se lec tion to pro tect wa ter qual ity and avoid in -
ter fer ence with drink ing wa ter sources. In re gions where nat u ral 
aqui fer prop er ties are less fa vour able, ad vanced tech ni cal
mea sures, such as con trolled re charge strat e gies, im proved
well de sign, or adap tive mon i tor ing sys tems, may be nec es sary 
to en sure sus tain able op er a tion.

The SWOT anal y sis con ducted for the Pol ish con text high -
lights both the stra te gic op por tu ni ties and the ex ist ing lim i ta -
tions of ATES de vel op ment. Among the most sig nif i cant
strengths are the tech nol ogy’s high en ergy ef fi ciency,
scalability, and en vi ron men tal ben e fits, par tic u larly the po ten tial 
to re duce CO2 emis sions and lower pri mary en ergy con sump -
tion in heat ing net works. Con versely, weak nesses such as high 
ini tial in vest ment costs (CAPEX), reg u la tory com plex ity, and
the scar city of spe cial ized ex per tise cur rently im pede prog ress.
Ex ter nal fac tors fur ther in flu ence mar ket dy nam ics: while grow -
ing de mand for re new able heat and EU de car bon iza tion pol i -
cies cre ate fa vour able op por tu ni ties, geo log i cal vari abil ity, low
pub lic aware ness, and com pe ti tion from al ter na tive stor age
tech nol o gies pose con tin u ing threats and chal lenges.

To fos ter in ten sive ATES de ploy ment in Po land, a co or di -
nated ap proach is re quired. Es tab lish ing clear and stan dard -
ized per mit ting frame works, im prov ing the na tional map ping
and clas si fi ca tion of aqui fer re sources, and sup port ing large-
 scale dem on stra tion pro jects would pro vide the em pir i cal foun -
da tion for mar ket con fi dence and pol icy for mu la tion. At the
same time, ed u ca tion and train ing pro grams for en gi neers,
hydrogeologists and sys tem de sign ers are es sen tial to build
tech ni cal ca pac ity and en sure high-qual ity im ple men ta tion. Fi -
nan cial in cen tives, such as grants, low-in ter est loans, and Pub -
lic-Pri vate Part ner ships (PPPs), could fur ther al le vi ate the cap i -
tal in ten sity of ini tial pro jects.

To over come these chal lenges, Po land will need to: un der -
take a multi-pronged strat egy, sim i lar to the one launched at the 
end of 2021 for geo ther mal en ergy, to es tab lish a reg u la tory en -
vi ron ment con du cive to subsurface ther mal stor age; in vest in
hydrogeological sur veys and dig i tal aqui fer da ta bases;
incentivize early-stage ATES dem on stra tion pro jects; and in te -
grate ATES into the broader goals of the Clean Air Programme
and the Na tional En ergy and Cli mate Plan.

Ul ti mately, the ef fec tive adop tion of ATES in Po land could
play an im por tant role in achiev ing na tional and Eu ro pean en -
ergy tran si tion goals. By en hanc ing the flex i bil ity and ef fi ciency
of dis trict heat ing sys tems, strength en ing lo cal en ergy se cu rity,
and re duc ing en vi ron men tal im pacts, ATES of fers a cred i ble
path way to ward low-car bon and re sil ient ur ban en ergy sys -
tems. The in te gra tion of ATES with heat pumps, re new able en -
ergy sources and smart grids would also con trib ute to the
broader vi sion of sus tain able ur ban de vel op ment, sup port ing
both en vi ron men tal pro tec tion and long-term pub lic health ben -
e fits. In line with the En ergy Pol icy of Po land un til 2040
(PEP2040), which em pha sizes mod ern iza tion of dis tri bu tion in -
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fra struc ture, the pro mo tion of heat stor age tech nol o gies, and
the shift to ward low-emis sion heat ing sys tems, ATES de ploy -
ment fits squarely within Po land’s stra te gic en ergy trans for ma -
tion agenda. With its nat u ral ad van tages and grow ing in sti tu -
tional in ter est, Po land has the po ten tial to be come a re gional
leader in ATES, but only when the ap pro pri ate le gal, fi nan cial
and tech ni cal path ways are es tab lished.

Re source-re lated and other tech ni cal as pects, to gether with 
the iden ti fi ca tion of pro spec tive lo ca tions, will be ad dressed in
fu ture re search and pre sented in a sub se quent sci en tific pub li -
ca tion.

Ac knowl edge ments. This pa per was pre pared based on
the re sults of the pro ject “Pre lim i nary as sess ment of ther mal
en ergy stor age po ten tial in aqui fers in Po land” (“Wstêpna oce -
na mo¿liwoœci magazynowania energii cieplnej w poziomach
wodonoœnych na obszarze Polski”) fi nanced un der grant agree -
ment no. 1377/2023/Wn-07/FG-go-dn/D of 17/08/2023 by the
Na tional Fund for En vi ron men tal Pro tec tion and Wa ter Man -
age ment (NFOŒiGW) and the stat u tory grant No.
16.16.140.315 at AGH Uni ver sity of Krakow.
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