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1. Wstep

1.1 Specyfika wspomaganych systemow geotermalnych

XXI wiek jest czasem globalnej zmiany podejscia do zagadnien zwigzanych
z pozyskiwaniem energii. Wykorzystywane dotychczas metody jej wytwarzania, bazujace na
paliwach kopalnych takich jak wegiel, ropa naftowa, gaz ziemny, a takze pierwiastki
radioaktywne, s3 czgsciowo zastgpowane przez przyjazne dla Srodowiska technologie
niskoemisyjne, w tym energetyke stoneczng, wiatrowg, oparta na spalaniu biomasy oraz
geotermalng. Wérod wspomnianych technologii, duzy potencjat wykazuja tzw. wspomagane
systemy geotermalne, ang. enhanced geothermal systems (EGS) (Lu, 2018). Systemy te
tworzone s3 w specyficznych formacjach skalnych, tzw. goracych suchych skatach, ang. hot
dry rocks (HDR). Sa to skaly zalegajace na duzych glebokos$ciach, najczesciej ponizej 4000
metréow, w warunkach wysokich temperatur i cisnien. Charakteryzujg si¢ one bardzo niska
przepuszczalno$cig, porowatoscig i najczesciej nie zawierajag wody lub zawieraja jej bardzo
mate ilosci (Wojcicki 1 inni, 2013). Ze wzgledu na powyzsze specyficzne cechy, w warunkach
naturalnych tego rodzaju skaty nie moga by¢ wykorzystywane w geotermii klasycznej,
poniewaz ich energia termiczna nie moze by¢ w technicznie mozliwy i ekonomiczny
uzasadniony sposOb transportowana na powierzchni¢ w ilosci, ktéra umozliwiataby
wykorzystanie jej na skal¢ komercyjng. Odpowiedzia na problemy z dostepnoscia do energii
skat typu HDR jest sztuczne wytworzenie lub zwigkszenie w tych formacjach przewodnosci
hydraulicznej, czemu odpowiada termin ,,wspomaganie” w nazewnictwie tych systemow.
Zasada dziatania kolektora cieplnego typu EGS polega na wykorzystaniu energii cieplnej
formacji HDR, udostepnionej za pomoca szczelin w gorotworze, taczacych ze sobg odwierty
chlonne i1 produkcyjne, w ktorych ciecz robocza krazy w obiegu zamknigtym (Tester i inni,
2006). Ciecz taka jest ttoczona z powierzchni w sposdb wymuszony do odwiertu chtonnego.
Na glebokosci docelowej nagrzewa si¢ w sieci wytworzonych szczelin, taczacych odwiert
chlonny z produkcyjnym, a nastgpnie jest transportowana na powierzchni¢, gdzie jej
temperatura jest wykorzystywana do produkcji energii elektrycznej i cieplnej (figura 1.1).
W zalezno$ci od temperatury cieczy produkowanej, energia elektryczna moze by¢ wytwarzana
w systemach binarnych lub bezposrednich (Sharmin 1 inni, 2023). Gléwnymi cechami
odrézniajacymi wspomagane systemy geotermalne od geotermii konwencjonalnych jest
koniecznos¢ sztucznego zwigkszenia przewodnosci w gorotworze, umozliwiajgcego potaczenie
ze sobg kilku otworow na glebokosci docelowej, oraz wykorzystanie cieczy roboczej,
najczesciej nie bedacej cieczg rodzima dla danej formacji HDR. Pomimo znaczaco wyzszych
naktadoéw finansowych koniecznych do rozpoczecia funkcjonowania EGS w porownaniu do
klasycznej geotermii, obejmujacych wysokie koszty wiercenia, zabiegdw stymulacji,
infrastruktury powierzchniowej, rozbudowy sieci przesylowych oraz kontroli wydajnosci,
systemy te charakteryzuja unikalne cechy, dzigki ktérym wydaja si¢ one by¢ jednymi
z najbardziej perspektywicznych zrddel odnawialnej energii. Skaly typu HDR zalegaja na
pewnej glebokosci niemalze w kazdym miejscu na ziemi, a energi¢ cieplng naszej planety
mozna okresli¢ jako zrodto niewyczerpywalne (Lu, 2018). Pozyskiwanie energii z HDR nie jest
uzaleznione od jakichkolwiek czynnikow atmosferycznych, a przy produkcji energii nie
zachodzg jakiekolwiek procesy spalania i nie s3 wykorzystywane na duzg skalg urzadzenia
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1. Wstep

charakteryzujace si¢ stosunkowo krotkim okresem uzytecznosci i przez to wymogiem ich
utylizacji (takie jak panele fotowoltaiczne 1 topaty turbin wiatrowych). Co wigcej, EGS po
okresie przygotowania i testow, wymagaja minimalnej obslugi ludzkiej. Elektrownie
dostarczajace statg, z gory przewidywalng ilo$¢ energii odnawialnej, przez dziesiatki lat wydaja
si¢ by¢ bardzo dobrym dopelieniem rozwijanych obecnie systemow energetyki wiatrowe;j
istonecznej. Nie dziwi wigc znaczacy wzrost zainteresowania systemami geotermii
wspomagane] w ostatnich latach na niemal wszystkich kontynentach, co zaowocowato
rozpoczeciem realizacji projektow badawczych majacych na celu dopracowanie detali tej
technologii w drodze do zwigkszenia optacalnosci ekonomiczne;.

Monitoring
mikrosejsmiczny

Elektrownia,
konwersja
- , energiiz

| cieplnej na
elektryczng

Zbiornik cieczy
technolgicznej

Skaty osadowe Odwiert

nadkladu produkcyjny
Odwiert chionny

Gorgca
Ogrzewajaca sucha skata

sie w systemie
szczelin ciecz

robocza Siet szczelin

T~ hydraulicznych

Figura 1.1: Schemat dziatania wspomaganego systemu geotermalnego.
1.2 Zabiegi stymulacyjne w geotermii wspomaganej

Zwiegkszenie przewodnos$ci hydraulicznej w skatach HDR jest realizowane za pomoca
zabiegobw stymulacyjnych znanych z przemyshu naftowo-gazowniczego. Zabiegi te mozna
podzieli¢ na trzy gléwne typy: termiczne, chemiczne oraz hydrauliczne (Economides i Martin,
2007). Podczas stymulacji termicznej zimna ciecz wprowadzana do gorotworu powoduje
mikropeknigcia ziaren, matrycy skalnej i materialu wypetniajacego szczeliny naturalne. Efekty
termoelastyczne zmniejszajg naprezenie normalne w obrebie szczelin naturalnych utatwiajac
ich otwieranie si¢. Stymulacja chemiczna polega na pompowaniu do gérotworu roztworow
kwasow rozpuszczajacych materiat powodujacy ograniczenie przepuszczalnos$ci skal, taki jak
m. in. ziarna skal, spoiwo, zwierciny, pozostatosci pluczki oraz wytrgcone mineraly
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1. Wstep

hydrotermalne. Do tego celu wykorzystuje si¢ kwasy nieorganiczne i organiczne, takie jak:
HCI, HF 1 CH3COOH, w zaleznos$ci o rodzaju skat w formacji i od rodzaju ograniczenia
przepuszczalnosci, zwanego takze uszkodzeniem przepuszczalnosci. Obydwie opisane
powyze] metody stymulacyjne sg skuteczne jedynie w strefie przyodwiertowej lub
w stosunkowo niewielkiej odlegtosci od otworu wiertniczego. W geotermii wspomagane;j
wykorzystywane sg one zazwyczaj jako metody wtorne, pozwalajgce na usuniecie uszkodzenia
1 poprawe przepuszczalnosci w tej strefie. Gléwng metoda stymulacji wykorzystywang w EGS
jest hydrauliczne szczelinowanie, ang. hydraulic fracturing (HF). Technologia ta polega na
zatloczeniu do otworu cieczy roboczej pod ci$nieniem wyzszym od ci$nienia szczelinowania
formacji docelowej na danej glebokosci, czego skutkiem jest spowodowanie peknigcia skaly
1 zainicjowanie propagacji szczeliny, indukowanej w $cisle okreslonym kierunku. Tego rodzaju
szczelina lub system szczelin moze osigga¢ dlugosci 1 wysokos$ci rzedu setek metrow, przy
rozwartosci od kilku mm do kilku cm i przewodno$ci rzedu setek mD. Pozwala to na uzyskanie
przewodnosci hydraulicznej w skatach HDR na odlegtosci od kilkudziesi¢ciu metréw do ponad
kilometra, a tym samym zdolno$¢ do transportu stosunkowo duzej objetosci cieczy roboczej
pomiedzy odwiertami w systemie geotermalnym. Odpowiednio zaprojektowany system typu
EGS w dobrze dobranej lokalizacji, w formacji w ktorej prawidtowo zostaty wykonane
odwierty 1 zabiegi stymulacyjne, moze stabilnie funkcjonowaé przez wiele lat, czego
przyktadem sg przede wszystkim projekty zrealizowane w Rowie Renu w Europie Zachodniej,
takie jak Soultz-sous-Foréts, Landau i Rittershoffen (Held i inni, 2014; Schill i inni, 2017;
bestec-for-nature.com)

1.3 Hydrauliczne szczelinowanie gorgcych suchych skat

Zabiegi HF w HDR ro6znig si¢ zasadniczo pod wzglegdem oczekiwanego efektu od
zabiegbw w konwencjonalnych oraz niekonwencjonalnych zlozach weglowodorow.
W niekonwencjonalnych akumulacjach gazu ziemnego celem HF jest wytworzenie jak
najbardziej efektywnego polaczenia hydraulicznego pomiedzy jak najwigksza czescig
stymulowanej formacji a odwiertem. Im wigksza cz¢$¢ formacji objeta zostanie zabiegiem HF,
tym wigksza objetos¢ uwolnionego gazu moze pod wpltywem ci$nienia ztozowego przedostac
si¢ poprzez szczeliny do odwiertu i zosta¢ wyeksploatowana. Objeto$¢ stymulowanego ztoza
odzwierciedla parametr SRV (ang. stimulated reservoir volume), ktory jest obliczany na
podstawie monitoringu mikrosejsmicznego podczas trwania zabiegu i po nim. Ogniska zdarzen
mikrosejsmicznych sg wtedy rejestrowane przez geofony w odwiertach obserwacyjnych,
a miejsca ich wystepowania i odleglosci od odwiertu w ktérym jest prowadzona stymulacja
pozwalaja stwierdzi¢, na jakie odleglosci w danej ptaszczyznie propaguja szczeliny (King,
2010). W skalach typu HDR celem stymulacji hydraulicznej jest natomiast wytworzenie
optymalnego potgczenia pomiedzy co najmniej dwoma otworami wiertniczymi, z ktérych jeden
pelni funkcje chtonng i jeden produkcyjng. Optymalne polaczenie oznacza w tym przypadku
wytworzenie w szczelinach hydraulicznej przewodnosci o takiej wielkosci, ktéra umozliwi jak
najwigkszg sprawnos¢ catego systemu, tj. najwyzsza temperatur¢ cieczy produkowanej przez
jak najdtuzszy okres czasu, ale jednocze$nie nie spowoduje niepozadanego zjawiska zwarcia
termicznego (ang. thermal short circuiting) (McClure 1 Horne, 2014). Jest to zjawisko
tworzenia si¢ preferowanej §ciezki przeptywu w formacji prowadzace do zbyt szybkiego jej
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schtadzania, co z kolei skutkuje znacznym spadkiem temperatury produkowanej cieczy
1 wydajnosci catego systemu. Jednym z powodow zwarcia jest ,,przestymulowanie” formacji,
tj. zastosowanie zbyt duzych ci$nien i wydatkéw zattaczania podczas zabiegu HF. Zwarcie
termiczne moze by¢ trudne do likwidacji, czego przyktadem jest projekt EGS Rosemanowes
w Wielkiej Brytanii (Batchelor, 1986, 1987).

Wyrdznia si¢ trzy gldwne mechanizmy zwigkszajace przewodnos$¢ podczas stymulacji
hydraulicznej (Park 1 inni, 2020):

(1) hydrauliczne szczelinowanie tzw. czyste — tworzenie nowych szczelin w gorotworze
w wyniku oddzialywania na skatlg sit tensyjnych podczas pompowania cieczy zabiegowej pod
ci$nieniem wyzszym od ci$nienia szczelinowania formacji (ang. pure opening mode). Po
spadku ci$nienia ponizej wartosci cisnienia zamknigcia szczeliny ulegajg zacisnigciu w wyniku
dominacji naprezen ztozowych.

(2) ponowne otwieranie zamknigtych naturalnych szczelin w wyniku oddziatywania sit
tensyjnych cieczy zabiegowej 1 zamykanie ich po spadku ci$nienia (ang. Aydraulic jacking).

(3) hydroscinanie - indukowanie poslizgu 1 dylatacji na powierzchni szczelin
naturalnych w wyniku oddziatywania sit $cinajacych (ang. hydraulic shearing).

Niektorzy badacze sugeruja rowniez wystgpowanie mechanizméw mieszanych (ang.
mixed mechanism) (McClure and Horne, 2014). Mechanizmy te bezposrednio wptywaja na
kluczowe aspekty technologii szczelinowania, takie jak dobor cieczy roboczej, materiatu
podsadzkowego oraz zakres stosowanych cisnien 1 wydatkow pompowania. W skatach
osadowych typu HDR, najbardziej zblizonych do niekonwencjonalnych, macierzysto-
zbiornikowych skat gazu ziemnego dominujg mechanizmy tzw. czystego szczelinowania oraz
otwierania szczelin naturalnych w wyniku dziatania sit tensyjnych. Sg to zazwyczaj formacje
zbite, monotonne, charakteryzujace si¢ mniejsza ilo§cig naturalnych plaszczyzn nieciggtosci.
Szczeliny indukowane oraz ponownie otwarte w tych skatach, podobnie jak w formacjach
ztozowych gazu ziemnego, zamykaja si¢ pozostajac nieprzewodne po spadku cis$nienia do
poziomu ci$nienia zamknigcia szczeliny, dlatego tez do ich podparcia konieczne jest
zastosowanie materialu podsadzkowego. To z kolei determinuje uzycie cieczy zabiegowe;]
o lepkosci na tyle wysokiej aby mozliwy byt jego transport. W praktyce najczesciej
wykorzystuje si¢ do tego ciecze liniowe na bazie polimerow naturalnych oraz ciecze sieciowane
(Kasza, 2019).

W magmowych formacjach HDR, takich jak granity, w ktorych wystepuja strefy
szczelin 1 spekan naturalnych, gtownym mechanizmem jest hydroscinanie, co potwierdzaja
obserwacje mikrosejemiczne (Jung, 2013; Xie i inni 2015) W tym przypadku cis$nienie
pompowania podczas zabiegu zazwyczaj nie przekracza minimalnego napr¢zenia gldwnego.
Ze wzgledu na poslizg $cian szczelin podczas hydroscinania, po spadku ci$nienia pozostajg one
przewodne. Te cechy sprawiaja, ze zastosowanie materialu podsadzkowego w takich
formacjach do podtrzymania rozwarto$ci i tym samym przewodnos$ci cz¢sto nie jest konieczne,
a to z kolei pozwala na wykorzystanie cieczy zabiegowej o bardzo niskiej lepkosci. W praktyce
do tego celu najczgs$ciej stosowana jest woda wodociggowa.
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Indukowana hydraulicznie szczelina charakteryzuje si¢ wymiarami mierzonymi
w trzech ptaszczyznach: dtugoscia, wysoko$cia oraz rozwartoscig (figura 1.2). Jej wymiary
oraz powigzana z nimi przewodno$¢ zaleza od: litologii szczelinowanej strefy docelowe;,
przepuszczalnosci formacji, wielkosci naprgzen w tej strefie oraz strefach otaczajacych,
wspotczynnika efektywnosci cieczy szczelinujacej oraz parametréw sprezystosci skal: modutu
Younga oraz wspotczynnika Poissona.

—p (FH

U osadzona warstwa podsadzki

Figura 1.2: Wymiary szczeliny indukowanej. Xr— dtugos¢, Hr — wysokos$¢, W — rozwartosc.
Q — kierunek przeptywu cieczy w odwiercie podczas szczelinowania.

W zalezno$ci od mechanizmu powodujacego propagacje szczelin podczas stymulacji
hydraulicznej, moze si¢ to odbywa¢ na dwa gtowne sposoby. W skatach osadowych gdzie
mechanizmem jest szczelinowanie tzw. czyste, propagacja szczelin zalezy w gldéwnej mierze
od kierunkéw naprezen gtownych w goérotworze. Szczeliny propagujg zawsze w kierunku
prostopadtym do minimalnego naprezenia glownego. W rezimach tektonicznych ekstensyjnym
1 przesuwczym, gdzie dominujacym jest naprezenie pionowe pochodzace od skat nadkladu
(ov), szczeliny propaguja réwnolegle do maksymalnego naprezenia horyzontalnego (owu)
i prostopadle do minimalnego napr¢zenia horyzontalnego (on). W rezimie kompresyjnym,
gdzie ov ma warto$¢ nizsza niz on, szczeliny propaguja w kierunku horyzontalnym (figura 1.3).

W formacjach o dobrze rozwinigtej sieci szczelin naturalnych, w ktérych gldéwnym
mechanizmem stymulacji hydraulicznej jest hydro$cinianie, ptaszczyzny ostabienia sg
stymulowane jako pierwsze. Dlatego w trakcie zabiegu HF propagacja nast¢puje po naturalnym
sladzie zamknietej szczeliny, a powstajace nowe szczeliny sa3 w mniejszosci. Nowe szczeliny,
jesli sg inicjowane i1 propaguja zgodnie z stanem napr¢zenia w formacji, staja si¢ jedynie
tacznikami pomigdzy szczelinami naturalnymi (McClure and Horne, 2014). Zatem propagacja
zgodna ze stanem naprgzen ma miejsce jedynie w okresie inicjacji nowej szczeliny 1 jej
propagacji we wczesnym stadium.
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Figura 1.3: Uproszczony model szczeliny hydraulicznej w zalezno$ci od rezimu
tektonicznego (na podstawie Dixit i inni, 2017).

1.4 Parametry sprezystosci skal i ich wplyw na geometri¢ szczeliny

Modut Younga (E) definiuje ilo$¢ energii potrzebng do osiagnigcia przemieszczenia
1 wywodzi si¢ z klasycznej koncepcji liniowej mechaniki pekania. Wraz ze wzrostem E wzrasta
dhugo$¢ oraz wysoko$¢ szczeliny, a spada jej rozwartos¢. Spada réwniez ci$nienie netto
(ci$nienie réznicowe pomiedzy ci$nieniem propagacji szczeliny a ci$nieniem zamknigcia
szczeliny). Skaly o wysokim E wymagaja wigcej energii do ich przemieszczenia podczas
tworzenia szczeliny. W takich formacjach, definiowanych jako ,twarde”, szczeliny
charakteryzuja si¢ niewielkg rozwartoscia (Economides i Martin, 2007). Wspo6tczynnik
Poissona (v) odzwierciedla stosunek deformacji skaty w kierunku zgodnym z kierunkiem
naprezenia, do deformacji w kierunku do niego prostopadlym. Wartos¢ v dla substancji
niescisliwej jest rowna 0,5 (Zoback, 2007). W ztozu, v okresla zdolnos¢ do zniszczenia skatly
pod wplywem naprezenia (Rickman 1 inni, 2008). W skatach o wysokim v zwigksza si¢ takze
ryzyko wystapienia niepozadanego zjawiska embedmentu, tj. wgniatania ziaren podsadzki
w skate w szczelinie, ktora jest nig podsadzana. Zjawisko to powoduje zmniejszenie
przewodnosci szczeliny (Mastowski 1 inni, 2019; Mastowski 1 Labus 2021). Modut sprezystosci
objetosciowej (K) jest miarg odpornosci materialu izotropowego na zmiang objgtosci, gdy jest
ono poddane kompresji izometrycznej. Jego odwrotnoscia jest Scisliwos¢ (). Modut
sprezystosci postaci (G), nazywany modulem $cinania, to miara odpornosci materialu na
naprezenie $cinajgce. Dla cieczy wynosi on zero (Zoback, 2007). W praktyce, w projektowaniu
zabiegdw HF, wykorzystywane sg zazwyczaj jedynie E oraz v (Kasza, 2019).

1.5 Laboratoryjne metody wyznaczania parametrow sprezystosci skal

Wiasciwosci mechaniczne skat moga by¢ wyznaczane niszczgcymi lub nieniszczacymi
metodami laboratoryjnymi. W metodzie niszczacej parametry sprezystosci sg obliczane na
podstawie zalezno$ci migdzy naprezeniem a odksztalceniem skaly w réznych warunkach
obcigzenia statycznego. Odksztatcenie jest mierzone do chwili zniszczenia probki,
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a uzyskiwane parametry sprezystosci sg nazywane statycznymi. Statyczny modut Younga E
odzwierciedla zwigzek pomiedzy zadanym obcigzeniem o a odksztatceniem &, w osi obcigzenia

(1):
E; =o0/¢ (1)

Statyczny wspotczynnik Poissona vy opisuje stosunek odksztalcenia poprzecznego & do
odksztalcenia osiowego &, (2):

v =—dg&/d g, (2)

Zaklada sig, ze statyczne parametry sprezystosci probek skat sg blizsze warto$ciom dla tych
skat in situ (Shen 1 inni, 2024).

W metodzie nieniszczacej wiasciwosci mechaniczne skat, tj. dynamiczny modut Younga Ej;
1 dynamiczny wspotczynnik Poissona v,, okre§la si¢ posrednio, na podstawie zalezno$ci
miedzy predkosciami fal ultradzwieckowych podtuznych i poprzecznych (odpowiednio Vp 1 V)
oraz gestoscig objetosciowa probki p (3, 4).

Vp2(1+v4)(1-v4)

Eq=p vy 3)
_ 1/2—(Vs/Vp)?
G EOATSE )

Dynamiczny modut Younga E; jest zazwyczaj wyzszy od odpowiadajagcego mu modutu
statycznego E; (Eissa 1 Kazi, 1988). W skatach spekanych o niskiej wytrzymatosci, stosunek
E;/E; moze znacznie przekracza¢ 2 (Brotons i inni, 2016; Bukowska 1 inni 2022).
Obserwowane roznice sg spowodowane przez czynniki zwigzane z warunkami obcigzenia,
sktadem mineralnym i temperatura, ale gtéwna przyczyng jest obecnos¢ plaszczyzn ostabien i
nieciggtosci — mikropeknigé, szczelin 1 porow. Korelacje migdzy Eg 1 E; s opisywane przez
kilka typow rownan empirycznych. Najczesciej uzywane sg rownania regresji liniowej (Eg =
aE, + b) oraz potegowej (Eg = aF g ). Dla skal magmowych oraz metamorficznych najlepsze
wyniki daje najczesciej korelacja potegowa, natomiast dla formacji osadowych liniowa
1 logarytmiczna (Shen i inni, 2024).

Moduty E dla nienaruszonych i niezmienionych hydrotermalnie granitow moga
dochodzi¢ do 80 GPa (Meller i Ledesert, 2017; Villeneuve i inni, 2018). Wraz ze wzrostem
liczby ptaszczyzn niecigglosci obserwowane sg spadki E 1 wieksze rozbieznosci pomiedzy
warto$ciami dynamicznymi oraz statycznymi. W badaniach przeprowadzonych przez Lama
1 Vutukuriego (1978) okreslono, ze moduly sprezystosci statyczny E i dynamiczny E; dla
nienaruszonych granitow majga podobne wartosci, okoto 65—70 GPa. Natomiast w granicie
przeobrazonym zaréwno E jak 1 E; wyraznie spadajg, przy czym $rednia warto$¢ E; jest
trzykrotnie wyzsza od E; (odpowiednio 15,0 GPai 5,0 GPa).

Zalezno$ci pomigdzy dynamicznymi 1 statycznymi wspotczynnikami Poissona
w literaturze opisywane sa w rozny sposob. Van Heerden (1987) sugeruje, ze w wigkszo$ci
przypadkow v, jest nizszy od vg. Z kolei Shen 1 inni (2024) pokazuja, ze korelacje pomigdzy
nimi réznig si¢ w zalezno$ci od typu litologicznego skaty. Dla skat magmowych najlepszy
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wspotczynnik dopasowania zapewnia krzywa wyktadnicza: dla skat osadowych wielomianowa,
a dla metamorficznych logarytmiczna. Jednakze, bez wzgledu na typ litologiczny skaty,
podawane w literaturze wspotczynniki dopasowania sg niskie (0,3-0,7), co oznacza, ze proste
modele korelacyjne stabo opisujg zaleznosci pomigdzy dynamicznym 1 statycznym
wspotczynnikiem Poissona (Shen i inni, 2024).

1.6 Symulacje numeryczne geometrii szczeliny hydraulicznej

Modelowanie numeryczne geometrii szczelin w kolektorach EGS umozliwia testowanie
roznych wariantow konfiguracji systemu geotermalnego przed wdrozeniem ich w realnych
warunkach terenowych. Podstawowymi modelami formowania szczeliny hydraulicznej sg
modele dwuwymiarowe: KGD (Kristianovich-Geertsma-de Klerk), PKN (Perkins-Kern-
Nordgren) 1 model radialny. W modelach tych zaklada si¢, ze formacja skalna jest
nieskonczonym, izotropowym, liniowym o$rodkiem sprezystym, charakteryzujacym si¢
pewnym modutem Younga E oraz wspdtczynnikami Poissona v i wytrzymatosci K;.. W modelu
KGD zaktada si¢ ponadto, ze szczelina ma stalg wysokos¢, a jej dtugos¢ i rozwartos¢ w funkcji
dlugos$ci sa zmienne. Wytwarzajaca ja ciecz szczelinujaca jest ptynem newtonowskim, zatem
nie zmienia lepko$ci pod wplywem zmian naprezenia $cinajacego, jest pompowana ze stalym
natezeniem przeptywu laminarnego i nie zachodzi zjawisko filtracji. W modelu PKN szczelina
ma ksztalt wydtuzony w osi dtugosci, siegajacej setek metroéw, oraz ograniczong ale statg
wysokos¢, osiagajaca rzad dziesigtek metrow. Jej rozwarto$c¢ jest mata, mierzona w milimetrach
1 zmienna wraz z wysokoscig i dlugoscia szczeliny. Model radialny opisuje sytuacje, w ktorej
nie uwzglednia si¢ barier propagacji szczeliny na wysokos¢ lub propagujaca szczelina ich nie
osigga. Model ten zazwyczaj trafnie opisuje wstepny etap tworzenia szczeliny w formacji
skalnej (Economides i Nolte, 2000). Wspolna cecha tych modeli jest to, ze wymagaja zatozenia
stalej wysokos$ci szczeliny lub radialnej jej propagacji. Bardziej zawansowanymi modelami
formowania szczeliny sa modele 3D oraz planar 3D, nie wymagajace zatozen dotyczacych
orientacji szczeliny, jednakze ze wzgledu na ztozono$¢ obliczeniowg sg rzadziej stosowane
w praktyce przemystowej. Modele P3D (Pseudo 3D) taczg zachowanie modeli 3D oraz prostote
obliczeniowa. Model P3D skupiony zaktada pionowy profil szczeliny, sktadajacy si¢ z dwoch
potelips potaczonych w $rodku, przy czym dhlugos¢ szczeliny 1 wysoko$¢ obliczane sg
w krokach czasowych. Modele P3D wykorzystuja dane na temat wlasciwosci formacji
ograniczajacych strefe perforacji od stropu i spagu, aby oszacowaé szybkos$¢ propagacji
szczeliny w ich obrebie. Do modelowania zabiegoéw HF w EGS wykorzystywano jak dotad
zardbwno mniej zaawansowane modele formowania szczelin 2D (Legarth i inni, 2003; 2005;
Zimmerman i inni, 2010; Zimmermann i Reinicke 2010), jak 1 modele bardziej zaawansowane:
formowania szczelin klastrowych 1 dyskretnych (Lei i inni, 2020), model uszkodzen termo-
hydro-mechanicznych (Guo 1 inni, 2019; 2020; Aliyu i Archer 2021) oraz sprz¢zone modele
termo-poro-elastyczne (Cheng i inni, 2019).

1.7 Motywacja i cele pracy

Niniejsza dysertacja zostata przygotowana ramach programu Doktorat Wdrozeniowy
edycja V, we wspolpracy pomiedzy Politechnika Slaska (PS) a Instytutem Nafty i Gazu —
Panstwowym Instytutem Badawczym (INiG-PIB). Dziatalno$¢ INiG-PIB zgodnie z polityka
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rozwoju firmy na lata 2020-2025 ukierunkowana jest na rozwoj ustug zwigzanych z energetyka
bazujaca na surowcach odnawialnych, w tym energetyka geotermalng. Realizacja tej dysertacji
jest odpowiedza na potrzebe pogltebienia wiedzy INiG-PIB w aspekcie niekonwencjonalnych,
odnawialnych technologii energetycznych, jakimi, miedzy innymi, sg EGS. Jej efekty pozwola
na poszerzenie oferty badawczej przedsigbiorstwa, w szczeg6lnosci w aspekcie badan
wytrzymatosciowych skat z duzych glebokosci oraz projektowania elementow technologii HF
w HDR.

Tematyka pozyskiwania energii cieplnej skat systemami geotermalnymi typu
wspomaganego, na wzor projektow prowadzonych w Europie Zachodniej, jest od kilkunastu
lat dyskutowana w polskich kregach naukowych. Dotychczasowe publikacje na ten temat maja
charakter rozwazan teoretycznych (Sapifiska-Sliwa i inni, 2015; Niezgoda i inni, 2018), lub
omawiajg szczegdlowe, stosunkowo waskie elementy tej bardzo rozlegltej tematyki (Labus
iinni, 2023). Wyjatek stanowi raport wykonany na zlecenie Ministerstwa Srodowiska
(Wojcicki 1 inni, 2013) oraz zbior publikacji wydanych w ramach projektu Energisers
(energisers.agh.edu.pl). Prace te mialy na celu ocen¢ mozliwosci wykorzystania struktur
geologicznych typu HDR na obszarze Polski do budowy systemoéw EGS (W¢jcicki i inni 2013)
oraz modelowania systemu CO>-EGS poprzedzone badaniami laboratoryjnymi wraz
z analizami wtasciwos$ci nadkrytycznego CO: i oceng ekonomiczno-$rodowiskowa. Pomimo
szerokiego spektrum badawczego obydwu tych prac, ich efekty nie byty ukierunkowane na
opracowanie jakichkolwiek elementow technologii HF, takich jak: schematy pompowania,
sktad cieczy zabiegowych oraz materiatow podsadzkowych, mimo ze ich prawidtowy dobor
jest podstawag pdzniejszego optymalnego funkcjonowania EGS w tych strukturach. Nie
analizowano rowniez wpltywu poszczegélnych elementéw technologii HF na geometri¢
kolektora geotermalnego oraz wplywu wilasciwosci mechanicznych HDR na wymiary
wytwarzanych szczelin. Co wigcej, wyrazna luka poznawcza w aspekcie relacji pomigdzy
parametrami mechanicznymi HDR a geometrig kolektora geotermalnego wystepuje nie tylko
w odniesieniu do konkretnych, specyficznych dla danego obszaru formacjach skalnych, lecz
do ogolnego problemu badawczego dotyczacego tego zagadnienia. Jak dotychczas jedyna
publikacja podejmujaca t¢ tematyke byta praca Lei 1 innych (2023), w ktorej zaprezentowano
m. in. analize wrazliwo$ci rozwarto$ci szczelin i ich powierzchni na zmiany parametrow
wytrzymatosciowych skat w kolektorze geotermalnym w basenie Gonghe w Chinach.

Podane powyzej powody sktonity autora do podjecia badan nad wptywem parametréw
sprezystosci goracych suchych skat na proces hydraulicznego szczelinowania w EGS. Przyjeto
zatozenie, ze na podstawie laboratoryjnie wyznaczonych dynamicznych parametrow
sprezystosci skal, danych petrofizycznych, a takze danych dotyczacych naprezen ztozowych
mozna wyznaczy¢ geometri¢ szczeliny powstatej] w hipotetycznym zabiegu hydraulicznego
szczelinowania, w strukturze geologicznej perspektywicznej z punktu widzenia wspomaganego
systemu geotermalnego.

Sformutowano nast¢pujace cele badawcze:

* okreslenie wptywu parametrow sprezystosci skat formacji docelowej na geometri¢ szczeliny
tworzonej] w procesie HF, w warunkach cis$nienia i temperatury typowych dla obszarow
perspektywicznych dla systemow geotermalnych typu EGS na terenie Polski,
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» okreslenie zalezno$ci pomiedzy zmianami ci$nienia podczas testow geomechanicznych
a parametrami sprezystosci skat,

» okreslenie korelacji pomigdzy parametrami wyznaczonymi metodami ultradzwigkowa oraz
wytrzymato$ciowa.

* dopracowanie metodyki badan ultradzwigkowych prébek skat reprezentujacych kolektory
HDR w warunkach wysokiego ci$nienia 1 temperatury, poprzedzone modyfikacja
oprzyrzadowania badawczego, dostosowujaca je do bezpiecznej pracy w tych warunkach,

* wykonanie symulacji numerycznych geometrii szczelin w wybranych obszarach
perspektywicznych dla EGS w Polsce,

* przygotowanie ogolnych rekomendacji technologicznych do zabiegdéw HF w analizowanych
formacjach.

Cele te zrealizowano na podstawie doglebnej analizy literaturowej, samodzielnie
przeprowadzonych badan laboratoryjnych na probkach skalnych oraz symulacji numerycznych.

1.8 Zakres pracy
Praca zostala podzielona na nastgpujace czesci:

Rozdzial 1 stanowi wstep obejmujacy: opis specyfiki wspomaganych systemow
geotermalnych EGS, charakterystyke zabiegow stymulacji w geotermii wspomagane;,
parametrow sprezystosci skal, sposoboéw ich wyznaczania oraz podstawowych modeli
geometrii szczeliny hydraulicznej. Rozdzial ten opisuje takze motywacj¢ do podjecia
zagadnienia oraz cele i zakres pracy.

Rozdzial 2 jest przegladem najwazniejszych projektoéw EGS prowadzonych na $wiecie,
pod katem parametrow geologicznych, petrofizycznych, tektonicznych oraz elementow
technologii hydraulicznego szczelinowania w nich wykorzystywanych. Poré6wnano w nim
informacje na temat projektow juz istniejacych z dostgpnymi danymi dotyczacymi
potencjalnych obszarow HDR na terenie Polski.

Rozdzial 3 rozbudowuje zagadnienia dotyczace obszarow perspektywicznych dla
technologii EGS w Europie Srodkowej o kraje battyckie, oraz poréwnuje ich warunki
geologiczne do panujacych na obszarze Polski.

Rozdzial 4 obejmuje charakterystyke parametrow petrofizycznych, geomechanicznych
1 cech petrograficznych wybranych perspektywicznych formacji typu HDR w Polsce,
opracowang w oparciu o wyniki wlasnych badan laboratoryjnych. Zawiera rdwniez
zmodyfikowang interpretacje¢, majacego duze znaczenie dla doboru technologii szczelinowania
hydraulicznego, wskaznika krucho$ci skat BI, ktéra moze by¢ wykorzystywana do oceny
podatnosci na HF w magmowych formacjach HDR.

Rozdzial S5 przedstawia potencjal termiczny 1 geochemiczny wybranych
perspektywicznych dla EGS obszaréw w zachodniej Polsce. Zawiera on wyniki badan
termicznych probek skalnych z bloku Gorzowa i bloku karkonoskiego oraz ocen¢ parametrow
termicznych tych formacji. Zawiera takze wyniki numerycznego modelowania zmian
temperatury formacji i zasiggu jej chtodzenia podczas dhlugotrwalej eksploatacji energii
termalnej oraz wyniki modelowania geochemicznego reakcji zachodzacych w tych skatach
w trakcie eksploatacji ciepfa.
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Rozdzial 6 sktada si¢ z dwoch czesci, z ktorych pierwsza zawiera charakterystyke
dynamicznych parametréw sprezystosci  analizowanych skat nasyconych ciecza,
charakterystyke statycznych parametrow sprezystosci skal nienasyconych oraz korelacje
dynamicznych 1 statycznych parametrow wytrzymatosci skat. Druga czes¢ obejmuje wyniki
symulacji numerycznych geometrii szczelin hydraulicznych w funkcji parametrow sprezystosci
skat, wykonanych w oparciu o dane archiwalne i wyniki wiasnych badan laboratoryjnych.
W rozdziale tym przedstawiono réwniez analize wrazliwosci parametrow geometrii szczeliny
oraz jej przewodno$ci, w zaleznos$ci od parametrow sprezystosci skat.

Rozdzial 7 zawiera rekomendacje technologiczne do zabiegbw HF w warunkach
charakterystycznych dla obszaréw perspektywicznych dla EGS w Polsce, opracowane na
podstawie wszystkich prac przeprowadzonych w ramach realizacji doktoratu.
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2. Hydrauliczne szczelinowanie we wspomaganych
systemach geotermalnych - przeglad uwarunkowan
tektonicznych, geomechanicznych i powigzanych z nimi
aspektow technologicznych — Artykut I

Poczatki stosowania technik intensyfikacji wydobycia na potrzeby instalacji
geotermalnych w gleboko zalegajacych goracych skalach siggaja polowy lat 70 XX wieku
(Tester 1 inni, 2006). W kolejnych latach elementy tych technik byly intensywnie rozwijane
1 usprawniane (Zimmermann 1 inni, 2010; McClure and Horne, 2014: Bldcher i inni, 2016;
Olasolo i inni, 2016). Metody intensyfikacyjne, nazywane réwniez metodami stymulacji
produkcji, wywodzace si¢ z przemystu naftowo-gazowniczego, obejmuja kilka gtownych grup
technologii pozwalajacych na zwigkszenie powierzchni kontaktu pomiedzy odwiertem
a ztlozem 1 w konsekwencji poprawe chionnosci i produktywnosci odwiertu. Technologie
obejmujace rézne typy kwasowan matrycowych, jak rowniez stymulacji termicznych, sa
skuteczne jedynie w strefie przyodwiertowej, siegajacej maksymalnie kilku metrow od osi
odwiertu, dlatego w geotermii wspomaganej wykorzystywane sg jedynie jako wtorne metody
stymulacyjne lub sposoby na udroznienie uszkodzonej strefy przyodwiertowej. Technologia
pozwalajaca na zwigkszenie przewodnosci hydraulicznej skal na odleglo$ci rzgdu setek metrow
od odwiertu — co ma podstawowe znaczenie z punktu widzenia efektywnosci wspomaganego
systemu geotermalnego - jest szczelinowanie hydrauliczne. Artykul I zawiera oryginalny,
wykonany przez doktoranta przeglad najwazniejszych elementéw technologii hydraulicznego
szczelinowania wykorzystanych we wspomaganych systemach geotermalnych na $wiecie.
Zebrane w nim szczegotowe charakterystyki formacji docelowych HDR w prowadzonych
projektach EGS, dane z badan laboratoryjnych skat oraz informacje z dotychczas wykonanych
zabiegdw szczelinowania hydraulicznego w tych projektach, umozliwity okreslenie najbardziej
perspektywicznych obszaréw badawczych, przewidzianych do realizacji w ramach doktoratu
oraz zdefiniowanie zakresu badan laboratoryjnych w artykule III i IV. W konsekwencji,
pozwolily one takze na opracowanie zatozen symulacji numerycznych zabiegow
hydraulicznego szczelinowania dopasowanych do konkretnych warunkow geologiczno-
ztozowych perspektywicznych obszarow w Polsce (artykut V).

2.1 Projekty EGS realizowane na Swiecie

Dla zaprojektowania skutecznego zabiegu szczelinowania hydraulicznego istotne jest
rozpoznanie warunkéw geologiczno-tektonicznych obszaru perspektywicznego, ktore beda
determinowaty szczegodty projektowanej technologii intensyfikacji. W artykule I przedstawiono
wybrane, najistotniejsze 1 najdoktadniej opisane w literaturze $wiatowej projekty EGS,
w ktorych wykonywano zabiegi stymulacyjne metoda hydrauliczng 1 scharakteryzowano ich
krytyczne elementy zwigzane z przeprowadzonymi operacjami szczelinowania hydraulicznego
(figura 2.1).
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Figura 2.1: Wybrane projekty EGS realizowane na swiecie.

Analizowane dane dotyczyly warunkéw geologicznych, w tym: glebokosci zalegania strefy
docelowej, temperatury w tej strefie, litologii skal, a takze parametrow tektonicznych
1 geomechanicznych, tj. rezimu tektonicznego, warto$ci naprezen gldwnych, parametréw
Younga 1 Poissona skatl oraz predkosci propagacji fal sejsmicznych i ultradzwickowych.
Powyzsze dane zostaly réwniez uzupelnione o informacje technologiczne dotyczace
przeprowadzonych zabiegéw szczelinowania 1 obejmujace: ci$nienia szczelinowania,
wydajno$ci pompowania, cechy stosowanych plyndw zabiegowych 1 materialow
podsadzkowych oraz wymiary wytworzonych szczelin hydraulicznych. Tego rodzaju
kompleksowa charakterystyka projektow EGS, pod katem najwazniejszych cech
geologicznych, tektonicznych i technologicznych, nie byta wczesniej publikowana.

2.2 Przeglad uwarunkowan geologicznych, tektonicznych,
geomechanicznych oraz powiazanych z nimi aspektow technologicznych
zabiegow hydraulicznego szczelinowania

Strefami docelowymi w wigkszo$ci dotychczas przeprowadzonych projektow EGS sg
skaty krystaliczne, najczesciej granity (projekty Fenton Hill, Rosmanowes, Habanero, Phoang,
Qiabugia, FORGE oraz projekty w Rowie Renu), charakteryzujace si¢ przepuszczalnoscia
ponizej 0,01 mD i porowatoscig nie przekraczajaca kilku %. W utworach tych wystepuje
naturalna szczelinowato$¢ zwigzana ze zjawiskami tektonicznymi oraz przeobrazeniem skat na
skutek oddziatywania hydrotermalnego. Te naturalnie zaci$nigte szczeliny sg najczgsciej
glownym celem stymulacji hydraulicznej — podczas zabiegu zostaja rozwierane w pierwszej
kolejnosci. Po zwiekszeniu przewodnosci w wyniku zabiegu petnig one rol¢ przepuszczalnych
arterii, faczacych odwierty chlonne i wydobywcze. Strefy docelowe znajduja si¢ na
glebokosciach od 2000 do 5000 metréw, a ich lokalizacja jest wybierana gtéwnie w oparciu
o analizy gradientu geotermicznego. Temperatury w tych strefach wynosza od 150°C do ponad
300°C, co determinuje bezposrednio rodzaj systemu pozyskiwania energii, jego moc
1 efektywnos¢. Do eksploatacji zasobow o umiarkowanej entalpii (120-175°C) wykorzystuje
si¢ technologi¢ binarng, w ktdérej ptyn geotermalny ogrzewa ptyn roboczy o nizszej
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temperaturze wrzenia niz woda. Przy wyzszej entalpii ztoza, powyzej 175°C, czgsto stosowana
jest technologia impulsowa — flash, w ktorej ptyn dwufazowy z odwiertu zasilajacego jest
separowany na par¢ bezposrednio zasilajacg generator i ciecz, ktora albo jest przesylana do
instalacji binarnej albo od razu jest ponownie zatlaczana do gorotworu.

Podczas wyboru potencjalnej lokalizacji kryteria tektoniczne nie maja najwyzszego
priorytetu. Systemy EGS tworzone byly zarowno w formacjach poddanych rezimom
ekstensyjnym 1 przesuwczym (np. Soultz-sous-Foréts, Landau), jak i kompresyjnym (np.
Habanero, Fjillbacka). Predkosci fali podluznej w skatach krystalicznych stref docelowych
zazwyczaj znajduja si¢ w granicach 4400-5500 m/s. Dynamiczne moduty Younga oraz
wspotczynniki Poissona dla tego rodzaju formacji s3 najczgséciej raportowane w granicach
odpowiednio 45-75 GPa i 0,12-0,25, przy czym w strefach spekanych i1 przeobrazonych
hydrotermalnie moduty Younga osiggaja znacznie nizsze warto§ci w pordwnaniu do
analogicznych skat nienaruszonych.

Zabiegi HF wykonywane w skatach magmowych to najczgsciej zabiegu typu Massive
Hydraulic Fracturing (MHF), w ktérych pompuje si¢ co najmniej 1000 m? cieczy zabiegowej
w danym etapie zabiegu lub co najmniej 10 000 m® podczas calej operacji. Z uwagi na fakt, ze
wickszo$¢ projektow EGS byla pierwotnie projektami naukowo-badawczymi, stosowano
w nich takze innego rodzaju schematy pompowania, w tym stymulacje¢ cykliczng, a takze oparta
o mozliwie niskie ci$nienia réznicowe, majgce na celu zmniejszy¢ ilos¢ rejestrowanych zdarzen
sejsmicznych zachodzacych podczas prac. W skalach krystalicznych, jako gtowna ciecz
zabiegowa najczesciej stosowano czysta wode, bez dodatkéw polimeréw zwiekszajacych
lepkos¢, reduktoréw tarcia, inhibitorow mineratow ilastych i innych sktadnikow powszechnie
stosowanych w przemysle naftowym. W zabiegach tych nie stosowano materiatéw
podsadzkowych, ze wzgledu na zdolno$¢ szczeliny stymulowanej hydroscinaniem do
samopodsadzenia.

Systemy geotermalne typu wspomaganego s3 tworzone réwniez w formacjach
osadowych lub w strefach przejsciowych pomiedzy formacjami osadowymi a krystalicznymi,
czego przykladem jest projekt GroB Schonebeck w Niemczech, gdzie stymulowane byty
horyzonty w piaskowcach czerwonego spagowca oraz nizej legtych permskich skatach
wulkanicznych (andezytach). W skatach osadowych w zabiegu HF tworzone sg gtéwnie nowe
szczeliny. Poniewaz skaty te charakteryzuja si¢ zazwyczaj nizsza wytrzymatoscig mechaniczng
niz granity, a na plaszczyznach nowo wytworzonych szczelin nie jest indukowany poslizg,
formacje te wymagaja wykonywania zabiegéw z wykorzystaniem podsadzki o wysokiej
wytrzymatosci 1 o wymiarach najczesciej 20/40 mesh (425-850 um). Determinuje to uzycie
cieczy zabiegowych zdolnych do jej transportu. W tym celu wykorzystywane sg pltyny na bazie
naturalnych lub sztucznych polimeréw liniowych lub usieciowanych, zwigkszajacych lepkosc.
Podejmowane byly réwniez nieliczne proby wykonywania szczelinowania typu MHF
w piaskowcach. W analizowanych projektach EGS, monitorowano zdarzenia mikrosejsmiczne
zachodzace zarowno podczas zabiegow HF jak i po ich zakonczeniu. W wickszosci
przypadkéw nie odnotowano zdarzen o magnitudzie, ktéra mogtaby zagrozi¢ przebiegowi prac
oraz bezpieczenstwu osob 1 mienia. W dwoch projektach miaty miejsce zdarzenia odczuwalne
na powierzchni ziemi: Phoang (magnituda 5,5) oraz Basel (magnituda 3,4) (Ladner i inni, 2009;
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Ellsworth 1 inni, 2019). W efekcie tych zdarzen obydwa projekty zostaly wstrzymane,
a nastgpnie przedwczesnie zakonczone.

2.3 Obszary perspektywiczne dla geotermii wspomaganej w Polsce

Na podstawie danych literaturowych dotyczacych geotermii wspomaganej na swiecie,
a takze dotychczas wykonanych analiz potencjalnych lokalizacji w Polsce, w artykule I
wskazano rowniez perspektywiczne obszary, w ktorych moglyby powstac tego rodzaju systemy
geotermalne (figura 2.2). Obszary te obejmuja rejon Karkonoszy (karbonskie granity), blok
Gorzowa (permskie skaty wulkaniczne), rejon niecki mogilensko-t6dzkiej (formacje osadowe
triasu dolnego), a takze karbonskie formacje osadowe Gornos$laskiego Zagtebia Weglowego
i permsko-karbonskie skaly osadowe niecki szczecinskiej. Perspektywiczne formacje
wystepuja na gltebokosciach ponizej 4000 m 1 osiggaja temperatury powyzej 150°C. Rezim
tektoniczny na tych obszarach jest opisywany jako ekstensyjny lub ekstensyjny z elementem
przesuwczym, a gtbwne naprezenie pionowe, przy zatozeniu $redniej gestosci skat nadktadu
wynoszacej 2,4 g/lcm?®, wynosi od 96 od 156 MPa, w zaleznosci od rozpatrywanej gtebokosci.
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Figura 2.2: Obszary perspektywiczne dla geotermii wspomaganej w Polsce,
scharakteryzowane w artykule I.
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2.4 Podsumowanie

W artykule [ zaprezentowano wyniki przegladu literaturowego obejmujacego
najwazniejsze uwarunkowania geologiczne, ztozowe oraz elementy technologii hydraulicznego
szczelinowania w  najistotniejszych projektach EGS prowadzonych na $wiecie.
Przeanalizowane publikacje naukowe oraz sprawozdania z projektéw badawczych jasno
wskazuja, ze hydrauliczne szczelinowanie jest najczg¢sciej uzywang i najskuteczniejsza metoda
tworzenia kolektorow geotermalnych w skatach typu HDR, zaré6wno osadowych jak
1 magmowych. Jednymi z najistotniejszych kwestii dotyczacych stymulacji hydraulicznej
formacji HDR s3 roznice w mechanizmie stymulacji w zaleznosci od typu litologicznego skaty.
Formacje osadowe sg stymulowane w mechanizmie tensyjnym. Powstaja w nich najczesciej
nowe indukowane szczeliny, propagujace w kierunku prostopadtym do minimalnego
naprezenia horyzontalnego. W formacjach magmowych zas, gléwnymi arteriami przewodnosci
sg reaktywowane w mechanizmie hydro$cinania szczeliny naturalne. Na obszarze Polski
zidentyfikowano kilka regionow o podwyzszonym potencjale dla systemow EGS,
charakteryzujacych  si¢  korzystnym gradientem geotermalnym. Do najbardziej
perspektywicznych zalicza si¢ m.in. rejon Karkonoszy, blok Gorzowa, nieck¢ szczecinska,
nieck¢ mogilensko-todzka oraz blok Gornoslaski. Zebrane w publikacji dane umozliwily
okreslenie najbardziej perspektywicznych obszaréw badawczych, przewidzianych do
szczegbtowej analizy w ramach doktoratu oraz zdefiniowanie zakresu badan laboratoryjnych
opisanych w artykutach III i IV. Pozwolily one takze na opracowanie zatozen symulacji
numerycznych zabiegéw hydraulicznego szczelinowania dopasowanych do konkretnych
warunkow geologiczno-ztozowych perspektywicznych obszar6w w Polsce zaprezentowanych
w artykule V.
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3. Potencjal geotermalny goracych suchych skal w krajach
poludniowo-wschodniej czeSci basenu baltyckiego -
Artykul 11

Poczatek drugiej dekady XXI wieku byt czasem istotnych zmian w postrzeganiu
dostgpnosci 1 bezpieczenstwa energetycznego w krajach europejskich. Destabilizujacy
europejska gospodarke konflikt pomiedzy Rosja i Ukraing, a takze postepujace wycofywanie
si¢ z wykorzystywania paliw kopalnych, wzmocnity dzialania na rzecz rozwoju technologii
energetycznych opartych o zrédla odnawialne i bez emisyjne. Energetyka geotermalna jest
jednym z najbardziej stabilnych zrédet energii odnawialnej, a wykorzystanie ciepta goragcych
suchych skat pozwala na czerpanie korzysci z jej potencjatu niemalze w kazdym miejscu na
ziemi. Artykut II bedacy autorskim przegladem literatury wykonanym przez doktoranta, ma
charakter pracy uzupetniajacej publikacje I, rozbudowujac zagadnienia dotyczace obszarow
perspektywicznych dla technologii EGS w Europie o kraje baltyckie oraz pordéwnanie
warunkow geologicznych w ich perspektywicznych obszarach do warunkéw Polskich. Kraje te
sg obecnie w duzym stopniu uzaleznione od dostaw energii z zewnetrznych zrodet. Rozwoj
technologii wspomaganych systeméw geotermalnych moglby spowodowaé zwigkszenie
udziatu energii produkowanej lokalnie w krajowym miksie energetycznym tych panstw oraz
zwigkszy¢ dywersyfikacje dostaw energii. Tego rodzaju opracowanie dotyczace potencjalu
geotermii wspomaganej krajow potudniowo-wschodniej czesci basenu battyckiego nie byto
dotychczas opublikowane. Informacje zgromadzone w artykule II umozliwity wyznaczenie
najbardziej perspektywicznych obszarow badawczych, ktore zostaly szczegdlowo
zanalizowane w artykutach III, IV i V.

3.1 Potencjal goracych suchych skal w krajach baltyckich.

W analizowanym rejonie Europy wystgpuje obnizona ggsto$¢ strumienia ciepta
ziemskiego, bedaca rezultatem efektu paleoklimatycznego zwigzanego z najmtodsza epoka
lodowcowa. Mimo to, zardwno rozktad gradientu geotermicznego, jak 1 gestosci strumienia
ciepta, nie r6znig si¢ znaczaco od wartosci mierzonych w Europie Zachodniej (w szczegolnosci
w Rowie Renu) i znacznie przewyzszaja parametry termiczne w Finlandii, gdzie realizowany
jest obecnie projekt EGS (Vidal 1 Genter, 2018; Kukkonen i Pentti, 2021). W krajach battyckich
(Litwa, Lotwa oraz Estonia) potencjat HDR lezy w podlozu krystalicznym. Strop
perspektywicznych intruzji magmowych wystepuje tam stosunkowo ptytko, od ok. 2500 m na
Litwie do ok. 500 m w Estonii. Temperatury zblizone do tych w Niemczech 1 w zachodniej
Polsce (ok. 150°C) sa osiggane na Litwie i Lotwie na glgbokosciach rzedu 4000-5000 m,
a w Estonii, ze wzgledu na najnizszy gradient geotermiczny (26-28°C/1000 m) jeszcze glebie;.

Perspektywicznymi obszarami na Litwie jest rejon intruzji Zemaiciu Naumiestis, na
potudnie od Ktajpedy, gdzie gradient geotermiczny osigga 35-40°C/1000 m, a temperatura
rzedu 150°C w sjenogranitach jest osiggana na gitebokosci 4500-5000 m (Motuza 1 inni, 2003;
Sliaupa i inni, 2010), (tabela 3.1). Na Lotwie mozna wyr6zni¢ dwa obszary o podwyzszonym
potencjale, w obszarach o gradiencie geotermicznym do maksymalnie 35°C/1000 m:
prekambryjski batolit na potudnie od Lipawy oraz batolit w centralnej oraz potudniowej czgsci
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kraju, w ktorym temperatura na giebokosci 4000 m powinna wynosi¢ ok. 140°C (Borodinecs
11nni, 2020). W Estonii najwyzszy potencjal maja granity rapakivi prekambryjskiego cokotu
krystalicznego, wystepujace w centralnej czgsci kraju. Jednakze ze wzgledu na niski gradient
geotermiczny 1 strumien ciepta w tym rejonie, na glebokosci rzedu 4000 m spodziewane
temperatury nie przekraczaja 73°C (Joeleht i Kukkonen, 2002; Nurmi, 2022).

Odrebng kwestig jest stabe rozpoznanie lokalnych warunkéw tektonicznych panstw
battyckich, a w szczeg6lnosci rozwoju sieci naturalnych szczelin i1 stref uskokowych,
wptywajacych na kierunek propagacji szczelin w trakcie zabiegéw HF. Stanowi to gtowna
barier¢ rozwoju wysokotemperaturowej geotermii wspomaganej w tych krajach.

Tabela 3.1: Porownanie wybranych obszarow perspektywicznych dla EGS w obszarze
poludniowo-wschodniego basenu battyckiego.

Gestos¢

Gradient Lo Glebokosé strefy . .
. . strumienia . Litologia,
Obszar perspektywiczny dla EGS geotemiczny, . docelowej, m
o cieplnego, o stratygrafia
C/1000 m ) temperatura,’C
mW/m
- intruzja Zemaiciu Sjp e;lr(f)i%gawn:)t?/,
£ Naumiestis 3540 83-100 45005100, kwarcowe
3 na potudnie od 150 monzodiorvt
Klaipedy Rk
prekambru
. . ponizej 1740, intruzywne
o batolit IIlj pacz:/udme od do 35 brak danych 140 na glebokosci skaty magmowe
E pawy 4000 prekambru
3 batolit w centralnej i ponizej 1500, intruzywne
potudniowej czesci do 35 brak danych 140 na glebokosci  skaty magmowe
kraju 4000 prekambru
. 26-28 w
< .
g pbinocna i centralna pokrywie 40-50, 4000, granity rapakivi,
S czes$¢ kraju, cokot . 58-73 w zaleznoSci
7] i osadowej, 14 w 42 prekambru
=a) prekambryjski od obszaru
cokole
4000 intruzywne
rejon Karkonoszy 44 75-80 ’ skaty magmowe
165
karbonu
blok Gorzowa 35-40 105 4300, trachyandezyty
160 permskie
© piaskowce
A niecka mogilensko- 5000-6500, pstrego
2 t6dzka do 34 75-90 165-195 piaskoweca, trias
dolny
. 3 >5000, skaty 0§adgwe,
niecka szczecinska do 27 85-100 150 karbonskie i
permskie
AT >5000, klastyczne osady
blok gornoslaski do 45 80-95 170 Karbohskic

3.2 Potencjal goracych suchych skal w Polsce na tle krajow baltyckich

Najwyzszy strumien cieplny na obszarze Polski jest obserwowany we wschodniej

i centralnej cze$ci kraju (Szewczyk 1 Gientka, 2009). Jego wartosci dobrze korelujg
z temperaturami skorupy ziemskiej obserwowanymi na glebokosci 2 km (Szewczyk, 2010).
Gradienty geotermalne sg wyzsze w pordwnaniu do najbardziej perspektywicznych obszarow
w krajach Battyckich i osiggajg wartosci od 34 do 45°C/1000 m, w zaleznos$ci od konkretnego
perspektywicznego obszaru. Jedynie w obszarze niecki szczecinskiej gradient geotermiczny nie
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przekracza 27°C/1000 m. Natgzenie strumienia cieplnego przewyzsza wartosci obserwowane
w Estonii i doréwnuje tym zanotowanym na Litwie 65-105 mW/m? w zaleznosci od
konkretnego perspektywicznego obszaru (figura 3.1).
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Figura 3.1: Perspektywiczne rejony EGS w Polsce na tle uproszczonej budowy geologicznej
1 gestosci strumienia cieplnego.

3.3 Podsumowanie

Artykul II stanowi uzupetnienie przegladu literatury, rozbudowujgc zagadnienia
dotyczace obszarow perspektywicznych dla technologii EGS w Europie o kraje baltyckie oraz
zawierajagc poréwnanie warunkow geologicznych w ich perspektywicznych obszarach do
warunkow Polskich. W scharakteryzowanych w artykule krajach potudniowo-wschodniej
czedci basenu battyckiego (Litwa, Lotwa, Estonia) rozklad gradientu geotermalnego oraz
gestosci strumienia cieplnego nie odbiega znaczaco od warto$ci obserwowanych w Europie
Zachodniej. Potencjat HDR w tych regionach zwigzany jest gtownie z obecno$cia podtoza
krystalicznego, jednakze niewystarczajace rozpoznanie lokalnych warunkow tektonicznych,
w szczegolnosci rozwoju naturalnych stref szczelinowych i uskokowych, majacych duze
znaczenie podczas stymulacji hydraulicznej, stanowi gtéwna barier¢ rozwoju technologii EGS.
Informacje 1 dane zgromadzone w artykule II umozliwilty wyznaczenie najbardziej
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perspektywicznych obszarow badawczych, ktore byly szczegdtowo analizowane w artykutach
L Ivi v
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4. Charakterystyka petrofizyczno-geomechaniczna
goracych suchych skal z perspektywicznych obszarow
w Polsce — Artykul 111

Informacje niezbedne do zaprojektowania zabiegu hydraulicznego szczelinowania na
potrzeby geotermii wspomaganej, podobnie jak w przypadku wydobycia weglowodorow,
mozna podzieli¢ na dwie gtowne grupy (Kasza, 2019):

» dane otworowe: gltebokos¢, konstrukcja otworu (w tym zarurowanie i zacementowanie),
dotychczasowe prace i pomiary wykonywane w otworze (np. rekonstrukcje),

* dane zlozowe: migzszos¢ strefy docelowej oraz stref wyzej 1 nizej legtych, porowatos¢,
przepuszczalno$¢, sktad mineralny, temperatura, nasycenie przestrzeni porowe;j,
ci$nienie zlozowe, uszkodzenie przepuszczalnosci strefy przyodwiertowej, parametry
geomechaniczne skal, wartosci naprezen gtdéwnych.

Dane dotyczace parametrow mechanicznych skal strefy ztozowej, nadkladu oraz
formacji nizej legtych, wraz z kierunkami i warto$ciami naprgzen gltoéwnych pozwalajg
wyznaczy¢ ilo$¢ energii potrzebng do wytworzenia szczelin hydraulicznych lub otwarcia
szczelin naturalnych w procesie hydraulicznego szczelinowania. W artykule III, na podstawie
wykonanych przez doktoranta badan laboratoryjnych na probkach skalnych, dokonano
charakterystyki  parametrow  petrofizycznych  oraz  petrograficznych ~ wybranych
perspektywicznych formacji typu HDR w Polsce. Przedstawiono réwniez wyniki
samodzielnych badan geomechanicznych, przeprowadzonych na zmodyfikowanym przez
doktoranta urzadzeniu do testow ultradzwigkowych. Wskazano takze, w jaki sposob wskaznik
kruchosci skat (Brittleness index, BI), wykorzystywany dotad w przemysle naftowo-gazowym,
moze by¢ uzywany do oceny podatnosci na hydrauliczne szczelinowanie w tychze formacjach.
Tego rodzaju charakterystyka obszaréw perspektywicznych w Polsce oraz sposéb
wykorzystania wskaznika krucho$ci nie zostaly wcze$niej opublikowane. Przedstawione
w artykule III dane i informacje dotyczace perspektywicznych formacji skalnych zostaty
wykorzystane w dalszych pracach ukierunkowanych na osiggnigcie gtownych celow rozprawy
doktorskiej, czyli wyznaczenie wpltywu parametréw sprezystoSci na geometri¢ kolektora
geotermalnego 1 opracowanie uogolnionych rekomendacji technologicznych do wykonania
zabiegdw w warunkach polowych. Rezultaty tych prac oméwiono w artykule V.

4.1 Analizowane obszary perspektywiczne

Na podstawie omdéwionego wczesniej rozpoznania warunkow geologicznych i analizy
projektow geotermii wspomaganej (publikacje I i II), wytypowano trzy perspektywiczne dla
technologii EGS obszary na terenie Polski. Za najkorzystniejsze uznano lokalizacje znajdujace
si¢ w strefach o podwyzszonych parametrach termicznych, w zachodniej i centralnej cze$ci
kraju. Kazda z tych lokalizacji charakteryzuje inng budowa geologiczng 1 innym typem skaty
docelowej. Wytypowanie karbonskich granitow karkonoskich, triasowych piaskowcoéw niecki
mogliensko-t6dzkiej oraz dolnopermskich wulkanitéw bloku Gorzowa pozwolito na uzyskanie
pelnego przekroju typoéw formacji, w ktérych sg realizowane projekty geotermii wspomaganej
na $wiecie. Podczas realizacji pracy przeanalizowano profile 29 otworéw wiertniczych z trzech
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wymienionych lokalizacji pod katem litologii strefy docelowej, migzszosci poszczegdlnych
formacji oraz dostgpnosci materiatu rdzeniowego. Na tej podstawie wytypowano cztery
odwierty, z ktorych pobrano probki skat. Byty to: Czerwony Potok-PIG-1 (rejon Karkonoszy),
Piotrkow Trybunalski 1G-1 (niecka mogilensko-todzka) oraz Gorzéw Wielkopolski-2
i Jeniniec-4 (blok Gorzowa).

4.2 Metodyka badan laboratoryjnych

Z pobranych probek skalnych wycieto 96 probek rdzeniowych o $rednicy 2,54 cm (1,0
cal) 1 dtugosci 5,08 cm (2,0 cale), w kierunku prostopadtym do warstwowania (rownolegtym
do osi otworow wiertniczych), zgodnie z metodami sugerowanymi przez ISRM (Ulusay
1 Hudson, 2007). Dla kazdej z probek wykonano podstawowe badania petrofizyczne i analizy
sktadu mineralnego. Wyznaczono gg¢stosci szkieletowe oraz objetosciowe probek,
wspotczynniki porowatosci efektywnej metoda helowg oraz wspotczynniki przepuszczalnosci
absolutnej dla azotu. Sktad mineralny poszczegolnych probek wyznaczono w oparciu o metode
dyfrakcji rentgenowskiej (XRD), z analizg ilosciowa metodg Rietvelda. Dynamiczne parametry
sprezystos$ci zostalty wyznaczone dla 64 probek skat, przy wykorzystaniu elementoéw metodyki
zalecanej przez ISRM (Ulusay 1 Hudson, 2007) oraz metodyki stworzonej przez doktoranta na
potrzeby wykonywania badan metoda ultradzwieckowa. Pomiary wykonywano przy pomocy
urzadzenia Vinci AVS-700 do wyznaczania predkosci propagacji fal sprezystych w skatach,
w warunkach zltozowych. Wyznaczono predkosci propagacji fali podtuznej (P) oraz
poprzecznej (S) przy czestotliwosci pracy przetwornikow 500 kHz. Testy zostaty
przeprowadzone w zakresie ci$nienia 0 — 55 MPa, dla probek, ktérych przestrzen porowa byta
nasycona powietrzem (probki suche). W pierwszej fazie przykladano ci$nienie osiowe oraz
obwodowe o takich samych wartosciach — do 15 1 30 MPa, a nastepnie zwickszano ci$nienie
osiowe, stopniowo do 55 MPa (figura 4.1). Dla wszystkich trzech konfiguracji ci$nienia
obwodowego, tj. 15, 30 i 55 MPa, wykonywano pomiary dla co najmniej czterech probek
rdzeniowych. Kazda probka byta §ciskana w komorze urzadzenia tylko jeden raz. Temperatura
badan wynosita 140°C, co jest gorng granicg mozliwo$ci urzadzenia.
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Figura 4.1: Schemat przebiegu badan ultradzwigkowych.
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Dynamiczne parametry sprezystosci: wspdtczynnik Poissona vz, modut Younga Ej,
modut sprezystosci postaciowej G4 1 modul sprezystosci objetosciowej K,; obliczono w oparciu
0 nastepujace réwnania:

o = gy @
Fq = p Xy (42)
Gg = pVs® (4.3)
Ka = p(Vp® = 3Vs") (4.4)

Okreslony w pracy sklad mineralny préobek i wyznaczone na podstawie badan
laboratoryjnych warto$ci modutu Younga oraz wspolczynnika Poissona pozwolity ponadto na
obliczenie wskaznika kruchos$ci analizowanych probek, co opisano szerzej w rozdziale 4.5.

4.3 Parametry petrofizyczne i sklad mineralny badanych skat

Badane probki ze wszystkich trzech lokalizacji charakteryzowaty si¢ niskimi
wspotczynnikami przepuszczalnosci absolutnej oraz porowatosci efektywnej. Najnizsza
porowatos$cig cechowaly si¢ granity karkonoskie oraz wulkanity z otworu Jeniniec-4, przy czym
porowato$¢ ta zwigzana byla gléwnie z naturalnymi mikroszczelinami. Porowato$¢
miedzyziarnowa w piaskowcach niecki mogilensko-todzkiej i1 riolitach z otworu Gorzow
Wielkopolski-2 byta stabo zréznicowana. Srednia przepuszczalno$é we wszystkich
analizowanych typach skal wynosita znacznie ponizej 0,1 mD, a dla granitow i wulkanitow
w wiekszosci przypadkoéw nie przekraczata 0,001 mD. Wyznaczone parametry petrofizyczne
pozwalaja zaklasyfikowac wszystkie analizowane skaly do grupy petrotermalnych (figura 4.2).

Probki skat karkonoskich reprezentujg monzogranity, w ktorych albit stanowi od 15 do
33,1%, ortoklaz i mikroklin odpowiednio 15 i1 19%, a $rednia zawarto$¢ kwarcu wynosi 23%.
Waulkanity bloku Gorzowa sg zbudowane glownie z kwarcu ($rednio 22% i 38% odpowiednio
dla otworow Jeniniec-4 1 Gorzéw Wielkopolski-2) 1 skalenia potasowego (ortoklazu
1 mikroklinu w ilo$ci odpowiednio 41% 1 24%). Pozwala to zaklasyfikowa¢ je jako riolity
i riodacyty. Piaskowce rejonu niecki mogilensko-todzkiej zawieraja gtéwnie kwarc (Srednio
52%) oraz plagioklazy. Charakteryzujg si¢ niska zawarto$cig weglanow, a ilo§¢ mineratow
ilastych nie przekracza 14%. Skaly te moga by¢ zaklasyfikowane jako arenity lityczne.

4.4 Dynamiczne parametry sprezystosci

W zwiazku z tym, ze podczas badan nie zaobserwowano korelacji pomigdzy predkoscia
fal P 1 S, a zastosowanym ci$nieniem efektywnym (15, 30 1 55 MPa), a ponadto probki byty
pobrane ze stosunkowo szerokich interwatow glebokosciowych, zdecydowano, ze dla trzech
powyzej wymienionych ci$nien efektywnych wyznaczone beda $rednie predkosci fal. Probki
granitow pobrane z interwatu od 155 do 184 m charakteryzowaty si¢ wyzszymi predkosciami
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propagacji fal 1 wyzszymi modutami sprezystosci, co mozna wyjasni¢ nizszym stopniem ich
przeobrazenia i mniejszg ilo$cig naturalnych ptaszczyzn niecigglosci (figura 4.3).
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Figura 4.2: Klasyfikacja analizowanych skal na podstawie porowato$ci efektywnej i
przepuszczalnos$ci, na tle wybranych formacji Europy Zachodnie;.

Wzrost predkosci propagacji w reakcji na wzrost ci$nienia efektywnego byt najwickszy
w niskich zakresach ci§nien, co odpowiadato zamykaniu si¢ poréw i naturalnych szczelin.
W przypadku analizowanych piaskowcow najwyzszymi predkosciami fal charakteryzowaty si¢
probki z najmniejszych glebokosci, co byto spowodowane podwyzszong zawartoscig kwarcu
i obnizong illitu. Niski wspotczynnik Poissona (ponizej 0,2) odzwierciedlat nasycenie
przestrzeni porowej piaskowcoOw powietrzem (pomiar na suchych probkach) (figura 4.4).
W wulkanitach z otworu Gorzow Wielkopolski-2, prawdopodobnie ze wzgledu na ich wigksza
porowato$¢, zmierzono nizsze predkosci fal w poréwnaniu do skat z otworu Jeniniec-4.
W czesci probek z otworu Jeniniec-4 zanotowano spadek predkosci fal przy wyzszych
warto$ciach cis$nienia efektywnego, co najpewniej odzwierciedla poczatek procesu pgkania
probek, prowadzacego do ich zniszczenia (figura 4.5). Na podstawie uzyskanych wynikow
obliczono korelacje pomiedzy predkosciami fal P, S, modulami sprezystosci,
a wspolczynnikami porowatosci efektywnej. Najwyzsze wspolczynniki determinacji uzyskano
dla zaleznosci liniowej pomiedzy wspotczynnikiem porowatosci efektywnej 1 odpowiednio:
predkoscia fali P dla granitow - R>=0,91 oraz modutem $cinania dla riolitéw z otworu Gorzoéw
Wielkopolski-2 - R? = 0,87.
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Figura 4.3: Srednie parametry sprezystosci w funkcji osiowego ciénienia efektywnego
uzyskane podczas badan ultradzwigkowych probek granitow karkonoskich: E — modul Younga,
G — modut sprezystosci postaci, K — modut sprezystosci objetosciowej, v — wspotczynnik
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Figura 4.4: Srednie parametry sprezystosci w funkcji osiowego ci$nienia efektywnego
uzyskane podczas badan ultradzwiekowych piaskowcow rejonu niecki mogilensko-tédzkiej:
E — modut Younga, G — modut sprezystosci postaci, K — modul sprezystosci objgtosciowej,
v — wspotczynnik Poissona.
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Figura 4.5: Srednie parametry sprezystosci w funkcji osiowego ci$nienia efektywnego
uzyskane podczas badan ultradzwickowych wulkanitéw bloku Gorzowa: E — modul Younga,
G — modut sprezystosci postaci, K — modut sprezystosci objetosciowej, v — wspotczynnik
Poissona.

4.5 Wskaznik kruchosci

Wskaznik krucho$ci - Brittleness index (BI), jest parametrem powigzanym
z zachowaniem si¢ o$rodka skalnego podczas jego obcigzania oraz ilo$cig energii wymagang
do jego zniszczenia. W procesie stymulacji hydraulicznej niekonwencjonalnych zi6z gazu
ziemnego odzwierciedla on podatno$¢ danej czgsci udostgpnianego interwatu, na tworzenie si¢
rozbudowanej sieci szczelin, zwigkszajacej kontakt pomiedzy ztozem i otworem. Wraz ze
wzrostem wskaznika BI wzrasta prawdopodobienstwo na tworzenie si¢ pozadanej,
rozbudowane;j sieci szczelin, zwigkszajacej doptyw gazu do odwiertu. Z kolei przy niskich BI
otwierajace si¢ szczeliny majg ksztalt prosty, dwuskrzydtowy, a objetos¢ gorotworu objeta
procesem stymulacji jest mniejsza. W zlozach geotermalnych BI moze by¢ uzywany jako
wskaznik stref potencjalnie korzystnych do stymulacji hydraulicznej. W niniejszej pracy BI
obliczono w oparciu o okreslony wczesniej sktad mineralny prébek (Jarvie i inni, 2007; Wang
i Gale, 2009; Jin i inni, 2014a, 2014b) oraz wykorzystujac zalezno$ci, wyznaczonych na
podstawie badan laboratoryjnych, modutu Younga oraz wspotczynnika Poissona (Grieser and
Bray, 2007).

Wskaznik kruchos$ci BI, okre§lony na podstawie badan petrograficznych wykonanych
na potrzeby tej pracy, niezaleznie od zastosowanej metody obliczeniowej, jest wysoki dla
wszystkich analizowanych formacji, za wyjatkiem wulkanitow z otworu Jeniniec-4, dla ktorych
wskaznik ten osigga Srednie warto$ci. Wysokie wartosci BI granitow, piaskowcoéw 1 riolitow
z otworu Gorzow Wielkopolski-2 (powyzej 74%) odzwierciedlaja znaczny udziatl mineralow
kruchych, tj. albitu, mikroklinu i kwarcu w granitach, kwarcu i skaleni potasowych oraz
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alkalicznych w piaskowcach, a takze kwarcu 1 skalenia potasowego w riolitach. Najwyzsza
warto$cig wskaznika BI, obliczong na podstawie zalezno$ci pomigdzy dynamicznymi
parametrami sprezystosci, charakteryzujg si¢ granity karkonoskie, przy czym probki pobrane
z wigkszej glebokosci, o mniejszej liczbie spekan 1 szczelin, wykazuja wyzsza krucho$¢ (68%)
w poréwnaniu do pozostatych (50-53%). Wysokie warto$ci BI charakteryzuja takze riolity
z otworu Jeniniec-4 - 53%, co wynika z wysokich modutéw Younga tych probek. Piaskowce
z obydwu analizowanych interwalow charakteryzuja si¢ stosunkowo niskimi warto$ciami
zarowno wspotczynnika Poissona, jak i modutu Younga, co przektada si¢ na niskie warto$ci BI
(39-45%).

Ze wzgledu na specyfik¢ granitowych skat typu HDR, w ktorych gldéwnym
mechanizmem aktywacji szczelin jest hydro$cinanie (indukowanie poslizgu i dylatacji $cian
naturalnych szczelin poprzez dziatanie sit $cinajacych), wskaznik kruchosci BI w tego typu
formacjach powinien by¢ interpretowany w odmienny sposob niz w osadowych formacjach
HDR, gdzie dominuje tworzenie si¢ nowych szczelin lub otwieranie szczelin naturalnych pod
wplywem dzialania sil tensyjnych. Strefy naturalnych spgkan, stanowigce arterie przewodnosci
w granitach, charakteryzuja si¢ znacznie nizszymi modutami Younga oraz podwyzszong
zawarto$cig mineralow plastycznych, co przektada si¢ na nizsze warto$ci wskaznika kruchosci.
W zabiegach HF ulegaja one stymulacji w pierwszej kolejnosci i przez to sa najbardziej
perspektywiczne. Zatem niskie wskazniki BI w takich strefach §wiadcza o ich lepszej
podatnosci do stymulacji hydraulicznej, w porownaniu do stref nieprzeobrazonych, o wyzszych
wartosciach BI. Z drugiej jednak strony, najwyzsze wartosci BI, swiadcza o wysokiej
podatnosci na zabiegi HF w skatach osadowych typu HDR, o wysokich modutach Younga,
niskich wspolczynnikach Poissona i z dominacja mineralow kruchych w sktadzie. Jest to
zgodnie z tradycyjng interpretacjg wskaznika BI, gdyz skaty te sg bardziej zblizone do formacji
zbiornikowych dla weglowodorow, dla ktorych pierwotnie przewidywano zastosowanie
wskaznika kruchosci.

4.6 Podobienstwa i réznice analizowanych skal typu HDR w Polsce i Europie
Zachodniej, w aspekcie ich podatnos$ci na hydrauliczne szczelinowanie

Nienaruszone granity karkonoskie charakteryzuja si¢, podobnym do formacji
udostepnionej w projekcie Soultz-Souz Foréts we Francji, sktadem mineralnym i podatno$cig
na hydrauliczne szczelinowanie, wyrazong przez wskaznik BI. Przeobrazone granity
karkonoskie, o podwyzszonej ilo$ci szczelin naturalnych i zwigkszonej zawarto$ci mineralow
ilastych, wykazujg znacznie nizsze Srednie moduty Younga w poréwnaniu do nienaruszonych
skat w tej formacji. Podwyzszona $rednia zawarto§¢ mineratow ilastych w piaskowcach niecki
mogilensko-tédzkiej w porownaniu do analogicznych skat z rejonu Grof3 Schonebeck skutkuje
nizszymi wartosciami wskaznika BI obliczonego na podstawie sktadu mineralnego, co
zwigksza prawdopodobienstwo tworzenia si¢ szczelin dwuskrzydiowych. Dynamiczne modutly
sprezystosci piaskowcow niecki mogilensko-todzkiej wykazuja silng zmienno$¢ wraz
z glebokoscia, ze wzgledu na réznice w cementacji i rozw0j naturalnych spekan. Niemniej
jednak wartosci BI oparte na zaleznosci E do v dla tych skat, sg znacznie nizsze w poréwnaniu
do piaskowcow z rejonu GroB3 Schonebeck, co oznacza mniej korzystne warunki do rozwoju
rozleglej sieci szczelin podczas zabiegu. Mineralny wskaznik BI dla ryolitéw bloku Gorzowa
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jest silnie uzalezniony od miejsca poboru probek, ze wzgledu na zmienno$¢ sktadu mineralnego
1 rozw0j naturalnych pekni¢¢ w tej formacji. Nizszy geomechaniczny wskaznik BI badanych
ryolitbw w poréwnaniu z odpowiadajaca im formacja w basenie niemieckim wskazuje na
wickszg podatnos¢ na szczelinowanie ze wzgledu na lepiej rozwinigtg naturalng sie¢ spekan.

4.6 Podsumowanie

W artykule III zostaty zaprezentowane wyniki badan laboratoryjnych skat typu HDR
z wybranych, perspektywicznych dla EGS w Polsce lokalizacji. Wszystkie trzy
przeanalizowane formacje, tj. karkonoskie granity, wulkanity bloku Gorzowa oraz piaskowce
z niecki mogilensko-t6dzkiej, charakteryzowaty si¢ parametrami petrofizycznymi
pozwalajacym zaklasyfikowac je jako skaly typu petrotermalnego, odpowiedniego dla EGS.
Probki granitow cechowaly si¢ silnym zr6znicowaniem parametréw sprezystosci, w zaleznosci
od stopnia przeobrazenia hydrotermalnego. Piaskowce posiadaty znacznie nizsze modutly
Younga w poréwnaniu do analogicznych formacji HDR z obszaru Europy Zachodnie;j.
Parametry mechaniczne badanych wulkanitow roznity si¢ w zaleznos$ci od struktury skaty oraz
formacji, z ktorej zostaly pobrane. Wskaznik kruchosci BI, niezaleznie od zastosowanej metody
obliczeniowej, jest wysoki dla wszystkich analizowanych formacji za wyjatkiem wulkanitow
z otworu Jeniniec-4, dla ktéorych wskaznik ten osiagga wartosci $rednie. W artykule
zaproponowano nowy sposob interpretacji wskaznika BI dla skat HDR magmowych. Jego
obnizone warto$ci, powigzane w szczegdlnosci z obnizonym modutem Younga, moga
wskazywac¢ strefy o obnizonej wytrzymatosci w gorotworze, charakterystyczne dla obszarow
naruszonych tektonicznie i/lub zmienionych hydrotermalnie, ktére moga stuzy¢ po stymulacji
hydraulicznej jako arterie przewodno$ci w systemie EGS. Obnizone wartos$ci BI w skatach
magmowych sg zatem, w przeciwienstwie do skat osadowych, pozadane. Uzyskane
w powyzszych badaniach parametry petrofizyczne, petrograficzne oraz geomechaniczne
stanowig wsad danych do oprogramowania FracPro, wykorzystanego do modelowania
numerycznego geometrii szczeliny, opisanego w artykule V.
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S. Potencjalne systemy geotermalne w zachodniej Polsce —
zagadnienia petrotermalne i geochemiczne — artykul IV

Parametry termiczne skal stanowig podstawowe dane wykorzystywane do wyznaczania
strumienia cieplnego danego obszaru Ziemi, oceny rezimu termicznego i identyfikacji stref
perspektywicznych dla geotermii. Ponadto interakcje ze skata ptynu roboczego, uzywanego
w systemach wspomaganych, moga prowadzi¢ do rozpuszczenia lub wytrgcania mineralow
i wten sposob modyfikowaé poczatkowa porowatos¢ i przepuszczalno$¢ szczelin
wytworzonych hydraulicznie. Jest to jedno ze zjawisk, ktore determinuje wydajno$¢ systemow
EGS. Badania prezentowane w publikacji IV wykonano na probkach skalnych z opisanych
wczesniej lokalizacji: rejonu Karkonoszy i bloku Gorzowa i na podstawie uzyskanych wynikow
dokonano oceny ich wtasciwosci takich jak: przewodnos¢ termiczna, efuzyjnos¢ i dyfuzyjnosc.
Artykut zawiera takze wyniki modelowania zmian temperatury skat i zasiggu ich schtodzenia
podczas dtugotrwatej eksploatacji energii termalnej oraz wyniki modelowania geochemicznego
interakcji geochemicznych, zachodzacych na kontakcie ciecz robocza-skata, w trakcie
eksploatacji ciepta z formacji HDR. Badania laboratoryjne oraz modelowania numeryczne byly
wykonane przez zespol naukowy, w ktérego sktad wchodzit doktorant. Mialy one na celu
poszerzenie  zakresu dotychczasowego rozpoznania cech wybranych formacji,
perspektywicznych dla rozwoju EGS w naszym kraju.

5.1 Parametry termiczne skal HDR

Wiasno$ci cieplne skal opisywane przez ich parametry termiczne, takie jak np.
efuzyjnos¢, dyfuzyjnos¢ oraz przewodnos¢ cieplna, majg istotne znaczenie dla zapewnienia
efektywnego transferu ciepla migdzy formacjg a ciecza roboczg w systemach HDR.

Na potrzeby dysertacji, pomiary termiczne zostaly przeprowadzono przy uzyciu
analizatora TCi (C-Therm, Kanada), metoda przejSciowego, plaskiego zrodta ciepta (Di Sipio
i1inni, 2013; Labus i inni, 2023). Okreslono nastepujace parametry termiczne probek skat:

* przewodnos¢ cieplng k — zdolno$¢ materialu do przewodzenia ciepta,

» efuzyjnos¢ cieplng e — wilasciwo§¢ materialu opisujgca jak szybko zmienia si¢
temperatura w materiale w odpowiedzi na zmiang¢ temperatury na jego powierzchni,

* dyfuzyjnos¢ cieplng a — stosunek przewodnosci cieplnej do objetosciowej pojemnosci
cieplnej. Okresla on szybko§¢ zmiany temperatury w jednostce objetosci materiatu
wywotang transferem ciepta na jednostke czasu.

* pojemnos¢ cieplng c,; — iloS¢ ciepta niezbedng do zmiany temperatury materiatu
o jednostke temperatury.

Do obliczenia wptywu parametrow termicznych na zasi¢g schtodzenia formacji podczas
eksploatacji systemu EGS uzyto modelu uproszczonego do pojedynczej domeny
potieskonczonej (Labus i inni, 2023).

Dominujacy wplyw na zréznicowanie parametréw termicznych maja gestose
1 porowatos$¢ skat. Na podstawie przeprowadzonych badan stwierdzono, ze pojemnos¢ cieplna
badanych skal jest ujemnie skorelowana z gestoscia i dodatnio z porowato$cia, co wyjasnia
niska warto$¢ ciepta wlasciwego kwarcu w poréwnaniu do powietrza, wypetniajacego pory
podczas badania. Efuzyjnos¢, przewodno$¢ cieplna i dyfuzyjnos¢ sa dodatnio skorelowane
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z porowatoscig. Przewodnos$¢ termiczna (k) pozytywnie koreluje si¢ z dyfuzyjnoscia, co
pozwala wnioskowac, ze im wyzsza warto$¢ k skaly (oznaczajaca, ze mozna uzyskaé wigcej
energii z danego zrodta ciepta), tym szybciej energia ta jest uzupetniana z bardziej odlegtych
czescei kolektora ze wzgledu na wysoka dyfuzyjnosé. Optymalne wydajnosci systeméw EGS
osiggane s3 w skatach o rownocze$nie wysokiej efuzyjnosci, dyfuzyjnosci, pojemnosci
i przewodnosci cieplnej. Skaty z obydwu analizowanych formacji, bioragc pod uwage
temperature stref docelowych, charakteryzuja si¢ w tym konteks$cie korzystnymi warto$ciami
omawianych parametréw. Obliczone parametry termiczne mieszcza si¢ w zakresach
podawanych w literaturze, przede wszystkim w odniesieniu do najcze$ciej wyznaczanej
przewodnosci cieplnej. Najnizsza Srednig przewodno$¢ termiczng posiadaja riolity z otworu J-
4, 2,74 W/m-K, a najwyzsza granity z rejonu Karkonoszy, 3,70 W/m-K. Podobne zalezno$ci
wystepuja w przypadku $redniej efuzyjnosci, ktora wynosi dla tych skal odpowiednio 2338
12781 W-s”/m%K (tabela 5.1). Granity karkonoskie charakteryzuja si¢ najwyzsza
dyfuzyjno$cia, co oznacza, ze podczas potencjalnej eksploatacji geotermalnej skaty te
najszybciej osiggng rownowagg termiczng. Powyzsze cechy sprawiaja, ze jako lokalizacje EGS,
granity karkonoskie sg bardziej perspektywiczne od skat z bloku Gorzowa. Najwigksza
glebokos¢ zasiegu schlodzenia (penetracji termicznej) obserwuje si¢ w formacjach
geologicznych o najwyzszej $redniej dyfuzyjnosci 1 przewodnosci cieplnej, takich jak granity
z plutonu karkonoskiego, natomiast najmniejsza w ryolitach z bloku gorzowskiego (odwiert J-
4). Po roku chlodzenia, glgboko$ci penetracji wynosza odpowiednio okoto 22 m 121 m, a po
30 latach osiggaja 160 m i 142 m (fig. 5.1). Spadek temperatury jest najmniej znaczacy
w plutonie karkonoskim, ktérego skaly maja najwyzsze warto$ci przewodnosci cieplnej
1 dyfuzyjnosci) (Fig. 5.1). Nalezy zauwazy¢, ze skaly bloku Gorzowa wykazujg stosunkowo
znaczacy spadek temperatury, ze wzgledu na nizsze warto$ci obydwu tych parametrow.
Jednakze, ze wzglgdu na wysoka temperatur¢ poczatkowa tej formacji, spadek ten nie
wyczerpuje zasobow geotermalnych, ani nie wplywa negatywnie na mozliwos¢ dalszej
eksploatacji. Po 30 latach symulowanego poboru ciepta temperatura utrzymuje si¢ na poziomie
od 106°C do 108°C, co wskazuje na mozliwo$¢ utrzymania dtugotrwatej eksploatacji.

Tabela 5.1: Wybrane §rednie parametry termiczne testowanych skat

Przewodnos¢ Pojemnos¢ cieplna

Rodzaj: skz?}y, EfUZ}l//J;IlOSé Dyfuzyjznoéc' termiczna objetosciowa
lokalizacja e, W-s?/m“/K a, m-/s k, W/m-K ¢)s, kg 'K
Granit z rejonu
Karkonoszy, 2781,25 1,78 x 10°® 3,70 809,82
otwor CP-1
Riolit z bloku
Gorzowa, otwor 2510,90 1,53 x10°® 3,10 831,00
GW-2
Riolit z bloku
Gorzowa, otwor 2338,39 1,37 x10°® 2,74 794,39
J-4
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Figura 5.1. Zmiana temperatury T(t,z) w zalezno$ci od czasu i giebokosci. Objasnienia: CP-1,
GW-2, J-4 —otwory wiertnicze; czas: 1Y — 1 rok, 10Y — 10 lat, 30Y — 30 lat.

5.2. Interakcje geochemiczne na kontakcie ciecz robocza-skala

Modelowanie geochemiczne przeprowadzono w programie React, bedacym czescia
symulatora Geochemist’s Workbench 11. Zatozono zattaczanie cieczy roboczej w postaci wody
o niskiej mineralizacji w temperaturze 40°C. Dla kazdego z kolektorow analizowano dwa
przypadki: wod¢ o pH 7,5 oraz ciecz na bazie wody o tym samym sktadzie, energetyzowang
CO», do poziomu aktywnosci ci$nieniowej 100 bar, w celu uniknigcia skalingu. Przyjeto, ze
woda bedzie reagowala ze skatg przez 20 dni, przeptywajac przez jej szczeliny 1 nagrzewajac
sie do temperatury ztozowej. Model mial objetoéé 12 500 cm?, przy zalozonej porowatosci
szczelinowej 20%. W obliczeniach wykorzystano uproszczone réwnanie kinetyki
rozpuszczania i krystalizacji rownanie wg Lasaga (1984).

Modelowanie geochemiczne dowiodlo, Zze potencjalne zmniejszenie porowatosci
spowodowane wytracaniem si¢ mineralow wtdrnych jest mato prawdopodobne. Z drugiej
strony, z powodu rozpuszczenia pierwotnych sktadnikow skaly porowato$¢ moze wzrastac,
powodowa¢ nadmiernie zwigkszony przeptyw cieczy roboczej i ostatecznie prowadzi¢ do
zmniejszenia wydajnos$ci kolektora (figura 5.2).
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Figura 5.2: Zmiany w porowatosci formacji oraz pH cieczy w wyniku kontaktu skaty z czysta
woda: (a) — probka GW-2, (b) — probka CP-1, (c) — probka J-4 i cieczg energetyzowang COx:
(d) — probka GW-2, (e) — probka CP-1, (f) — probka J-4.

5.3. Podsumowanie

W artykule IV zaprezentowano wyniki laboratoryjnych badan parametréw termicznych
skat z wybranych perspektywicznych dla EGS obszaréw zachodniej Polski, rezultaty
oszacowania zmian temperatury formacji i zasi¢gu ich schtodzenia oraz wyniki modelowania
geochemicznego reakcji zachodzacych w trakcie eksploatacji energii geotermalnej. Pomiary
ujawniajg, ze granit Karkonoszy charakteryzuje si¢ wysoka dyfuzyjnoscia i przewodnictwem
cieplnym, co czyni go dobrym kandydatem do rozwoju systeméw wspomaganych. Mimo, ze
ryolity bloku Gorzowa wykazujg nieco nizsze wartosci tych parametréw, to ich wysokie
temperatury poczatkowe s3 obiecujace z punktu widzenia dtugiej zywotnosci potencjalnych
EGS. Wyniki symulacji geochemicznych wskazuja, ze wytracanie si¢ mineratéw wtornych,
mogacych spowodowac uszkodzenie przepuszczalnosci, bytoby w analizowanych formacjach
mato prawdopodobne. Przeciwnie, symulowany wzrost porowatosci mogiby spowodowaé
spadek oporu hydraulicznego, co spowodowatoby nadmierne zwigkszenie predkosci przeptywu
1 w konsekwencji negatywnie wptyneto na wydajnosé¢ EGS.
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6. Wplyw parametrow sprezystosci skal na geometri¢ szczeliny w
wybranych, perspektywicznych dla EGS, lokalizacjach w Polsce —
artykul V

Geometria szczelin w HDR jest kontrolowana gléwnie przez napr¢zenia w gorotworze,
parametry geomechaniczne skal oraz wystepowanie plaszczyzn ostabienia, takich jak naturalne
szczeliny 1 ptaszczyzny warstwowania. Modut Younga oraz wspotczynnik Poissona definiuja
zachowanie skaty w aspekcie podatno$ci na deformacje oraz zniszczenie pod wpltywem
przylozonego naprezenia. Zgodnie z klasyczng koncepcja mechaniki pgkania zakres
odksztalcenia spowodowanego naprgzeniem w skale jest zdeterminowany przez ilo$¢ energii
jaka zostata dostarczona do wywotania przemieszczenia. Oznacza to, ze w praktyce parametry
sprezystosci skat wptywaja bezposrednio na geometri¢ szczelin hydraulicznych, a co za tym
idzie na ich przewodno$¢ i w konsekwencji na istotne cechy wspomaganego systemu
geotermalnego, takie jak odlegtosci pomigdzy otworami wiertniczymi oraz uzyskiwane
wydajnosci przeptywu cieczy roboczej przez system szczelin.

W artykule V, na przykladzie dwoéch odmiennych litologicznie, potencjalnych
lokalizacji EGS z obszaru Polski, opisano rezultaty analizy wptywu parametrow sprezystosci
ofrodka skalnego typu HDR na geometri¢ szczelin wytworzonych w numerycznie
symulowanych zabiegach HF. Podstaw¢ do opracowania niniejszego artykutu stanowily:
zgromadzone wczesniej informacje 1 dane z artykutow przegladowych (I 1 II), wyniki badan
laboratoryjnych przeprowadzonych przez doktoranta (artykut III), wyniki badan
uzupetniajacych (artykut 1V), a takze dodatkowe badania ultradzwickowe wykonane przez
doktoranta oraz testy wytrzymato$ciowe przeprowadzone pod jego nadzorem. Na bazie
powyzszych informacji, w oparciu o samodzielnie wykonane symulacje numeryczne,
przeprowadzono analiz¢ wrazliwo$ci geometrii szczeliny oraz jej przewodnos$ci na
zréznicowanie modutu Younga oraz wspotczynnika Poissona dla dwdch perspektywicznych dla
EGS obszaréw w Polsce. Wykonane prace badawcze pozwolily osiggna¢ cele dysertacji, w tym
wyznaczenie wplywu uktadow napre¢zen na parametry sprezystosci skat, wykonanie symulacji
numerycznych geometrii szczelin w wybranych formacjach, okreslenie zaleznosci parametrow
geometrii szczeliny od parametrow sprezystosci oraz sformutowanie rekomendacji
technologicznych do zabiegobw HF w HDR. Wyniki tego rodzaju analiz, podobnie jak
opracowane na ich podstawie rekomendacje technologiczne, nie byly dotychczas publikowane.

6.1 Wybor obszarow perspektywicznych i przygotowanie probek do badan

Sposrdd trzech pierwotnie rozwazanych perspektywicznych formacji typu HDR na
terenie Polski wybrano dwie, reprezentujace typy litologiczne najczesciej wykorzystywane w
systemach EGS: piaskowce czerwonego spagowca z obszaru niecki mogilensko-todzkiej
(otwor Piotrkéw Trybunalski IG-1) oraz granity z rejonu Karkonoszy (otwor Czerwony Potok
PIG-1). Zgodnie z metodyka opisang w artykule III do badan petrofizycznych pobrano probki
w kierunku prostopadtym do plaszczyzn warstwowania skat.
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6.2 Metodyka badan geomechanicznych dynamicznych i statycznych

Pomiary dynamiczne parametréw sprezystosci probek wykonano na urzadzeniu Vinci
AVS-700. Wyznaczono predkosci propagacji fali podluznej oraz poprzecznej przy
czgstotliwosci pracy przetwornikow 500 kHz. W odréznieniu od badan opisanych w artykule
III testy ultradzwickowe byty w tym przypadku prowadzone na probkach w petni nasyconych
2% roztworem chlorku potasu (zastosowanego w charakterze inhibitora pgcznienia mineratow
ilastych). Celem tych badan bylo poroéwnanie parametrow sprezystosci probek w petni
nasyconych cieczg oraz probek suchych (artykut III). Testy prowadzono w warunkach
konwencjonalnego trdjosiowego Sciskania, przy wzroscie cisnienia hydrostatycznego od
cisnienia otoczenia do 55 MPa, wedtug metodyki opracowanej przez doktoranta. Cisnienie
porowe utrzymywano na poziomie 2 MPa, tak aby wraz ze wzrostem ci$nienia uszczelnienia
zwigkszalo si¢ cisnienie efektywne.

Testy wytrzymatosciowe zostalty wykonane na maszynie wytrzymatosciowej MTS-810,
w warunkach jednoosiowego oraz konwencjonalnego trojosiowego S$ciskania, zgodnie
z rekomendacjami ISRM (Ulusay 1 Hudson, 2007). Celem tych badan byto wyznaczenie
statycznych parametrow spr¢zystosci probek, pordwnanie ich z parametrami dynamicznymi
przedstawionymi w artykule III oraz wyznaczenie pomi¢dzy nimi korelacji. Testy wykonywano
na probkach nienasyconych, w temperaturze pokojowej 1 przy cisnieniu uszczelnienia 15 1 30
MPa. Modut Younga byl wyznaczany na podstawie przedkrytycznej charakterystyki
naprezeniowo-odksztatceniowej, jako tangens kata nachylenia prostej, bedacej aproksymacija
liniowa krzywej zniszczenia. Ze wzgledu na ograniczenia komory ci$nieniowej statyczne
wspotczynniki Poissona zostaly wyznaczone w warunkach jednoosiowego $ciskania.

6.3 Metodyka symulacji numerycznych geometrii szczelin

Geometri¢ szczelin symulowano z wykorzystaniem oprogramowania Carboceramics
FracPro, wykorzystujac tréjwymiarowy model domyslny o nazwie 3D shear-decoupled. Jest to
autorski model producenta oprogramowania opierajacy si¢ na modelach PKN oraz KGD,
jednakze oddzielajacy efekty naprgzen $cinajagcych w mechanizmie otwierania si¢ szczeliny.
Model wykorzystuje efekt warstwowania kompozytowego, co oznacza, ze traktuje ztoze jako
zespot wielu warstw o indywidualnych wlasciwosciach geomechanicznych, w ktorych
rozchodzi si¢ szczelina, ale rowniez uwzglednia efekty propagacji szczeliny pomigdzy
warstwami oraz wystgpowanie barier w propagacji. W modelu tym nie zostata uwzgledniona
obecnosci szczelin naturalnych w skatach 1 dlatego zaktada on propagacje nowo tworzonej
szczeliny hydraulicznej w formacji nienaruszonej. Model ten zostal uzyty ze wzgledu na brak
danych dotyczacych wystepowania naturalnych plaszczyzn ostabienia skat w skali makro
w analizowanych formacjach. W celu uproszczonego odzwierciedlenia charakterystycznych
wlasciwos$ci formacji granitowej zmienionej hydrotermalnie, w srodkowej czesci modelowanej
strefy docelowej zwiekszono wartosci wspotczynnika przepuszczalnos$ci oraz porowatosci
efektywnej do warto$ci maksymalnych uzyskanych dla tych skal w badaniach laboratoryjnych
(artykul III). Ze wzgledu na powyzsze uproszczenia modelu, zaprezentowane rezultaty
powinny by¢ traktowane jako wstepne informacje o charakterystyce geometrii indukowane;j
szczeliny, w funkcji parametrow sprezystosci. Bardziej precyzyjne wyniki moglyby by¢
uzyskane podczas modelowania stymulacji naturalnego systemu szczelin w tej formacji oraz
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interakcji pomiedzy szczelinami naturalnymi oraz indukowanymi, co wymagatoby pozyskania
przede wszystkim kompletu danych z profilowan geofizyki otworowej w istniejagcym
odwiercie, w tym pelnego profilu litologii, §rednicy otworu, przepuszczalno$ci, porowatosci,
zailenia, predkosci akustycznych, obrazowania $cianek otworu oraz analiz struktur
zniszczeniowych $cian otworu typu weigé (ang. breakouts) 1 szczelin z rozciggania (ang. tensile
fractures).

Do modelowania zabiegéw hydraulicznego szczelinowania w piaskowcach niecki
mogilensko-tédzkiej wykorzystany zostat uproszczony profil litologiczny otworu Piotrkow
Trybunalski IG-1. Dane konstrukcyjne modelowanego otworu zostaly skompilowane na
podstawie materiatow archiwalnych dotyczacych innych odwiertéw w formacji czerwonego
spagowca w Polsce oraz literatury (Blocher i inni, 2016). Parametry petrofizyczne strefy
docelowej przyjeto na podstawie wiasnych badan laboratoryjnych, zaprezentowanych
w artykule III i IV. Analizowany zakres zmian modutu Younga wynosit od 14,5 do 50 GPa,
a wspotczynnika Poissona od 0,1 do 0,35. Schemat pompowania opracowano na podstawie
danych literaturowych (Zimmermann i inni, 2010; Zimmermann i Reinicke 2010; Blocher
11nni, 2016) oraz wtasnych doswiadczen zawodowych.

Podobnie jak w przypadku powyzej opisywanej formacji piaskowcow, parametry
petrofizyczne strefy docelowej w rejonie Karkonoszy przyjeto z wynikéw badan
laboratoryjnych. Analizowany zakres zmian modutu Younga granitéw wynosit od 16,75 do 80
GPa, a wspolczynnika Poissona od 0,07 do 0,37. Schemat pompowania opracowano na
podstawie danych literaturowych (Schindler 1 inni, 2010; Meller 1 Ledesert, 2017) oraz
wlasnego doswiadczenia.

6.4 Zaleznosci pomiedzy dynamicznymi i statycznymi parametrami
sprezystosci skal

Sredni statyczny modul Younga testowanych granitow Eg (16-25 GPa) jest zgodny
z publikowanymi warto$ciami dla granitu hydrotermalnie zmienionego (Lama i Vutukuri,
1978), przy czym granity pobrane z plytszego interwalu, z makroskopowo wigksza liczba
spekan, posiadajg nizsze wartosci Es, co jest zwigzane z podwyzszong zawarto$cig mineratow
ilastych. Piaskowce charakteryzuja si¢ niskimi E (17,9-18,2 GPa) niezaleznie od giebokosci
pobrania, co odpowiada danym literaturowym dla $rednio wytrzymatych piaskowcow (Lake,
2007). Granity wykazuja bardzo silne zréznicowanie parametréw sprezystosci w zaleznosci od
metodyki ich wyznaczania. Sredni modut E; (43-61 GPa) jest ponad dwukrotnie wyzszy od
$redniego E; w obu analizowanych interwatach, v, jest wyzszy prawie dwukrotnie od vg w
granitach bardziej ptytko zalegajacych, a w glebiej zalegajacych prawie czterokrotnie (figura
6.1 A). Zréznicowanie to jest najprawdopodobniej zwigzane ze zmiennoscig hydrotermalng
podobnie do rezultatow prezentowanych przez Lama i Vutukuri (1978), lub z obecnoscia
mikropgknie¢ w probkach (Shen 1 inni, 2024). Aby potwierdzi¢ ten wniosek nalezatoby
wykona¢ szczegoétowe badania dystrybucji mikroszczelin, np. na podstawie wynikow badan
tomografii rentgenowskie;j.

Analizowane piaskowce charakteryzujg si¢ zblizonymi warto$ciami E i E; (9-18 GPa),
natomiast v, jest nieco wyzszy od v (odpowiednio 0,2 1 0,12-0,13). W przypadku obydwu
analizowanych formacji zalezno$¢ E; 1 E; jest dobrze opisywana modelem liniowym -
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wspotczynniki determinacji R? wynosza 0,84 dla piaskowcow i 0,89 dla granitow (figura
6.1 B).
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Figura 6.1: A — Poroéwnanie $rednich dynamicznych i statycznych modutéw Younga oraz
wspotczynnikow Poissona analizowanych granitéw 1 piaskowcoéw; B — Zaleznosci pomigdzy
dynamicznymi i statycznymi modutami Younga dla analizowanych formacji.

6.5. Wplyw nasycenia ciecza na dynamiczne parametry sprezystosci

Obecnos¢ niescisliwej cieczy usztywniajacej przestrzen porowa analizowanych probek
W znaczacy sposob wplywa na parametry sprezystosci obydwu analizowanych formacji. Sredni
dynamiczny modul Younga E; granitdw, mierzony przy ci$nieniu osiowym 55 MPa, wynosit
43 GPa przed nasyceniem i 51 GPa po nasyceniu, a dla piaskowcow, przy identycznym
cisnieniu, odpowiednio 9 1 31 GPa. W przypadku s$redniego dynamicznego wspotczynnika
Poissona v, granitow zaobserwowano niewielkie zmiany (wzrost z 0,28 dla probek suchych do
0,29 po nasyceniu), natomiast vy piaskowcoOw zmienit si¢ zasadniczo (wzrost z 0,17 do 0,31 po
nasyceniu).

6.6 Wplyw parametrow sprezystosci na geometri¢ wytworzonej szczeliny

Symulacja komputerowa szczelinowania hydraulicznego formacji piaskowcow z niecki
mogilensko-todzkiej, przy zatozeniu S$rednich wartosci modutu E 1 wspdlczynnika v
wynoszacych odpowiednio 19,2 GPa 1 0,19, pozwolita uzyskac¢ szczeling o nastepujacych
wymiarach: dlugo$é skrzydta - 61 m, wysoko$é - 81 m i rozwarto$é - 1,4 cm. Srednia
przewodnos$¢ szczeliny wynosita 514 mD/m. Odnotowano tez zjawisko embedmentu
o wglebieniu 0,027 cm. Wymiary te sg zatem bardzo zblizone do wymiaréw szczeliny
uzyskanej w jednym z przeprowadzonych zbiegdéw w projekcie Grofl Schonebeck w Niemczech
(Zimmermann i Reinicke, 2009). Srednia przewodno$¢ szczeliny jest nieco nizsza niz
w projekcie niemieckim (gdzie uzyskano okoto 800 mD/m), prawdopodobnie ze wzglgdu na
zwigkszong koncentracje¢ podsadzki w S$rodkowej czes$ci szczeliny (figura 6.2). Wyzsza
przewodno$¢ mozna byloby uzyskaé¢ poprawiajgc rOwnomiernos¢ roztozenia podsadzki w catej
objetosci szczeliny. Analiza wrazliwo$ci dla modutu E piaskowcow tego rejonu wykazata, ze
wzrost modutu od 14,8 do 50,0 GPa spowodowat wzrost wysokosci szczeliny o 3,0 m, spadek
dhugosci skrzydta rowniez o 3,0 m i spadek rozwartosci o 0,09 cm (figura 6.3). Wzgledne
zmiany warto$ci tych parametréw wyniosty zatem odpowiednio: 3,7%, 4,9%, oraz 6,4%.
Zaobserwowano takze wzrost przewodno$ci szczeliny o 12,7% 1 spadek intensywnosci
embedmentu o 70%. Oznacza to, ze w analizowanym przypadku piaskowcoéw wplyw modutu
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Younga formacji w strefie docelowej na geometri¢ szczeliny mozna uznac¢ za niewielki i nie ma
on istotnego znaczenia w kontekscie odlegtosci pomiedzy otworami w dublecie geotermalnym
oraz objgtosci roboczej kolektora. Jednakze wpltyw na przewodnos$¢ szczeliny powyzej 12%
moze by¢ istotny z punktu widzenia wydajnosci energetycznej systemu EGS. Aby to ocenié
nalezaloby przeprowadzi¢ dodatkowe symulacje wydajno$ci systemu geotermalnego,
w zalezno$ci od przewodno$ci goérotworu, czego nie obejmujg cele niniejszej dysertacji.
Stanowi to pole do dalszych badan nad efektywnoscia wspomaganych systemow
geotermalnych na perspektywicznych obszarach w Polsce.

Analiza wrazliwosci parametrow symulowanej szczeliny wzgledem zmian warto$ci
wspotczynnika v omawianych piaskowcow w zakresie od 0,1 do 0,35, nie wykazata jego
wplywu na geometri¢ szczeliny niepodsadzonej oraz nie przekraczajacy 1,7% wplyw
w przypadku szczeliny podsadzonej. Wpltyw na przewodnos$¢ szczeliny nie przekraczat 2,5%.
Mozna zatem stwierdzi¢, ze w omawianej formacji piaskowcoéw wspotczynnik Poissona nie ma
istotnego znaczenia dla geometrii szczeliny i jej przewodnosci.

Symulacja geometrii szczeliny w nienaruszonej tektonicznie formacji granitow
karkonoskich, zakladajac $rednie wartosci modutu E 1 wspolczynnika v wynoszace
odpowiednio 62,9 GPa i 0,28, pozwolita uzyska¢ dlugos¢ skrzydta szczeliny na poziomie 337
m, wysokos¢ szczeliny 160 m i rozwarto$é 0,58 cm. Srednia przewodno$¢ szczeliny wynosita
w tym przypadku 16 mD/m, a zjawiska embedmentu nie odnotowano. Relatywnie niska
przewodno$¢ szczeliny jest w tym przypadku spowodowana niewielka jej rozwartoscig 1 przede
wszystkim niskg koncentracjg podsadzki (figura 6.4). Aby zwiekszy¢ przewodnos¢ szczeliny
nalezatoby zwigkszy¢ ilo$¢ podsadzki modyfikujac schemat pompowania o dodatkowe etapy
tloczenia podsadzki po uformowaniu si¢ ksztattu szczeliny. Uzyskane dhugosci skrzydta
szczeliny odpowiadaja w przyblizeniu odlegltosciom pomiedzy otworami chtonnymi
1 produkcyjnymi we francuskim projekcie EGS Soultz-sous-Foréts.

Analiza wrazliwosci wzglegdem modutu Younga wykazata, ze wzrost modutu E z 16,7
do 80,0 GPa nie wptynal na wysoko$¢ szczeliny. Dtugo$¢ skrzydta niepodsadzonego spadia
o 11 m, z 345 do 334 m, a rozwarto$¢ o 0,27 cm z 0,82 do 0,55 cm. Jednocze$nie dtugosc
skrzydta podsadzonego wzrosta o 13 m z 307 do 320 m, a podsadzona wysoko$¢ o 11 m z 142
do 153 m (figura 6.5). Przewodno$¢ wzrosta z 14,3 do 16 mDm. Powyzsze wyniki oznaczaja,
ze przy omawianym wzroscie modutu E dtugos$¢ niepodsadzonego skrzydta szczeliny spadta
o 11%, rozwartos¢ spadta o 46,6%, dlugos¢ podsadzonego skrzydta wzrosta o 4,1%,
a podsadzona wysoko$¢ o 7,3%. Zatem wraz ze wzrostem modulu Younga, zmniejsza si¢
niepodsadzona czg$¢ szczeliny (figura 6.6). Spadek rozwartos$ci szczeliny nie ma w tym
przypadku istotnego wptywu na jej przewodnos¢.

Analiza wrazliwosci wzglgdem zmian wspotczynnika Poissona w zakresie od 0,1 do
0,35 wykazata spadek dlugosci skrzydta szczeliny o 3 m i spadek jej rozwartosci o 0,05 cm.
Nie zaobserwowano wplywu na wysoko$¢ szczeliny i jej przewodnos$¢.

Mozna zatem stwierdzi¢, ze wplyw modutu Younga nienaruszonej formacji granitow
z rejonu Karkonoszy na dlugos¢ i wysokos¢ szczeliny jest stosunkowo niewielki, natomiast na
jej rozwarto$¢ - znaczny, jednakze nie przektada si¢ to na istotne zmiany przewodno$ci. Wptyw
wspolczynnika Poissona na geometri¢ i przewodno$¢ mozna uznac za pomijalny. Nalezy jednak
pamigtac, ze w praktyce przemyslowej za najbardziej perspektywiczne dla EGS cze¢$ci formacji
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granitowych uwaza si¢ strefy szczelin naturalnych petnigcych po stymulacji hydraulicznej
funkcje przewodnych arterii w gorotworze. Strefy takie w przeprowadzonych w pracy
symulacjach nie zostatly uwzglednione z powodu braku danych. Dlatego tez skala wplywu
modutow sprezystosci na geometri¢ szczelin 1 ich przewodno$¢ w takich strefach moze réznié
sie¢ od wplywu jaki zostat wyznaczony w niniejszej pracy.
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Figura 6.2: Koncentracja materialu podsadzkowego w formacji piaskowcow z niecki
mogilensko-tédzkiej na tle profilu naprezenia ov, oznaczonego czerwong linig w trzeciej
kolumnie, od lewej strony.
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Figura 6.3: A — Zmiany geometrii szczeliny w funkcji modutu Younga w formacji piaskowcow
z niecki mogilensko-todzkiej. B — Zmiany ksztattu szczeliny w funkcji modutu Younga.
Objasnienia: Fracture half-length — dtugos¢ skrzydta szczeliny; Propped half-length — dtugos¢
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podpartego skrzydta szczeliny; Fracture height, caltkowita wysoko$¢ szczeliny; Propped height
— wysokos$¢ podpartej szczeliny; Average fracture width — Srednia rozwartos$¢ szczeliny.
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Figura 6.4: Koncentracja materialu podsadzkowego w granitach karkonoskich na tle profilu
naprezenia ov oznaczonego czerwong linig w trzeciej kolumnie, od lewej strony.
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Figura 6.5: Zmiany geometrii szczeliny w funkcji modutu Younga w granitach karkonoskich.
Objasnienia: Fracture half-length — dlugos$¢ skrzydta szczeliny; Propped half-length — dtugos¢
podpartego skrzydta szczeliny; Fracture height, caltkowita wysoko$¢ szczeliny; Propped height
— wysoko$¢ podpartej szczeliny; Average fracture width — $rednia rozwarto$¢ szczeliny.
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Figura 6.6: Zmiany ksztattu szczeliny w funkcji modutlu Younga w granitach karkonoskich.

6.7 Podsumowanie

W artykule V przedstawiono rezultaty badan wytrzymalo$ciowych oraz
uzupetniajacych badan ultradzwigkowych probek skal HDR z perspektywicznych rejonow
Polski. Na podstawie tych danych, a takze wynikéw przegladow literaturowych i badan
opublikowanych w artykutach I, II i III wykonano symulacje numeryczne geometrii szczelin
w HDR oraz wyznaczono wplyw parametrow sprezystosci na geometri¢ szczeliny, co jest
glownym celem naukowym dysertacji. Porownanie statycznych i dynamicznych modutow
Younga analizowanych skat ujawnito duze réznice tych parametrow w formacji granitéw, co
prawdopodobnie zwigzane jest ze zmiennoscig hydrotermalng tych skat. Testowane piaskowce
charakteryzowaly si¢ natomiast bardzo zblizonymi wartosciami tych modutow. W przypadku
obydwu formacji korelacja modutéw dynamicznych do statycznych jest dobrze opisywana
modelem liniowym - wspdtczynniki determinacji R? wynosza 0,84 dla piaskowcow i 0,89 dla
granitow. Wykazano tez, ze petne nasycenie przestrzeni porowej probek woda prowadzi do
znacznego wzrostu sredniego dynamicznego modutu Younga, z43 do 51 GPa dla granitowi z 9
do 31 GPa dla piaskowcow. Istotny wzrost sredniego wspotczynnika Poissona zaobserwowano
jedynie w formacji piaskowcow, tj. z 0,17 od 0,31. Symulacja szczelinowania hydraulicznego
w formacji piaskowcoOw pozwolita uzyska¢ szczeling o $rednich wymiarach: dtugos$¢ skrzydta
- 61 m, wysokos¢ - 81 m i rozwarto$¢ - 1,4 cm, natomiast w formacji granitow: dtugos¢ skrzydta
szczeliny 337 m, wysoko$¢ szczeliny 160 m i rozwartos¢ 0,58 cm. W obu analizowanych
obszarach analiza wrazliwosci wykazata, ze wplyw modutu Younga na geometri¢ szczeliny nie
przekracza kilku procent. Wptyw tego parametru na rozwarto$¢ szczeliny w piaskowcach
réwniez pozostaje na poziomie kilku procent, natomiast w granitach osigga wartosci rz¢du
kilkudziesigciu procent. Z kolei wplyw wspotczynnika Poissona na geometri¢ szczeliny oraz
jej przewodno$¢ w obu formacjach jest marginalny. Istotne jest jednak to, ze wzrost modutu
Younga w formacji piaskowcowej prowadzi do znacznego ograniczenia zjawiska embedmentu
oraz do zwigkszenia przewodnosci szczeliny o kilkanascie procent. Moze to mie¢ to istotny
wplyw na efektywno$¢ systemu EGS zlokalizowanego w tego typu formacji. Z uwagi na brak
danych dotyczacych wystepowania oraz charakterystyki szczelin naturalnych w formacji
granitowej — jak réwniez interakcji migdzy nimi a szczelinami indukowanymi — uzyskane
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wyniki nalezy traktowaé jako przyblizenie. Na podstawie wszystkich przeprowadzonych
w ramach realizacji doktoratu prac sformutowano rekomendacje technologiczne do zabiegow
szczelinowania hydraulicznego w wybranych perspektywicznych dla EGS formacjach
w Polsce. Rekomendacje te zostaty zaprezentowane w rozdziale 7 niniejszej dysertacji.
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Jak pokazuje §wiatowe doswiadczenie ostatnich kilkudziesigciu lat, zaprojektowanie
oplacalnego ekonomicznie systemu geotermalnego, z zastosowaniem Wwspomagania
przewodnosci w gorotworze osiagnigtego w zabiegu hydraulicznego szczelinowania, jest
procesem ztozonym i skomplikowanym. Pomimo tego, ze gorace suche skaty zalegaja na
pewnej glebokosci niemalze w kazdym miejscu na $wiecie, dostep do energii w nich
zgromadzonej wymaga pokonania wielu przeszkod specyficznych dla konkretnego obszaru,
formacji czy nawet odwiertu. Ponizej przedstawiono spostrzezenia sformutowane w efekcie
realizacji pracy, ktore moga by¢ przydatne podczas projektowania zabiegébw HF w HDR
w Polsce.

Formacje osadowe

* W stabo zaangazowanych tektonicznie formacjach osadowych o niskiej przepuszczalnosci
i nielicznych ptaszczyznach nieciaglo$ci, propagacja szczeliny jest determinowana glownie
przez kierunek naprezen gldéwnych. Szczelina rozwiera si¢ w kierunku prostopadlym do
minimalnego naprezenia gldéwnego, co w najczesciej spotykanym w Polsce, ekstensyjnym lub
ekstensyjno-przesuwczym rezimie tektonicznym, oznacza propagacj¢ pionowa. Przed
wykonaniem zabiegu hydraulicznego szczelinowania istotne jest jednak zebranie pelnej
informacji dotyczacej kierunkoéw naprezen poziomych w skali regionalnej oraz lokalnej
w danym interwale perforacji. W formacjach osadowych tworza si¢ nowe szczeliny lub
otwierajg szczeliny istniejace — odpowiada za to mechanizm tensyjny, — relatywnie prosty do
opisania modelami matematycznymi. Otwarcie szczeliny indukowanej wymaga przekroczenia
ci$nienia szczelinowania formacji, przez co przebieg zabiegu w osadowych formacjach HDR
jest w gruncie rzeczy podobny do stosowanego w niekonwencjonalnych ztozach
weglowodorow, a szczegolnie w tupkach gazonos$nych. Charakterystyczne dla tensyjnego
mechanizmu otwierania szczeliny jest to, Zze po zmniejszeniu ci$nienia zabiegowego ponizej
cisnienia zamkni¢cia, szczelina ulega zaci$nigciu pod wpltywem naprezen panujagcych w
gorotworze.

* W celu podtrzymania przewodnos$ci szczeliny konieczne jest zastosowanie materiatu
podsadzkowego. Formacje HDR o entalpii odpowiedniej dla systeméw EGS wystepuja na
terenie Polski na glebokosciach ponizej 4000 metréw, zatem wykorzystywany material
podsadzkowy musi charakteryzowac si¢ duzg wytrzymatoscig. Rekomendowany do tego celu
moze by¢ ceramiczny materiat podsadzkowy, tzw. HSP (high strength proppant), o rozmiarze
np. 20/40 mesh. Podsadzka taka ma wysoka gestos¢, co determinuje uzycie do jej transportu
ptynéw sieciowanych lub liniowych na bazie polimerow naturalnych lub syntetycznych.
Koncentracja polimeru musi pozwala¢ na wytworzenie ptynu o lepkosci umozliwiajacej
transport podsadzki. Ptyn o koncentracji 30# (30 funtow polimeru na 1000 galonow wody)
wydaje si¢ by¢ tutaj dobrym rozwigzaniem.

* Prognozowanie geometrii indukowanej szczeliny, jej objgtosci oraz przewodnosci, a na tej
podstawie hydraulicznej wydajnos$ci systemu oraz dostarczanej przez niego w kolejnych latach
energii jest mozliwe ze stosunkowo duza pewnoscig. Jednakze systemy w nienaruszonych
skatach osadowych posiadajg takze kilka istotnych wad. Gltowna z nich jest relatywnie
niewielka powierzchnia kontaktu gorotworu z odwiertami, szczegdlnie w formacjach
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o podwyzszonej plastyczno$ci. W takim przypadku w kolektorze wystepowac bedzie jedna lub
kilka szczelin, przez co powierzchnia styku cieczy roboczej ze skalag moze by¢ stosunkowo
niewielka, co moze znaczgco obniza¢ wydajnos¢ systemu geotermalnego.

» Z punku widzenia analizowanych w niniejszej pracy witasciwosci mechanicznych skal na
glebokosci docelowej, mozna stwierdzi¢, ze moduly spr¢zystosci osadowych HDR maja
niewielki wplyw na geometri¢ szczeliny. Relatywnie duze zmiany modutu Younga skat
wywohuja tylko kilkuprocentowe zmiany geometrii szczeliny. Uzyskane dane wykazaty jednak,
ze pomimo niewielkich zmian w geometrii szczeliny, w tym jej rozwartosci, wzrost modutu
Younga pocigga za sobg zauwazalny wzrost przewodnos$ci w analizowanym przypadku rzedu
prawie 13%, co moze mie¢ duze znaczenie dla ostatecznej wydajnosci systemu. Istotne
znaczenie moze mie€ tez, zwigzane ze wzrostem modutu Younga, zmniejszanie si¢ efektu
embedmentu, co pomimo spadku rozwartosci szczeliny, przyczynia si¢ do zwickszenia jej
przewodnosci.

» Wspotczynnik Poissona, drugi gldéwny parametr geomechaniczny wykorzystywany podczas
modelowan zabiegéw hydraulicznego szczelinowania, w analizowanej formacji osadowej, nie
wplywat w istotny sposob na geometri¢ szczeliny ani na jej przewodnos¢. W rozpatrywanym
zakresie jego zmian nie zanotowano wptywu na dtugos¢ skrzydta, wysokos$¢ oraz rozwartosé
szczeliny. Wplyw na podsadzonag dtugos¢ skrzydia i podsadzong wysoko$¢ nie przekraczat
1,7%, co mozna uzna¢ za warto$¢ marginalng.

* Wyniki uzyskane w niniejszej pracy uzasadniaja stwierdzenie, ze w przypadku skat typu
osadowych HDR bardziej perspektywiczne sg formacje o wyzszym module Younga
10 wyzszym wskazniku kruchosci BI. Wyzszy modutl Younga, podobnie jak w przypadku
formacji gazono$nych, zwigksza szans¢ na powstanie zlozonego systemu szczelin, a wigc
w systemach HDR — wigkszej powierzchni kontaktu cieczy roboczej ze skala. W skatach tych
prawdopodobienstwo wystgpienia efektu embedmentu jest mniejsze lub bedzie on mniej
intensywny, a przy tym wyzsza bedzie przewodnos¢ szczeliny, wptywajaca bezposrednio na
wydajnos¢ systemu EGS.

Formacje magmowe

» Systemy EGS w skatach magmowych znacznie r6znig si¢ od systeméw projektowanych
w skatach osadowych. Doswiadczenia §wiatowe dowodza, ze w takich formacjach horyzonty
perspektywiczne obejmuja zmienione hydrotermalnie strefy wystepowania naturalnych
nieciggltosci, szczelin 1 spgkan. Przewodno$¢ gorotworu jest wiec kontrolowana tam, w gléwne;j
mierze, przez przewodno$¢ szczelin naturalnych, reaktywowanych w procesie stymulacji
hydraulicznej. Poniewaz strefy te maja znacznie nizsza wytrzymato$§¢ mechaniczng niz
okalajace skaty nienaruszone, a dominujagcym mechanizmem propagacji szczeliny jest
hydro$cinanie, zabiegi w tych strefach wymagaja zastosowania ci$nien nizszych od ci$nienia
szczelinowania formacji. W rezultacie nastepuje reaktywacja szczelin naturalnych poprzez ich,
rozwarcie, poslizg oraz w efekcie dylatacj¢ na powierzchniach czynnych. Natomiast nieliczne
nowe szczeliny, o ile wystapia, beda mialy jedynie charakter potaczen pomiedzy szczelinami
reaktywowanymi w trakcie hydros$cinania.

* Przesunigcia $cian szczelin naturalnych, generowane w wyniku mechanizmu hydro$cinania,
skutkujg trwalym zachowaniem przewodnosci tych szczelin po redukcji ci$nienia, dlatego
w formacjach magmowych nie stosuje si¢ materialdow podsadzkowych. To z kolei pozwala na

52



7. Rekomendacje technologiczne

zastosowanie cieczy zabiegowej o bardzo niskiej lepkosci. W wigkszosci zabiegow
opisywanych w literaturze, cieczg roboczg jest czysta woda. Jej objetosci sg zazwyczaj bardzo
duze (ponad 1 000 m® na etap ttoczenia oraz ponad 10 000 m> na caly zabieg), co oznacza, ze
maja one charakter zabiegdw typu massive hydraulic fracturing.

* Kolektor tworzony w zmienionych hydrotermalnie skalach magmowych charakteryzuje si¢
ztozong geometrig. Diugosci reaktywowanych szczelin sg znaczne, co pozwala zwigkszy¢
odlegtos¢ pomiedzy otworami chlonnymi i1 produkcyjnymi w systemie. Wzrost pojemnosci
hydraulicznej calego systemu sprawia, ze EGS w formacjach magmowych charakteryzuja si¢
zwiekszong wydajnoscig. Poniewaz gldéwnymi kanatami przewodno$ci w systemie sg szczeliny
reaktywowane, kluczowe znaczenie w jego projektowaniu ma szczegdtowa charakterystyka
uktadu szczelin naturalnych w skali regionalnej 1 lokalnej — w tym ich rozmieszczenia,
orientacji oraz przewodnos$ci hydraulicznej. RoOwnie istotne jest uwzglednienie
w modelowaniach oddziatlywan pomiedzy szczelinami naturalnymi a indukowanymi.

* W niniejszej pracy, ze wzgledu na brak danych dotyczacych wystepowania 1 charakterystyki
szczelin naturalnych w formacji magmowej, potraktowano ja jako osrodek nienaruszony, co
miato istotny wptyw na uzyskane wyniki. W przeprowadzonych analizach przyj¢to propagacije
szczelin nowo powstajgcych w wyniku dziatania mechanizmu tensyjnego. Aby utrzymac ich
przewodnos¢, szczeliny te musza zosta¢ odpowiednio podsadzone. Pomimo ograniczen
zastosowane] metodyki, uzyskane wyniki pozwalajg na sformutowanie wnioskow istotnych
z punktu widzenia hydraulicznej stymulacji formacji magmowych.

* Analiza wrazliwos$ci geometrii szczeliny na zmiany modutu Younga w przedziale 16—-80 GPa
wykazata, ze jego wzrost prowadzi do zmniejszenia dtugosci skrzydet szczeliny, przy
jednoczesnym nieznacznym wzroscie dlugosci odcinka podsadzonego oraz wysokosci
szczeliny — tacznie o mniej niz 7,5%. Oznacza to, Zze wraz ze wzrostem modutu Younga skaty
zmniejsza si¢ dlugo$¢ niepodsadzonego odcinka szczeliny. Najistotniejszy wplyw modut
Younga wywiera na rozwartos$¢ szczeliny — w analizowanym przypadku jej spadek wynosit az
46%. Nie przeklada si¢ to jednak na istotne zmiany w przewodno$ci, poniewaz
w rozpatrywanym modelu przewodno$¢ szczelin i tak pozostaje niska. Wynika to z faktu, ze
model nie uwzglednia efektu samopodsadzenia szczeliny — symulowane sg nowe szczeliny,
powstajace w nienaruszonej formacji, na skutek dziatania sil tensyjnych (wywolanych
cisnieniem plynu szczelinujacego), a nie szczeliny naturalne reaktywowane mechanizmem
hydro$cinania. W celu zwigkszenia przewodnosci w takim uktadzie nalezaloby zwigkszy¢
koncentracj¢ materialu podsadzkowego w szczelinie, poprzez zwickszenie liczby etapow jego
tloczenia w koncowej fazie zabiegu stymulacyjnego.

* Podobnie jak w przypadku analizowanej w niniejszej pracy formacji osadowe;j,
w rozpatrywanych skatach magmowych wspotczynnik Poissona wykazuje marginalny wplyw
na geometri¢ szczeliny — z wyjatkiem rozwartos$ci, ktéra zmniejsza si¢, w zakresie ponizej 8%,
wraz ze wzrostem tego parametru. Zmiana ta nie wptywa w istotny sposob na przewodno$¢
szczeliny.

» Ze wzgledu na niewielka rozwarto$¢ pojedynczej szczeliny w modelowanym o$rodku
nienaruszonym tektonicznie oraz jej niskg przewodnos$¢, uzasadniona wydaje si¢ by¢ teza, ze
najbardziej perspektywicznymi strefami do stymulacji w skatach magmowych sg strefy ze
szczelinami naturalnymi. Potwierdzaja to dane dostepne w literaturze §wiatowej wskazujace,
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ze aktywacja wielu drobnych naturalnych szczelin w procesie hydro$cinania, przy ci$nieniach
ponizej progu szczelinowania formacji, umozliwia uzyskanie wystarczajacego kontaktu
hydraulicznego pomiedzy odwiertami, w celu zapewnienia ekonomicznie oplacalnej
eksploatacji systemu. Jednocze$nie wigze si¢ to z mniejszym ryzykiem wystgpienia zjawisk
sejsmiczno$ci indukowanej w rejonie stymulacji. Potwierdzeniem moga tu by¢ obserwacje
przeprowadzone w projektach EGS Soultz-sous-Foréts i Rittershoffen we Francji.

» Z uwagi na to, ze hydrotermalnie zmienione strefy niecigglosci w goérotworze wykazuja
istotnie obnizong wytrzymato§¢ mechaniczng w poréwnaniu z otaczajacym je osrodkiem, za
bardziej perspektywiczne w kontekscie stymulacji formacji magmowych uzna¢ nalezy
horyzonty charakteryzujace si¢ nizszym modutem Younga oraz wyzszym wspotczynnikiem
Poissona, a tym samym nizszym wskaznikiem kruchosci (BI).
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Celem niniejszej pracy bylo okre$lenie wptywu parametréw sprezysto§ci wybranych
perspektywicznych formacji gorgcych suchych skat (HDR) na geometri¢ kolektorow
geotermalnych tworzonych w wyniku zabiegow hydraulicznego szczelinowania (HF) na
potrzeby wspomaganych systemow geotermalnych (EGS) na terenie Polski. Praca zostata
wykonana w programie Doktorat Wdrozeniowy edycja V we wspolpracy z Instytutem Nafty
1 Gazu — Panstwowym Instytutem Badawczym. W pracy zrealizowano wszystkie zatoZenia
przedstawione w indywidualnym planie badawczym doktoranta. Na podstawie laboratoryjnie
wyznaczonych parametrow petrofizycznych, petrograficznych oraz geomechanicznych,
z wykorzystaniem symulacji numerycznych, okre§lono geometri¢ szczelin powstajacych
w procesie hydraulicznego szczelinowania dla dwoch geologicznych formacji o odmiennych
cechach litologicznych, uznanych za perspektywiczne z punktu widzenia rozwoju systemow
EGS.

Dokonano tego na drodze realizacji nastgpujacych celow szczegdtowych:
* Wyznaczenie parametrow sprezystosci probek skalnych w warunkach ci$nienia i temperatury
charakterystycznych dla rejondéw potencjalnych systemow geotermalnych EGS na terenie
Polski,
* Okreslenie zalezno$ci dynamicznych parametrow sprezystosci w funkcji zmian napr¢zen
w gorotworze oraz wyznaczenie korelacji pomiedzy dynamicznymi i statycznymi parametrami
sprezystosci,
» Opracowanie metodyki badan ultradzwickowych skat w warunkach wysokich ci$nien
itemperatur wraz z modyfikacja oprzyrzadowania do badan ultradzwigkowych
umozliwiajacego  prowadzenie badanh w  warunkach ztozowych, typowych dla
perspektywicznych obszarow EGS w Polsce,
» Wykonanie demonstratora technologicznego w postaci modeli geometrii szczelin w skatach
HDR z wykorzystaniem oprogramowania komputerowego oraz sformutowanie rekomendacji
technologicznych do zabiegéw HF w skalach HDR w Polsce, z uwzglednieniem mechaniki
os$rodka skalnego, w tym jego parametréw sprezystosci.

Praca sktada si¢ z pigciu czgséci, odpowiadajacych kolejnym etapom realizacji badan,
z ktorych kazdy zakonczony zostat przygotowaniem publikacji naukowej opisanej w niniejszej
dysertacji.

Pierwszy etap obejmowal przeglad literatury, skoncentrowany na analizie kluczowych
projektéw typu EGS prowadzonych na $wiecie, w ktérych zastosowano technologie
hydraulicznego szczelinowania oraz poréwnaniu tych doswiadczen z dostgpnymi danymi
dotyczacymi potencjalnych obszarow HDR na terenie Polski. Etap ten pozwolit na
sformulowanie nastepujacych wnioskow:

1. W wigkszosci realizowanych na §wiecie projektow EGS gléwna metoda zwigkszania
przewodnosci gorotworu i1 tworzenia kolektora geotermalnego bylto zastosowanie
zabieg6w hydraulicznego szczelinowania.
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2. Systemy EGS byly wdrazane zaré6wno w skatach magmowych, jak i osadowych.
Formacje te r6znig si¢ istotnie pod wzgledem mechanizmu stymulacji hydraulicznej, co
wynika z odmiennych proceséw generowania przewodnych szczelin.

3. Na obszarze Polski zidentyfikowano kilka regiondw o podwyzszonym potencjale
geotermalnym, charakteryzujacych si¢ korzystnym gradientem geotermalnym. Do
najbardziej perspektywicznych zalicza si¢ m.in. rejon Karkonoszy, blok Gorzowa,
niecke szczecinska, nieckg mogilensko-t6dzka oraz blok Gornos$laski.

Drugi etap prac obejmowal uzupeiniajacy przeglad literatury, poszerzajacy analize
obszarow perspektywicznych dla technologii EGS w Europie o kraje baltyckie (Litwa, Lotwa,
Estonia) oraz poréwnanie warunkow geologicznych tych regiondw 2z warunkami
wystepujacymi w Polsce. Etap ten pozwolil na sformutowanie nastgpujacych wnioskow:

4. W krajach potudniowo-wschodniej czesci basenu baltyckiego (Litwa, Lotwa, Estonia)
rozklad gradientu geotermalnego oraz gestosci strumienia cieplnego nie odbiega istotnie
od wartosci rejestrowanych w Europie Zachodniej. Potencjat HDR w tych regionach
zwigzany jest gtdwnie z obecnoscig podioza krystalicznego.

5. Warunki geotermalne na Litwie sa pordéwnywalne z tymi wystepujacymi w wybranych,
perspektywicznych rejonach Polski. W pozostatych analizowanych krajach (Lotwa,
Estonia) warunki te sg nieco mniej korzystne.

6. Glowng bariera rozwoju technologii HDR w panstwach battyckich jest
niewystarczajace rozpoznanie lokalnych warunkow tektonicznych, w szczegdlnosci
rozwoju naturalnych stref szczelinowych i uskokowych, ktore majg istotny wptyw na
kierunek propagacji szczelin podczas zabiegow HF w podiozu krystalicznym.

Trzeci etap prac obejmowat laboratoryjng charakterystyke petrofizyczng i geomechaniczng
probek skalnych HDR, pochodzacych z perspektywicznych obszaréw na terenie Polski. Etap
ten pozwolil na sformutowanie nastepujacych wnioskow:

7. Analizowane skaty pochodzace z wybranych perspektywicznych obszarow dla EGS
w Polsce — tj. bloku Gorzowa, rejonu Karkonoszy oraz niecki mogilensko-todzkiej —
charakteryzuja si¢ niskimi wspotczynnikami przepuszczalnosci 1 porowatosci
efektywnej. Potwierdza to ich kwalifikacj¢ jako skal typu petrotermalnego,
odpowiednich dla systemow EGS.

8. Testowane piaskowce wykazywaty nizsze wartosci modutu Younga w poréwnaniu do
analogicznych formacji z obszaru Europy Zachodniej. Probki granitoéw cechowaly si¢
silnym zroéznicowaniem parametrow sprezystosci, uzaleznionym od stopnia
przeobrazenia hydrotermalnego oraz obecnos$ci naturalnych szczelin i1 spekan.
Parametry mechaniczne badanych wulkanitow réznily si¢ w zaleznos$ci od struktury
skaty oraz formac;ji, z ktorej zostaty pobrane.

9. Wskaznik kruchosci (brittleness index, BI), wyznaczany na podstawie relacji pomi¢dzy
modutem Younga a wspoétczynnikiem Poissona, moze by¢ uzyteczny jako parametr
oceny perspektywiczno$ci danego interwatu w obrebie formacji HDR. Nalezy jednak
podkresli¢, ze jego interpretacja w skatach magmowych znaczaco rozni si¢ od tej
stosowanej dla skat osadowych.
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8. Podsumowanie i wnioski

Czwarty etap prac obejmowat analiz¢ parametrow termicznych magmowych skal typu
HDR z obszaru zachodniej Polski, modelowanie zmian temperatury goérotworu podczas
eksploatacji ciepla oraz modelowanie procesow geochemicznych. Etap ten pozwolil na

sformutowanie nast¢pujacych wnioskow:

10.

11.

12.

Granity karkonoskie wykazuja wyzsze wartosci efuzyjnosci, dyfuzyjnosci oraz
przewodnosci cieplnej w poréwnaniu z riolitami z bloku Gorzowa, co czyni je bardziej
perspektywicznymi pod wzgledem efektywnej ekstrakcji ciepta w systemach typu EGS.
Wyniki modelowania geochemicznego wskazuja, ze zjawisko pogorszenia
przepuszczalnosci w wyniku wytracania si¢ wtornych mineratéw jest malo
prawdopodobne w obu analizowanych formacjach skalnych.

Rozpuszczanie niektorych sktadnikow mineralnych w trakcie dlugotrwatej eksploatacji
moze prowadzi¢ do wzrostu porowatosci skaty, co moze skutkowaé spadkiem oporu
hydraulicznego i nadmiernym zwigkszeniem predkosci przeptywu, a w konsekwencji
zmniejszeniem wydajnosci kolektora geotermalnego.

Etapem konczacym niniejsza dysertacj¢ bylo okreslenie wptywu parametrow sprezystosci
skat na geometri¢ kolektoréw geotermalnych w wybranych, perspektywicznych lokalizacjach
dla systemow EGS na terenie Polski. Analizy przeprowadzone w tym etapie pozwolity na

sformutowanie nast¢pujacych wnioskow:

13.

14.

15.

W obu analizowanych obszarach — piaskowcach niecki mogilensko-todzkiej oraz
granitach rejonu Karkonoszy — analiza wrazliwos$ci wykazala, ze wpltyw modutu
Younga na geometri¢ szczeliny, rozumiang jako dlugo$¢ skrzydet i wysokos¢, nie
przekracza kilku procent. Wplyw tego parametru na rozwarto$¢ szczeliny
w piaskowcach rdwniez pozostaje na poziomie kilku procent, natomiast w granitach
osigga wartosci rzedu kilkudziesieciu procent. Z kolei wptyw wspotczynnika Poissona
na geometri¢ szczeliny oraz jej przewodno$¢ w obu formacjach jest marginalny.
Wzrost modutu Younga w formacji piaskowcowej prowadzi do istotnego ograniczenia
zjawiska embedmentu oraz do zwigkszenia przewodnosci szczeliny o kilkanascie
procent. Moze to mie¢ znaczacy wplyw na efektywnos¢ systemu EGS zlokalizowanego
w tego typu formacji.

Z uwagi na brak danych dotyczacych wystgpowania oraz charakterystyki szczelin
naturalnych w formacji granitowej — jak réwniez interakcji miedzy nimi a szczelinami
indukowanymi — uzyskane wyniki nalezy traktowaé jako przyblizenie. W przypadku
skal magmowych, gdzie mechanizm tworzenia przewodnych struktur opiera si¢ gtdéwnie
na reaktywacji istniejgcych niecigglosci, dalsze badania powinny by¢ prowadzone
w oparciu o kompleksowe dane pochodzace z juz wykonanych otwordéw. Dane te
powinny obejmowa¢ m.in. petny profil litologiczny, §rednicg otworu, przepuszczalnos¢,
porowatos$¢, stopien zailenia, predkosci fal akustycznych, obrazowanie $cian otworow
oraz analiz¢ struktur zniszczeniowych typu wcig¢ i szczelin z rozciggania.
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Streszczenie

Wsroéd rozwijanych obecnie technologii niskoemisyjnych zrodet produkcji energii
jednym z najwigkszych potencjalow charakteryzujg si¢ wspomagane systemy geotermalne ang.
Enhanced Geothermal Systems (EGS). Tworzone sg one w tzw. gorgcych suchych skatach ang.
hot dry rocks (HDR) - formacjach zalegajacych zazwyczaj ponizej 4000 metréw, w warunkach
wysokich cisnien 1 temperatur. Charakteryzuja si¢ one bardzo niska przepuszczalnoscia,
porowato$cia 1 najczesciej nie zawierajg wody lub zawierajag jej bardzo mate ilo$ci. Z tego
wzgledu ich energia termiczna nie moze by¢ transportowana na powierzchni¢ w taki sposob,
wjaki ma to miejsce w konwencjonalnych systemach geotermalnych. Odpowiedzig na
problemy z dostepnosciag do energii skat typu HDR jest sztuczne wytworzenie lub zwigkszenie
w tych formacjach przewodnosci hydraulicznej, osiggane najczesciej dzigki wykorzystaniu
technologii hydraulicznego szczelinowania (HF). W efekcie tworzony jest system geotermalny,
w ktorym ciecz robocza krazy w obiegu zamknigtym: najpierw tloczona jest otworem chtonnym
do goérotworu, nagrzewa si¢ przeptywajac przez wytworzone lub reaktywowane w HDR
szczeliny, a nastgpnie po ogrzaniu jest wydobywana na powierzchni¢ gdzie jej cieplo jest
wykorzystywane do produkcji energii cieplnej i/lub elektrycznej. Schiodzona ciecz jest
powtornie zatlaczana do ztoza. Projekty EGS rozwijane sg na $wiecie od lat 70 XX wieku, a
komercyjne elektrownie wykorzystujace ta technologie funkcjonujg obecnie m.in. we Francji 1
Niemczech. W Polsce od poczatku XXI wieku wzrasta zainteresowanie ta niekonwencjonalng
gatezig geotermii, co zaowocowalo realizacjg projektow naukowych i powstaniem szeregu
publikacji. Pomimo szerokiego spektrum badawczego czesci z tych prac, ich efekty nie byly
ukierunkowane na opracowanie jakichkolwiek elementéw technologicznych zabiegow HF w
polskich formacjach HDR. Odpowiedzig na tg luk¢ badawczg jest niniejsza praca doktorska.

Dziatania badawcze zrealizowane w ramach rozprawy doktorskiej mozna podzieli¢ na
dwie czesci: (1) badania laboratoryjne na probkach skalnych pobranych z perspektywicznych
dla EGS obszar6w na terenie Polski, poprzedzone rozszerzong analizg literaturowg w aspekcie
kluczowych elementow technologii HF w systemach EGS oraz (2) symulacje komputerowe
zabiegdbw HF wraz z oceng wplywu parametréw sprezystosci skat na geometrie szczelin
hydraulicznych.

W  przeprowadzonym przegladzie literaturowym przeanalizowano najwazniejsze
projekty EGS prowadzone dotychczas na $wiecie pod katem parametrow geologicznych,
petrofizycznych, tektonicznych oraz elementéw technologii HF w nich wykorzystanych.
Przeglad ten pozwolit okresli¢ cechy zabiegow HF charakterystyczne dla geotermii
wspomaganej, geometri¢ szczelin w kolektorach oraz zakresy parametréw zabiegowych
stosowane w realizowanych projektach. Uzyskane informacje odniesiono do warunkoéw
charakterystycznych dla  perspektywicznych formacji w Polsce. Na podstawie
przeprowadzonych prac wydany zostat artykut w czasopismie Energies (Moska i inni. 2021).

Wykonano takze uzupelniajacy przeglad literatury, rozbudowujac zagadnienia
dotyczace obszarow perspektywicznych dla technologii EGS w Europie o kraje baltyckie
(Litwe, Lotwe Estoni¢) oraz porownanie warunkow geologicznych do warunkéw Polskich.
Praca ta zostala opublikowana w czasopi$mie Energies (Moska 1 inni. 2023).
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Streszczenie

W kolejnym etapie prac wykonano badania laboratoryjne na probkach rdzeniowych
pobranych z trzech perspektywicznych dla EGS obszaréw na terenie Polski: rejonu
Karkonoszy, bloku Gorzowa oraz niecki mogilensko-t6dzkiej. Dokonano charakterystyki
parametrow petrofizycznych oraz petrograficznych tych skat. Przedstawiono wyniki testow
geomechanicznych przeprowadzonych metoda ultradzwigckowa w warunkach ztozowych, na
zmodyfikowanym do tego celu przez doktoranta stanowisku badawczym. Wskazano takze
w jaki sposob wskaznik kruchosci skat wykorzystywany dotad w przemysle naftowo-
gazowniczym moze by¢ uzywany do oceny podatnos$ci na hydrauliczne szczelinowanie w tych
formacjach. Badania te zostaly opublikowane w czasopismie Advances in Geo-Energy
Research (Moska i inni, 2024).

Wykonano takze uzupetiajgce badania termiczne pozyskanych probek oraz symulacje
numeryczne w dwoch obszarach: zmian temperatury formacji 1 zasiggu chtodzenia podczas
dhugotrwatej eksploatacji energii termalnej oraz reakcji chemicznych zachodzacych w trakcie
pozyskiwania ciepta. Na tej podstawie dokonano analizy potencjalu systemow EGS
w zachodniej Polsce. Analiza ta zostata opublikowana w czasopi$mie Energies (Labus 1 inni,
2025).

Finalnym etapem prac bylo wykonanie przez doktoranta symulacji numerycznych
zabiegow szczelinowania hydraulicznego w oparciu o pozyskane w poprzednich etapach dane
1 informacje. Na przyktadzie dwoch odmiennych litologicznie potencjalnych lokalizacji EGS z
obszaru Polski opisano rezultaty analizy wptywu parametrow sprezystosci osrodka skalnego
typu HDR na geometri¢ szczelin w zabiegach HF. Zaprezentowano takze analizy wrazliwo$ci
geometrii  szczeliny oraz jej przewodnosci na zrdéznicowanie modutu Younga oraz
wspotczynnika Poissona w analizowanych formacjach. Wyniki tych prac zostaty opublikowane
w czasopi$mie Energies (Moska i inni, 2025).

Wyniki prac, badan i symulacji przeprowadzonych w catym okresie realizacji pracy
pozwalajg stwierdzi¢, ze analizowane skaly posiadajg parametry petrofizyczne,
charakterysyczne dla formacji EGS-petrotermalnych. Wpltyw modulu Younga oraz
wspotczynnika Poissona na geometri¢ szczeliny hydraulicznej w analizowanych formacjach
mozna uzna¢ za niewielki, natomiast wptyw na przewodno$¢, moze by¢ istotny dla
efektywnosci systemu geotermalnego w skatach osadowych. Interwaty o wyzszym module
Younga 1 wyzszym wskazniku krucho$ci sg bardziej perspektywiczne dla systemow EGS
w skatach osadowych. W formacjach magmowych bardziej obiecujace wydajg si¢ by¢ odcinki
o nizszym module Younga i wskazniku kruchosci, mogace odzwierciedla¢ strefy naturalnych
nieciggltosci lokalnych, ktore w takich skatach ulegaja stymulacji w pierwszej kolejnosci.
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Among the currently developing low-emission energy production technologies,
Enhanced Geothermal Systems (EGS) exhibit some of the highest potential. These systems are
created within so-called hot dry rocks (HDR) - a geological formations typically located at
depths greater than 4000 meters, under conditions of high pressure and temperature. HDR are
characterized by extremely low permeability and porosity and usually contain little to no water.
As a result, their thermal energy cannot be transported to the surface in the same manner as in
conventional geothermal systems. To address the limited natural fluid conductivity in HDR,
artificial stimulation is employed to enhance their hydraulic conductivity, most commonly
through hydraulic fracturing (HF) technology. This process creates a geothermal system in
which a working fluid circulates in a closed loop: it is first injected into the reservoir through
an injection well, heated as it flows through artificially created or reactivated fractures within
HDR, and then extracted to the surface where its heat is utilized for thermal and/or electrical
energy production. The cooled fluid is then reinjected into the reservoir, completing the cycle.
EGS projects have been developed worldwide since the 1970s, with commercial power plants
currently operating in countries such as France and Germany. In Poland interest in this
unconventional branch of geothermal energy has been increasing since the early 21st century,
leading to the implementation of scientific projects and the publication of numerous studies.
Despite the wide research scope of some of these efforts, their outcomes have not been directed
toward the development of HF-related technological elements tailored to Polish hot dry
formations. This doctoral dissertation aims to address that specific research gap.

The research activities undertaken in this dissertation can be divided into two main parts:
(1) laboratory investigations on rock samples collected from prospective EGS regions in
Poland, preceded by an extensive literature review focused on key elements of HF technology
in EGS, and (2) numerical simulations of HF treatments, combined with the assessment of the
impact of rock elasticity parameters on hydraulic fracture geometry.

The conducted literature review examined the most significant EGS projects carried out
worldwide, with particular attention paid to their geological, petrophysical, and tectonic
parameters, as well as the HF technologies employed. This analysis enabled the identification
of HF treatment features typical of EGS, fracture geometries within reservoirs, and the
operational parameter ranges used in those projects. These findings were compared to the
conditions characteristic of promising formations in Poland. The results of this study were
published in Energies (Moska et al., 2021).

A complementary review was also conducted, expanding the analysis of prospective
EGS areas in Europe to include the Baltic counties (Lithuania, Latvia, Estonia) and comparing
their geological conditions with those in Poland. This work was published in Energies (Moska
et al., 2023).

The next part of the work involved laboratory testing of core samples obtained from
three geologically prospective EGS areas in Poland: the Karkonosze region, the Gorzéw Block,
and the Mogilno-L.6dZ Trough. Collected samples were characterized in terms of petrophysical
and petrographic properties. Results of geomechanical testing, performed using ultrasonic
methods under reservoir conditions on a research setup modified by the doctoral candidate,
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were also presented. Additionally, it was demonstrated how the brittleness index, traditionally
used in the oil and gas industry, can be applied to assess the susceptibility of these formations
to hydraulic fracturing. These studies were published in Advances in Geo-Energy Research
(Moska et al., 2024).

Supplementary studies of the samples thermal parameters were also performed, along
with numerical simulations in two areas: (1) the temperature distribution and cooling extent
during long-term heat extraction, and (2) the chemical reactions occurring during thermal
energy production. These simulations provided the basis for evaluating the EGS potential in
western Poland. This analysis was published in Energies (Labus et al., 2025).

The final stage of the dissertation involved numerical simulations of hydraulic fracturing
treatments, based on data acquired during the earlier research phases. Using two geologically
distinct potential EGS locations in Poland, the influence of rock elasticity parameters
(specifically Young’s modulus and Poisson’s ratio) on fracture geometry was analyzed.
Sensitivity analyses of fracture geometry and conductivity in response to variations in these
parameters were also performed. The results of this work were published in Energies (Moska
et al., 2025).

The findings from the entire body of research, including testing and simulation, indicate
that the analyzed rocks exhibit petrophysical properties characteristic of petrothermal EGS
formations. The impact of Young’s modulus and Poisson’s ratio on hydraulic fracture geometry
in these formations is generally limited, however, their influence on fracture conductivity may
significantly affect the performance of geothermal systems in sedimentary rocks. Intervals with
higher Young’s modulus and brittleness index are more promising for EGS development in
sedimentary formations. In contrast, in magmatic formations, sections with lower Young’s
modulus and brittleness index, possibly representing natural zones of weakness, are more likely
to be preferentially stimulated during HF treatments.
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Abstract: Hydraulic fracturing (HF) is a well-known stimulation method used o increase production
from conventional and unconventional hydrocarbon reservoirs. In recent vears, HF has been widely
used in Enhanced Geothermal Systems (EGS), HF in EGS is used to create a geothermal collector in
impermeable or poor-permeable hot rocks (HDR) at a depth formation. Artificially created fractuee
network in the collector allows for foroe the Aow of h.-rlnu:-lng;i:.al flued in a ||.'rrr|:| between at least two
wells {inpector and producer). Fluid heats up in the collector, then is pumped to the surface. Thermal
energy is wsed to drive turbines generating clectricity. This paper i= a compilation of selected data
from 10 magor world's EGS projects and provides an overview of the basic elements needed to design
HE. Authors wene focused on two types of data: geological, ie., stratigraphy, lithalogy, tanget sone
depl.uilidm depl!i. and Euﬁ‘lplrr.ih:m.-; Whyui:dl, L, Ehe e boahic negriThes &t Bhu= sk, rl'lagn:ih.u:‘:"a of the
principal stresses, elastic parameters of rocks and the seismic velocitivs. For each of the BGS ansas,
the scope of work related to HF processes was briefly presented. The most important HF parameters
ame cited, de, fracturing pressuns, puﬂl.pil:l}: rate and wsed 'Fr.h'hn;: fluids and proppants In a fimwe
cases, the dimensions of the modeled or created hydraulic fractures ane alse provided. Additionally,
the current state of the conceptual work of EGS projects in Poland is also briefly presented.

Keywords: enhanced goothermal systems; EGS; kot dry sock; HDR: hydraulic fracturing; rock
mechanics

L. Introduction

The XX century is a time of global change in the approach in the field of enengy
acquisition, The current existing methods of encrgy production, based on conventional
resources such as coal, natural gas and radicactive materials, are gradually being replaced
by environmental-friendly, low-emission technologies, such as hydrogen, wind and sun
farms, biomass combustion and geothermal systems. Among these modem green tech-
nologies, great potential is exhibited by so-called enhanced geothermal systems (EGS) [1],
ECS albows to extract an earth’s thermal energy from impermeabde (or very low permeablie)
hot dry recks (HDER), which in natural conditions do not contain water, or contain a small
amount [1-3]. The idea of the EGS system thermal collector is to use thermal enengy of
the HDHE formation to heat up the process fluid in situ, extract it to the surface and use it
to drive a turbine generating electricity on a commercial scale, The HDR formations are
usually accessed by al least two 36 km deep wells, connected in a perspective layer by a
network of induced fractures. The process Auid circulates in a loop between the injection
and the production wells, is heated up underground in a conduction process and then
releases energy at the surface (Figure 1), The main feature dividing the EGS system from
= |.'11|"|'.'L'l"|1iv:1|.'i|.|l e Whermal '\_'..'."-I:L"n'l 15 that ECS 1‘1.'|.]|.|.i|'|."- C H‘.!I'ing an artificial 1.';:1|1.1.‘|.|.u.'l |1.'|l_l.'
in the reservoir, which allows gaining hydraulic connections between wells [4). Such con-
ductivity is obtained on EGS sites by the reservoir stimulation, which can be divided into
three types, as follows: thermal, chemical and hydraulic. In thermal stimulation, cold water

lttps: / Fwewwtisdipl oo, jowrial S enengies
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injection causes micro-cracking of the grains, matrix and fracture filling. Thermoelastic
effects reduce the normal stress on fractures and thus promote fracture opening, The chem-
ical stimulation consists of injecting an acid fuid to dissolve materials around the wellbore,
such as cuttings from drilling and hydrothermal minerals plugging the fracture zones. For
this purpose, carbonate-dissolving acids can be used. On the other hand, biodegradable
chelating agents do not dissolve clay minerals and quarte. This technology was developed
and vsed in the oil and gas industry and was adapted to deep geothermal wells to enhance
the fracture network, particularly in EGS projects [5]): In hydraulic stimulation {hvdraulic
fracturing (HF)), an artificial fracture in the reservoir is created, or a pre-existing fracture is
reopened by injecting process fluid at high pressure [6]. In the intrusive HDR strata, fresh
water is most commaonly used as a process fluid. In some cases, especially fracturing in
tight sediments, water with some chemical additives to prevent undesirable liquid-rock
interactions is also used. The polymer-based fluids, due to their increased viscosity, are
characterized by better carrier properties. [t allows the addition of the proppant materials,
which prevent fracture closure after the operation.

Seismic

T Powerplant -
montoring thermal energy
into electricity
Walne G T COMVETSon
Overlying
sedimentary Production well
rocks -
E
Injection weil é
. Target zone -
. Haot Dry Rock
Water heating
im a conductive Hydraulic
provass fractures
« network

Figure 1. Principle of operation of a doublet enhanced geothermal system.

Designing the stimulation operations, in particular HE requires a detailed analysis of
the number of parameters such as petrophysics, petrographic and mechanic properties of
the rock, as well as hydrogeologic and tectonic conditions in the field. The development of
EGS technology has been ongoing since the 1970s [7]. Over the following vears, a couple of
research projects were carried out in order to understand the hot, deep reservoir parameters
better and to improve the efficiency of heat extraction [5=10]. Some of these projects did not
go beyond the research stage; however, several of them were converted into independent
systems supplying energy to the power grid. With a high estimated probability, by 2050,
the power of all EGS plants in the world will equal the power of hydrothermal systems
and will reach the performance of about 70 GWe [1].

The aim of this paper is to collect, show and compare the major geological, tectonic
and mechanical parameters of the world's EGS systems, as well as present at a glance the
course and results of the hydraulic stimulation in these systems. The paper deals only with
hydraulic HDR stimulation and other types of stimulation activities are not considened haere.
While collecting the materials, we focused on the tectonic stress regime and its influence
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on the fracture dimensions and propagation, as well as rock mechanic properties, such as
Young's Modulus and Poisson's ratio, having a significant influence on the shape of the
fracture and fracking pressune parameters.

1 Hydraulic Method of Stimulation Low-Permeable Reservoir

The HF operations, as one of the produchien stimulation methods of conventional
and unconventional hydrocarbon deposits, have been known for many vears (e.g., [11,12]L
HF in the unconventional reservoir consists of creating or reopening the fractures in
the low permeable rock and filling them with a proppant to avoid fracture closure and
improve the conductivity between the feservorr and wellbore, Propagation of fractune
is obtained by the hydraulic action of the fracturing fluid on the deposit. Fluid pumped
from the surface through the wellbore couses stresses in the rock. If the pumping rate and
pressure are large enough, inducted stresses exceed the critical stresses, which causes rock
failure and fracture propagation [6,13]. Further pumping leads to fracture propagation
in the vertical and horizontal directions deeper in the reservoir [14]. The fracking fuid
transpaorts the proppant grains, which fills the fractures. The process of fracturing ends
whin pumping with adequate capacity and pressure is stopped; after the flow stops, the
Muid filtrates through the pore space of the rock, which causes a slow pressure drop. The
formation stresses begin to outweigh the inducted pressure, which leads to the closure
of the fracture. The proppant grains keft in the fracture prevent it from fully closing and
losing the hydraulic conductivity. As a result, the propped fractures constitute highly
permeable arteries communicating the well and the reservoir [15]. The HDR formations ane
characterized by no permeability or very low permeability; therefore, reservoir stimulation,
including HF is the only method of accessing such kinds of deposits [4]. The deep wells
in EGS are similar to oil and natural gas wells and in completion drilling technology. The
differences concern the greater depth, a larger magnitude of stresses, higher temperatures
and the presence of crystalline, igneous rocks, which are usually heat exchangers [16]. The
assumptions of EGS require drilling at least two (doublets) or more (e.g., a triplet) of wells
connected o each other by fracture systems in situ. The HF design process in the EGS site
is similar to this kind of operation in the natural gas site, The greatest echnological goal
that must be met during this procedure is the prediction of the geometry of the fractures
and estimation of the propagation direction between wells, so as on the one hand, gain
hydraulic conductivity and on the other hand, to avold thermal short-circuiting, leading to
a decrease in temperatune of the received liquid [4).

Most of the EGS fields are located in the extensional or strike-slip faulting regime;
thus, in the case of vertical or subvertical wells, fractures propagate vertically with the
direction more or less parallel to the wellbore. The geometry of the vertical fracture is
described by basic mathematical models: KGD (Kristianowich-Zheltov, Geertsma-deKlerk)
and PKN (Perkins, Kern). The models differ in the mathematical assum ptions regarding
the direction of deformation at the opening, of the slot (vertical or horizontal . Simplif}-'ing,
the models assume an elliptical fracture shape in the side view (Figure 2). The result
of the model is the equation of the fracture, which binds fracture height, length, width
(Figure 3} and the influence of additional parameters, such as rheology of the fracturing
Auid, pumping pressune and elastic parameters of the rock |6]. Since their devulnprrmt,
the fracture geometry models have been modified and refined many times and are offered
as a key element of commercial software for oil and gas service companies.

The fracture propagation is also the subject of numerical modeling. There are three
conceptual models that explain the increase in permeability during hydraulic stimula-
tion [4,17]: (1) hydraulic fracturing (or pure opening mode}l—creating new fractures in
the tensile mode; (2) hydraulic jacking—reopening pre-existing fractures in tensile mode,
(3): hydraulic shearing {(or pure shear stimulation}—inducting slip and dilatation of nat-
ural fractures in a shear mode. Generally, hydraulic shearing is regarded as the primary
mechanism of permeability enhancement in a fractured reservorr, and it is consistent
with the observations of induced setsmicity when the injection pressure is lower than the

70



Energies 2021, 14, 5725

Zatgcznik: Artykut I

4of 24

minimum principal stress for most EGS projects [17]. There is also a suggested mixed
stimulation mechanism (MMS). The idea of MMS is that continuous pathways for flow
involve both new and pre-existing fractures. The key idea is that propagating new fractures
may lerminate against pre-existing fractures [4].

@ AR TD M M WM N B N RN XN

Figure 2. Anexemplary model of a wing of the fracture. Color filling means fractune conductivity [15).

sedimented proppant bank

Figure 3. Dimensions of the fracture: sy—length, hy—height, wy—width, OQ—flow, ay—vertical
stress, oy, oy —horizontal stresses. Based on [18].

Rock Mechanics in the Design of Hudraulic Fracturing Operation

Good recognition of the tectonic conditions of a field and the petrophysical parameters
of productive strata, as well as top and bottom layers, is the kev to design an effective HF
operation in a reservoir (both geothermal and hydrocarbons), Fractures always propagate
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in the direction perpendicular o the minimum stress; thus, the information about the
direction and magnitude of principal stresses (vertical (oy) and horizental minimum and
maximum (oY and o, respectively)) is critically important. In the normal faulting regime
{extension), where vertical stress dominates oy > oy > o), verbical fractures will be
created. In a strike-slip faulting regime, where the magnitude of vertical stress is less
than the magnitude of one of the horizontal stresses (o > oy > oy), vertical fractures
propagate as well. In the reverse faulting regime (compressive), where the magnitudes of
both horizontal stresses dominate (oy > o, > oy ), a horizontal fracture propagates [19-21]
{Figure 4).

Regime
Extensional Strike-slip Compressional
[ LR O >0
Stress magnitude: high —- medium —& low —=

|

T

Figure 4, Tectonic regimes and stresses activity, Based on [20],

The stress directions in the field could be in line with the regional stress map; however,
the local fluctuations of the stress state caused by local geological/ tectonic conditions often
occur, Directions of the oy and oy, are determined based on focal mechamism calculation, as
well as in the wells, in the way of breakout and tensile fracture analysis. The magnitude and
elastic parameters of the reservoir determine the dimensions of the fracture [15]. Young's
modulus (E) defines how much energy 18 tequined to accomplish the displacement, which
is a classic linear elastic fracture mechanics concept. When increasing E, the height and
length of the fracture increases, while width decreases. The net pressure (fracturing and
closure differcntial pressurne) also creases. Rocks wath a large Young's modulus requine
more energy bo displace. In these formations, fractures tend to be relatively narrow, and
the rock is referred to as “hard” [6]. Poisson’s ratio (v), reflecting rock deformation, occurs
perpendicular to the deformation induced by the stress. In the reservoir, v determines
rocks' ability bo fail under stress [22]. In formations of low o, the embedment phenomenon
rises, which leads to a decrease in the conductivity of the fracture {e.g,, [23-25]). Both £
and v parameters allow determining susceptibility for fracking, defined by the brittleness
index [22,26-30].
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3. Literature Review

The selected most important global EGS projects are shown in Figure 5. The authors
focused on presenting the daka sets and information required to design a hydraulic fractur-
ing treatment at an EGS site, as well as the information of already performed hydraulic
fracturing operations and their effects. Data include the geological information from lithol-
oy, depth of deposit, target zone temperature and method of thermal energy transport, as
well as geophysical data, Le., stress regime and magnitudes, rock mechanics parameters
and ultrasonic velocities, Fracturing data include pressure, pumping rate, fracking fluids,
chemical additives and proppants. Based on these data, a summary table (Table 1) was
prepared, Clearly, the presented data are selective, and many elements were omitted.,
The described EGS projects are only part of the projects that have been conducted and
implemented around the world. Projects such as Hijiori and Ogahi in Japan, Rosmanowes
and Fiillbacka in Europe, Paralana in Australia and other projects in the USA are not
considered in this paper. At the end of the paper, the state of current work and prospects
for the EGS installation in Poland were briefly described.
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Figure 5. EGS projects reviewed in this paper. Beach balls represent the tectonic regime.
3.1. Fewton Hill (LSA)

The Fenton Hill progect, located in Valles Caldera in northern Mew Mexico, was the
world's first ECGS pilot project. The aim was to develop methods of energy extracting
from the granite and metamorphic HDR horizons. The target horizon consisted of biotite
granodiorite and grweiss [31]. Static 3-axial tests allowed to designate the elastic parameters
of the granodierite from 4102 m depth amounted to 33 GPa and 0.12-0.22 {-) for Young's
medulus and Modsson’s ratio, respectively. Stress gradients of this area wene estimated as
oy = o—25 MPa/km, 0,—13-19 MPa/km [32].

The first phase of the project (1974-1980) involved drilling the GT-2 well to a depth of
about 2930 m, whene the temperatune amounted to about 180 °C, The second phase, from
1979, included drilling the EE-1 production well to a depth of 3064 m and performing a
fracturing treatment. Due to insufficient results, the horizontal sections GT-2A and GT-2B
wene drilled, where a sufficient hydraulic connection was obtained at a depth of about
2700 m. In the following vears, a number of circulation tests were carried out at this site,
during which a thermal power of 3-5 MWt and energy production in a binary cycle with
ol kW was achieved. In 1979, the drilling of two-directional production wells, EE-2 and
EE-3, to a depth of 43%0 m, where the temperature eached 327 “C. The HF treatments
carried out in this well did not meet the expected results due to an unforeseen change in
the stress state in the deeper parts of the stimulated horizon [16].

Re-drilling the EE-3 borehole and routing it in the area of the fractures created during
the earlier HF (EE-3A) allowed for suffickent hydraulic connection, In 1986, tests of the flow
in a closed loop were carried out using 37,000 m? of water, of which more than 0%, was
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recovered. The pumping rate was between 064 and 110 m? /min, whereas the wellhead
pressure was between 26.9 and 303 MPa. The liquid temperature on the surface reached
182 *C. The formation fracturing pressure was below 19 MPa, and below this pressure,
the volume of the stimulated reservoir did not increase. Long-term flow tests have been
carried out since 1992, whereas water was injected at a rate of 0.75-0.90 m* / min, while the
temperature of the received water was over 180 °C [16],

Fenton Hill was the first site to confirm that energy Prndurtir_m from HDR rocks on a
commercial scale is possible. The experiences gained from this project were widely used in
further EGS activities.

3.2, Hatawero (Cooper Basin, Awstralia)

The Cooper Basin is located in the north-castern part of South Australia, near the
Cueensland border. This anea is very well recognized due to activities connected to
oil and gas extraction, The crystalline basement (Big Lake Suite granite batholith) is
located at a depth of 3400-3500 m (the area known as the Nappamerri Trough), where an
increased geothermal gradient occurs (35-60 °C/km) [33]. Increased content of radioactive
elements (e.g,, uranium) causes, in this formation, local, relatively shallow zones of elevated
temperature [1]. It is estimated that the batholith granites have a thickness of about 10 km,
They are medium- to coarse-grained, light grey granites with aplitic and alaskite dykes
and veins. Biotite is almost completely altered into chlorite, especially in shallower regions.
Much of the feldspar is also altered. Their vellowish alteration is related to the oxidation
process associated with the presence of permeable fractures, Granites are potassium-rich,
with a silica content of 75%: [33]. One of the most significant features of the Habanero area
is that the stress regime of the crystalline basement is compressive (reverse faulting), i.e.,
the vertical stress is less than the horizontal stress. Granites remain under overpressure
conditions (5000 psi above hydrostatic pressure). Among the areas of EGS projects, only
Habanero and Fjallbacka (Sweden) are characterized by such kind of stress regime [4].

In 2003, the first wellbore dedicated to EGS systems—Habanero-1, with a depth of
421 m—was drilled and completed. The investor was the private company Geodynamics
Limited. The swell lests have shown that the overpressure in the granite batholith is close
to the fracture pressure [13]. The first hydraulic stimulation at the Habanero-1 well took
place in 2003, Firstly, a series of temperature logs were recorded, the last of which showed
2485 °C at a depth of 4390 m, with a slight upward trend in temperature over time,

In the initial stage—the fracture initiation phase, a significant part of the flow was
recorded at a depth of 4254 m, whilst the lower part of the well was filled with salt to divert
the flow to the above levels, After the injection of 1600 m* of water, based on the recorded
microseismic events and the P'TS tool, it was noted that a sufficient vertical extension
of the area was achieved and that further expansion of the zone would probably occur
naturally. In the main stage, water was pumped for two days at a rate of 0.79 m*/ min,
and then the rate was increased over several days up to 1.11 and 1.43 m*/min, reaching
16,350 m® total volume of water. Based on the microseismic, the SRV indicator (Stimulated
Reservoir Volume) was estimated at 0.7 km?, assuming the parallelogram geometry. It was
a significantly higher value than the primary assumptions and higher than required for the
adopted economic model of heat generation over a period of 25 years. At that time (the
beginning of the 21st century), it was the largest geothermal system in HDR rocks in the
world [33].

The seismic network, consisting of geophones located in eight surrounding boreholes,
at depths from 100 to 850 m, up to 5 km far from the main well, was used. A total amount
of approximately 11,700 events were recorded in the seismic cloud. The velocity of the
P-wave in the granite at a depth below 3673 m, amounting to 5525 m/s, was recorded [33],
The elastic parameters of the granitic batholith used for modeling the breakout and tensile
fractures were estimated at E—65 G, v—0.25 (-} [34].

The significant sucoess of the operations conducted at the Habanero-1 well resulted in
the: further development of EGS projects inthis area, In the following years, three more
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wellbores were drilled in this area: Habanero-2 {2004, 3 (2008) and 4 (2012), and two wells
west of Habanero: Jolokia-1 (2000) and Savina-1 (2009) [35]. HF treatments were performed
in all Habanero wells and in the Jolokia-1 well. Most treatments were performed using
pure water without additives. Only in the above-described stimulation of the Habanero-1
well, NaCL-based brine was used, and in the Jolokia-1 well, high-density NaBr-based brine
was used. In the years 2003-2012, 7 HFs were performed in total. From 556 to 34,023 m® of
witter was pumped into the reservoir, depending on the procedure. A detailed description
of the performed activities was presented by Holl and Barton | 35],

Barton et al. [36] pmﬁenh?d a geomechanical model of the Big Lake Suite granite
from the Habanero area. Stress magnitudes obtained from the geophysical logs and data
collected during drilling clearly show the strike-slip regime in the sedimentary layers of
the overlying strata, undergoing the reverse and over-thrust regime at the target zone,
Therefore, at the ceystalline zone, the maximum horizontal stress is the maximum principal
stress, oy may even amount to 150 MPa at the reservoir depth. The mimmum horizontal
stress o, is intermediate between oy and oy, The o/ o, /oy ratio is estimated at about
1.35-1.45/1.10-1.25/ 1.0 at the reservoir depth. In the reverse stress regime of the Habanero
region, the original N-5 strike structures with a slight dip are stimulated first, Since
these structures are in critical stress, stimulation occurs at pressures much less than the
overburden pressure (in this case, the minimum principal stress). The fracturing process
more easily induces shear in primary fault zones (sensitive to stress changes), which are
optimally oriented to the stress field, than creates new hydraulic tension fractures [34-36].

Hogarth and Holl [37] formulated a few conclusions from over a dozen vears of
operations on wells in the Habanero EGS project. They pointed out that the fracture
system in the EGS target is likely to be complex and related to britthe failure in a complex
deformation history. Furthermore, the major flow path in an EGS reservoir is likely to be
through pre-existing, high slip likelihood faults; thus, the in situ stress regime must be well
understood so that wells can be oriented to maximize the chance of intersecting fractures
with high “slip likelihood®.

At the Habanero site, a IMWe power plant was commissioned in 2003, and then by
2015, its capacity was increased to 40 MWe [1]. In the following years, the Geodynamics
company closed the project due to insufficient economic viability and change in company
policy [35].

3.3. Rline Graben EGS Projects

The Bhine Graben, a part of the European Cenozoic rift system, is located in Western
Europe, within the borders of northern Switzeland (Basel), eastern France and southwest-
ern Germany (Frankfurt am Main). This area is characterized by specific emperature
conditions favorable for obtaining geothermal encrgy.

The temperature anomalies are the result of large-scale convection in the fracture
system associated with nearly vertical faults crossing Cenozoic, Jurassic and Triassic
sediments, as well as the Hertzian erystalline basement [39]. The tectonic regime of this
area is normal to a more of less pronounced strike-slip component. Quasi-pure steike-slip
events also occur, especially in the deeper part of the reservoir [40].

3.3.1. Soultz-sous-Foréts (France)

The first EGS project in the Rhine Graben area was the Soulte-sous-Forits, which was
established in the 19%0s, and at present includes four wells. The system is based on a triplet,
consisting of one injector and two producers. The wellbores reach a erystalline basement,
composed in the shallower parts of MFK porphyry granites and in the deeper parts of
two-mica granite (containing biotite and muscovite) [41]. In each of the wells, there is at
least one permeable naturally fractured zone in the productive horizon.

The first barchole accessing the Carboniferous granite basement at the temperature
of about 160 “C at a depth of 3590 m was the GIPK-1 vertical well completed in 1992, In
this well, the first HF treatment in this area was conducted. In the next yvears (1994-2003),
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further wells were completed in the triplet system, which reached the granite basement
at a depth of 5060-5270 m, where the temperature amounted to about 200 °C (GPK-2,
3 and 4) [39]. The distance between the wells in the productive zone is about 600 m. The
directional sections of the wells are located along the N-5 axis, parallel to the direction of
the maximum horizontal stress [41].

The hydraulic stimulation of each of the boreholes was started by pumping tens of
thousands of liters of fresh water, then brine of a density of 1.2 kg/L, in the total amount of
about 800 m?, initiating the fracture propagation. Then, MHF (massive hydraulic fracturing)
was performed. The HF in the GPK-2 well was carried out for 6 days with a pumping rate of
about 3 m®/min. The wellhead and bottom pressure showed a slight but constant upward
trend during pumping as a result of the shear stress-induced fracking. The maximum
overpressure of 150 bar was lower than expected and indicated that the reservoir was
close to the critical condition. An increase in productivity from 0,02 to (L4 L/ (s-bar) were
observed [42]. In the GPR-2 and GPK-3 wells, a simultaneous stimulation was carried out
to concentrate the fracturing process in the part of the reservoir bebween these wells. A
total of 34,000 m? of water was pumped in. The wellhead and bottom pressure charts show
the dependence of the pressure on the pumping efficiency, which suggested filling the pore
space rather than its effective stimulation. However, the productivity factor of the GPK-3
borehole was increased from 0.2 to 0.3 L/ (s-bar), while the hydraulic connection between
the two boreholes was significantly improved. The GI'K-4 well was of marginal production
importance before stimulation. Two HFs were performed in this well. Water was pumped
with a rate of 1.8-2.7 m” /min, whereas a total of 9300 m® of liquid was pumped in at the
first and 12,300 m* at the second frac. A high overpressure (170 bar) at the beginning of
the first frac, as well as its slight decrease, may indicate an artificial fractune creation. The
weell Flnrducﬁvitjr increased from (001 to 0.2 L/ (s-bar); however, the hydraalic connection
between GPK-3 and GPKA4 was still poor [42].

Currently, a 1.5 MW power plant is installed at the EGS Soultz site. It is planned to be
developed to 3 MW [43].

3.3.2 Rittershoffen {France)

The success of the Soulte project in France resulted in the commencement of another
EGS in the town of Rittershoffen, about & km southeast of Soultz. The geological and
tectonic conditions of this area do not significantly differ from Soultz; however, the 150 °C
isotherm lies slightly shallower there. The tectonic regime is, like in the case of Soultz,
extensional and strike-slip [44]. The project was initiated in 2004, and the first GRT-1
well was drilled after obtaining permission in 213 The second GRT-2 {directional) well
complementing the doublet system was completed in 2014 [45]. Both wells access the
Rittershofien fault zone and a crystalline target zone at a depth of about 2200 m., The
temperature recorded at the bottom of the GRT-1 well {2526 m TVD) was 163 “C, while in
the GRT-2 well, at a depth of TVD 2693 m, the temperature of 177 °C was measured [44].
The GRT-1 well was stimulated in three ways: thermal, chemical and h;'draulic.

The hydraulic stimulation was carried out in 2013 when 3250 m* of water without
proppant was pumped at a rate from 0.6 to 4.8 m® /min [5]. Several hundred seismic
events of the highest magnitude in the range of 1.4-1.6 were recorded [46]. The Pwave
modeling of the granite target zone, based on the focal mechanisms, allowed to determine
the velocity of 5600 m/s at a depth of 2550 m [47]. The magnitudes of the principal stresses,
calculated based on the formulas cited from [47], for a depth of 2200 m are oy—54.8 MPa,
,—29.6 MPa, while the pone pressure is 22.5 MPa.

Since 2016, the Rittershoffen doublet EGS was integrated into the local power grid
and currently generates 25 MWth of nominal thermal power [45].

333 Landau (Germany )

The first German geothermal project—Landauw, led by GeoX GmbH, aims to obtain
geothermal energy from a fault system in the Permian sedimentary rocks and a granitic
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basement of the Rhine Graben, The doublet system was drilled in 2005-2006, reaching the
depth of the open holes between 2100 and 2200 m and the distance between the wells of
approximately 1200 m. Because of the thermal convection in the fault zone, the geothermal
gradient of this area is elevated; thus, the temperature measuned in the relatively shallow
productive horizon amounted to about 160 °C [42],

The Gt La-1 borehole, after imitial testing and cleaning, turmed out to have sufficient
productivity, whereas the Gt La-2 required MHF stimulation. The stimulation was carried
out gradually. In the first stage, a preliminary test was performed with the wellhead
pressure reaching 100 bar in peak and the pumping rate in the step-up system reaching
516 m®/ min (a tokal of 4600 m® of liquid). Afterward, the main HF was carried out with
a wellhead pressure exceeding 110 bar and a flow rate of up to 9.0-11.4 m? /min. A total
of 6600 m* of liquid was pumped in [42]. In the Gt La-2 well, an acidizing treatment was
also performed of 95 m* of 33% HCl, pumped at a rate of (L6 m*/min by coiled tubing,
while fresh water was pumped through the annulus. The temperature logs before and
after acidizing and showed that the cutlet had shifted from sedimentary rocks to granite.
After HF and acidizing activities, the production capacity of the Gt La-2 well increased
five-fold [42], Currently, the Landau geothermal power plant supplies 2.9 MW of electricity
to the German power grid and 3MW of thermal energy [43].

1.34. Basel (Switzerland)

Another ECS project in the Bhine Graben area was the Swiss Pm'pect [b?i:l Heat Mining
in Basel, The BS-1 well in the city of Basel was completed tn 2006, accessing the granite
target zone. In the same year, the MHF was performed, injecting 12,000 m? of water at a
wellhead pressure of 300 bar. The data analysis confirmed a consistent improvement in rock
permeability of two orders of magnitude as a result of several high conductivity fracture
activations. During the treatment, local seismic events of magnitude up to 2.7 were noted,
A few hours later, an event of magnitude 34 occurred, which resulted in the wellbore
pressure drop te a hydrostatic level within a few days [49]. As a result of this event, the
Basel EGS project was suspended and finally terminated.

34. GeneSys Hanower (Germany)

The GeneSys project was carried out in Hanover in 2009 and was a continuation of the
GeneSys Horstberg test project. The purpose was to demonstrate the operation of the EGS
installation in a single well, accessing low-permeable sedimentary formation. Two concepts
of operating installation were considered. The first one assumed that cold water, pumped
through the lower perforation zone, is heated up during the flow through the inducted
vertical fracture and returns to the borehole in the upper perforation zone, where it is
transported to the surface in the annular space. The second concept, so-called “huff-puff”,
was a cyclic one assumed cold water injected into a large fracture and produced back as
hot water defined residence time [5(,51].

The target zone was the Middle Buntsandstein sediments consisting of clay-mud-
sandstone SEUETICES, accessed I:r:..r the Groff Buchholz Gtl borehole, of 3834 m TVD. The
temperature at the bottom of the well was 169 °C. From a depth of 3160 m, the well was
deviated at an angle of 30°, whereas the deviation corresponded to the direction of the
minimum horizontal stress. Elastic parameters of the target interval rocks varied depending
on the rock type. The E modules of the sandstone ranged from 45 to 65 MPa, while © ratio
ranged from (.19 bo 0.22 (-} The £ moedulus measured for clay deposits was very high for
this type of rock and amounted to 49 G, while v was 0L23 {-). For the salt layer, a limiting
the horizon at the top, E modulus of 33 GPa and the o ratio of 0.25 (-) were assumed. oy,
in the target interval was 72-83 M, which corresponded to $0% of the oy, The bectonic
regime of this anea is described as extensional; however, slight differences in the magnitude
of oy and oy, stresses indicate almost isotropic conditions. Numerical simulations of the
fracture dimensions and propagation, based on the assumed pumping rate of 4.8 m® /min
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and the total water volume of 20,000 m” of water, allowed obtaining a profile of a vertical
fracture 1320 m in length, 430 m in height and 2.1 em width [52).

The conducted minifrac tests showed a fracking pressure of 37.0 MPa when pumping
with a rate of 0.1 m*/min and a total liguid volume of 2.5 m. Ina step-rate test, the
maximum wellhead pressure of 42,0 MTPa with a rate of 0.72 rn3',.-"mi11 wis achieved. After
the pumping, the wellhead pressure remained at a constant level, which confirms the very
low permeability of the formation. The main frac was performed in 2011 Pure water
without chemical additives was used. The planned 20,000 m? of water was pumped in for
5 days with a capacity of 5.4 m® /min. The pumping was carried out in several stages. In
each of them, the pumping rate was quickly increased to the assumed values and then held
for some time at a more or less constant level, and fluctuations in pressure were observed,
The wellhead pressure reached a maximum of 46.0 MP'a. The observed pressurne curves
indicated good conductivity and negligible friction loss, Sesmic monitoring did not aeveal
any events nelated to the conducted activities. Low-efficiency injection tests were conducted
several months after the main frac confirmed the conductivity of the fracture system in an
area of approximately 1 km®. Because of the high salinity of the water, there was a salt plug
teend in the wellbore; however, it was assessed as a local problem in Hanover Finally, the
CeneSys project was successful, and the experiences wene used in other EGS sites [52).

3.5, Grofi Scidnebeck (Germany)

The Gro# Schinebeck anea is located in Germany, north of Berlin, in the north-eastern
part of the North German Basin. The basin formation ocourned between the Late Carbonif-
erous and Early Permian, when the deposited voleanic rocks were covered by a Rotliegend
siliciclastic sequence of alluvial fans, ephemeral streams, playa deposits and acolian sands.
Then, cyclic evaporitic sediments were deposited during the Upper Permian Zechstein.
Sediments are covered by Mesozoic and Cenozoie strata |53],

GroB Schonebeck is a research area of the German Research Centre for Geoscienoes
(GFZ Potsdam). The purpose of the GFZ EGS geothermal project was to develop technolo-
gies to increase the permeability of deep aquifers using hydraulic fracturing methods, The
goal was o learn how o control the siimulation of a variety of rocks so that geothermal
energy can be exploited from any kind of reservoir where it is needed [54], The target
zone consists of two types of Rotliegend deposits: low-permeable clastics at the top and
volcanic {rhyolite, andesite) at the bottom [2]. These rocks, lying at a depth of 38504258 m,
were accessed by an old hydrocarbon exploration well (Grsk 3/90), completed in 1990, and
deepened in the purpose of EGS in 2000 to a depth of 4309 m [54]. In 2006, a second well
{GrSk 4/05) was directionally drilled and completed in the production strata [55]. The older
well was adapted as an injection well, while the other directional one as a production well.
The distance between the wells at the reservoir depth was 241470 m [58]. The temperature
of 149 °C, at a depth of 4285 m and the formation pressure of about 44.9 MT%a at a depth
of 42240 m was recorded in the injection well [54]. Investigations of the stress state in the
Rotliegend formation, based on 30 modeling and confirmed by data from HE show the
dependence of oy, = 0.55 oy and oy < 0.78-1.00 oy in the normal to strike-slip tectonic
regime. The magnitudes at a depth of about 4100 m were estimated at oy—100 MPa,
a3, —355 MPa and ay—78-100 MPa [57].

Blacher et al. [55] compiled the parameters of the number of HF treatments performed
at both wells in the GroE Schimebeck project. In 2002, in the GrSk 3/%0 well, four HF
treatments were performed at two depth intervals of the open hole section. HTU linear
gel (cationic, hydrophilic, polymer-based) and brine were used as a fracturing fAuid. Total
weight of approximately 8500-8700 kg, 20,40 mesh Carbo-Lt proppant was also used in
the two treatments, The pumping rate was 20-2.6 m®/ min, and the total volume of the
pumped fluid was 103-129 m?, The arginally created vertical fractures were characterized
by a hali-length of 32 m, height of 72 m and width of 0.16 cm. In the same well, in 2003,
two large MHF (massive hydraulic fracturing) treatments were carried out using water
without proppant. One in the open hole section and the other in the slotted liner section,
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About 4300 and 7300 m® of water were pumped in, with a rate of 1.44 and 2.4 m®/ min,
respectively, which allowed to create the fracture of dimensions; 160 m half-length, 9% m
height and (L5 cm width. The GrsK 4/05 production well was stimulated three times
in 2017. During the first treatment, 13,170 m® of water with 20/40 mesh quartz sand
with a maximum rate of 9.0 m® / min was pumped. The dimensions of the fracture were:
half-length—190 m, height—135 m and width—0.8 cm. The next two HF treatments were
performed using a crosslinked gel with a high-strength 20/40 mesh proppant, at intervals
protected by a perforated liner; 280-310 m?® of fracking fluid and 95-113 t of proppant were
pumped in, with a rate of 3.0-4.0 m* /min. The resulting fracture dimensions were about
60 m in half-length, 95-115 m in height and 0.53 em in width [55].

3.6, Pohang (South Korea)

The first EGS project in South Korea was the Pohang project, named after a city in
the southeastern part of the Korean peninsula. The main objective of this profect, which
started in 2010, was to obtain a IMW power plant in a doublet system. The drilling location
was selected due to one of the highest geothermal gradients in Korea, ie, 30 °C /km [55].
Betore the EGS activities in this area, several low-temperature geothermal wells were
drillied [59], as well as EXP-1 wellbore for stress field measurement in the reservoir [17].
The target zone for the Pohang ECS wells was a crystalline basement consisting mainly of
Permian laminated granodiorites at a depth of approximately 2400 m to more than 4500 m.
The crystalline formations are covered by andesites and crystal tuffs. These deposits are
covered b}- the sedimentary formation of about 1 km thickness, consisting of Cretaceous
mudstones and sandstones interlayered by volcanic intrusions and eruptions. The Tertiary
cover is semi-consolidated siltstone of 200400 m thick [17]. Stress models of this area, at a
depth of 4.2 km, indicate two possible tectonic regimes: (1) strike-slip, where the ratio of
oy bo oy iz 1.2, oy to oy ratio is (L8 and the maximum horizontal stress acts in the azimuth
line of 114°; the compression regime (2) (reverse faulting), where the ratio of oy to ay is
2.29 and the ratio of oy, to oy is from (L8 to 1.08-1.15 [17]. In order to obtain access to the
granodiorite basement, two wells were drilled: PX-2 vertical well in 2015, of 4341 m depth,
and P'X-1, originally vertical, deepened directionally in 2016 to the depth of 4215 m. Both
wells in the bottom sections were open holes and separated by a distance of about 600 m.
The stable temperatune recorded in the I'X-2 well, at a depthoof 4209 m (MD), amounted to
140 °C [17].

Core samples of granodiorite were collected during drilling the PX-2 well [o0]. Gea-
nodiorite was consisted mainly of albite (43.1%), quartz (28.6%), microcline (13.7%) and
muscovite (10.1%) and was characterized by a volumetric density of 263 g/cm? and a
porosity of 0.48%. The performed uniaxial compressive strength tests allowed estimation
of the average UCS at 106.7 MPa, and the average E modulus and @ ratio of 335 GPa
amed 0.21, respectively. Triaxial tests were also performed in several steps of confining
pressure. The average measuned cohesion factor was 15.2 MPa, whereas the angle of inter-
nal friction was 60,27 The average measured velocities of the ultrasonic P- and Swaves
amounted to 4336 and 2676 m /s, respectively, which resulted in the dynamic Ed modulus
of 44.9 GPa [60]. However, these tests were not being performed at the reservoir conditions.
Ultrasonic velocities measured during acoustics in this interval were 5920 and 3290 m /s,
respectively, for the P- and S-waves, which means that the values measured in situ are
higher by 36.4 and 22.7%, respectively. The observed increases are consistent with the
literature data cited by Kwon et al, [60]. For Troy granite, increases of 400 and 207% for [
and Swave, nespectively, occurred, while the pressure was increased from atmospheric o
40 MPa, These value compilations allow easy assessment of how much the mapping of
reservoir conditions during laboratory tests has an influence on the wave velocities,

Several HF activities were performed on the Pohang site [558]. The first treatment
occurred in 2006 in the PX-2 well, where 1970 m? of water was pumped. The maximum well-
head pressure was 892 M, while the maximum pumping capacity reached 2.8 m?/ min,
The stimulation mechanism was interpreted as a combination of tensile fracture exbension
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and hydraulic jacking, The second HF was performed in 2016 in the PX-1 well, whene
307 m? of water was Pumpﬁ.‘] ina Perjm.i of 14 da:.'ﬁ, with a maximum reservoir pressune
of 27.7 MPa and a pumping rate of 1.1 m? /min. As a result of the conducted work, the
transmissivity of the rock surrounding the I"'X-1 well increased approximately 6.4 times.
The stimulation mechanism was interpreted as hydraulic shearing with hydraulic jacking.
The seismic monitoring recorded the maximum magnitude of the events of 1.7 and 2.2,
after the shut-in stage, in the PX-2 and I%-1 wells, respectively. A good cormelation between
the amount of the injected liquid and the magnitude of the seismic event in both wells
was observed. The observed seismic maxima occurred during periods of the large total
volume of liquid injection [17]. In 2017, the second HF on the I'X-2 well was carried out at
a wellhead pressure of 90 MPa, during which the maximum magnitude of the recorded
seismic events amounted to 3.1, Another treatment in the PX-1 well was performed in the
same year in the form of a Cyelic Soft Stimulation (CS5), consisting of pumping the liquid
alternately with low and high rates to reduce the risk of induced seismicity. Recorded
seismic events during these works did not exceed a magnitude of 2.0 [61].

On 15 November 2017, an earthquake of a relatively large magnitude of 5.5 occurned
in the Mohang anea, which resulted in the discontinuation of the EGS Pohang program.
Ellsworth et al. [62], based on modeling the pore pressure variability in rocks, suggest that
the increase in the pressure may initiate local seismic events in fault zones, which may
accumulate inte larger seismic events. A number of aftershocks were recorded, while the
largest one was on 11 February 2018 (4.8) [53].

A.7. FORGE Litah (LISA)

The EGS project, ked by the ULS. Department of Energy’s Frontier Observatory for
Geothermal Energy (FORGE), is located about 300 km southwest of Salt Lake City, Utah. In
earlier years in this arca, conventional geothermal energy was obtained (Blundell Thermal
Power Station, UT, USA). The aim of the project, established in 2016, was to demonstrate
that the EGS installation can be commercially used for large-scale energy production. The
geothermal collectors of this area are Tertiary plutonic Mineral Mountain rocks, consisting
of dierite, granodiorite, quartz monzonite, syenite and granite. The main minerals are
plagioclase, K-feldspar and quartz, with a low content of biotite, homblende and clay
minerals [64]. The stress regime of this area is normal [65].

In 2017, a vertical borehole was completed (58-32), reaching 220 m deep, where the
temperature of 199 °C was recorded. In the interval of the crystalline rocks (1329 m in
total), granite and quartz monzenite with low permeability mostly ocourred. Microscanner
images and televiewer logs confirmed that the oy in this wellbore tends NNE-SSW. The o,
gradient is defined as 16.7-17.6 kPa/m and allows calculation of the magnitude of about
A840 MIMa in the productive interval. In the case of the oy, the gradient is defined as
25.6 kPa/m, which determines the magnitude of about 59 MPa at a depth of 2300 m [65]. In
2007 (directly after completion) and in 2019, an open hole interval was stimulated. Minifrac
tests, DFIT, and step rate tests were carried out with a pumping rate of 1.43 m*/min
and pressure of about 27.6 MPa. Calcium carbonate (200 mesh) was also pumped to
slightly prop the fractures taking fluid and enhancing the differentiation between fracturnes
identified in pre- and post-FMI logs.

In 2019, a number of HFs were carried out in the open-hole part at the bottom of
the well and in the two above perforated intervals, Tests were designed to determine
the viability of stimulating fractures with different orientations behind the casing, The
lower perforated zone was located in the region of critically stressed fractures, trending
NNE parallel to oy, which means that these fractures would be the easiest to shear, dilate
and propagate. The uppermost zone contained fractures oriented at a high angle to oy
{noncritically stressed). This zone was represented with the upper limits of the pressures
reqquired to stimulate the granitoid [65,66). In the open hole section, the results were
similar but slightly lower than those of the 2017 tests, suggesting the fracture system
had developed some degree of permanence. The formation readily took fluid at modest
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injection rates of 2.38 m*/ min, which allows concluding that the hydraulic connection
betwoeen the 58-32 well and the planned boreholes will be possible. The lower perforated
rone was also successfully treaded. The fractunng pressure i the critically stressed area
was 29 MPa, with a pumping rate of 0.8 m? /min. The shallow, noncritically stressed zone
was treated at the pressure of 45 MPa. During the treatments, a number of fracture closure
pressure interpretations using various methods were also conducted.

The closure pressure increased with the pumping rate and the volume of the pumped
waker, which indicates the poroelastic effect and the presence of pre-existing natural frac-
tures Ehh].

Project FORGE Utah is currently underway. Drilling a production borehole, accessed
to the fracture network created in well 58-32 is planmed, then loop test and build a power
plant [£7].

A8, Qinbwrgia (Clvina)

The Qiabugia geothermal site is located in the north-eastern part of the Qinghai-
Tibetan Platean. In the geological past, this area was ul:tlif‘ted several times, and igneous
intrusion caused a local thermal anomaly to spread along the deep fault zones. The
target HDR zone, below 3000 m, is built mainly from the Mid-Late Triassic Indonesian
granite characterized by low porosity (2-5%) and very low permeability (0.2-0.7 mD¥). The
overlying rocks are Neogene mudstones and Quaternary sandstones [68]. The Qinghai-
Tibetan Plateau is under the tectonic influence of the Indian Ocean Plate and the Eurasian
Plate. The focal mechanisms recorded in this area indicate that oy in an NE 50607 direction
dominates {which is approximate to the direction of plate extrusion), whereas o, is inan
NW direction consistent with the expansion of the Gonghe basin. The stress regime in this
ared is strike-slip, barming into compressional o the southern part. The magnitude of oy s
based on computer modeling at 95-100 MPa and oy at 85-92 M3, while the magnitude of
oy, at 68=72 MIa, at a depth of about 3700 m, was estimated [69], The elastic parameters of
the Qiabugia granite were estimated as E—40-56 GP'a and 0—0.25-0.33 (-) [55].

The EGS project currently underway in this area involves a triplet system, including
one inpector and two producers. The target zone is drilled theough four wells: GRI1, GR2,
DR3 and DR4. At the bottom of the deepest one (GR1, completed in 2017), a temperature
of 236 °C at a depth of 3705 m was recorded.

The numerical simulations of fracturing operations in the GR1 well have been per-
formed so far. Above the described stress magnitude, the mechanical properties of the
rock as well as using of 50# crosslinked gel with HSIP 20/ 40 mesh proppant were assumed.
B}' increasing the fracture length, the width and fracture extension were observed during
the increase in the pumping rate. The length of the fracture wing reached 600 m, whereas
the height of about 100 m. The width, assuming the pumping rate of & m*/min, exceeded
5 mm. An increase in the length of the wing and height was noted during pumping of up
0 12,000 m® of Auid. Continuation pumping resulted in a further increase in the length, but
at the same time, a significant decrease in the height. The highest proppant concentration
and conductivity was achieved at the bottom of the fracture,

About 100 m in length of the fracture wing, at the farthest distance from the wellbore,
hias not been propped [65].

The modeling indicated that the tensile strength of the rock, as well as Young's
modulus, had a significant effect on the fracture geometry, while porosity, permeability and
Poisson’s ratio had little effect. In the case of the slickwater-based stimulation scenario, low
pumping rates of 0.5-3 m*/ min were proposed to avoid the use of high-power fracturing
equipment, and total liquid volumes of 12,000 to 20,000 m” of slick to obtain the desired
fracture network [69],

Based on the numerical simulations, a triplet system located at the line of the maximum
horizoental stress (NE-SW) azimuth and separated from each other by about 300-500 m
was designed. Forecasts of the thermal and energy efficiency for this system wene also
prepared [69],
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4. EGS Prospects in Poland

In recent years, the interest in obtaining energy from EGS collectors in Poland has
increased. The restrictive EU regulations on greenhouse gas emissions and the desire to
reduce the share of fossil fuels in the national energy balance encourage the search for
new ways of obtaining green energy, including energy from deep geothermal sources. The
success of Western European EGS projects sparked a discussion on the profitability of EGS
installations in Polish conditions [74,79-81].

Thus far, a preliminary rescarch project was carried out to assess the thermal balance
potential of prospective geological structures for the needs of EGS systems in HDR rocks in
Poland [2]. The project invelved the study of Pelish rock structures under three different
geological conditions: massifs of crystalline rocks, volcanic rocks under the sedimentary
cover and sedimentary basins, The key element of the location selection was the analysis
of the Earth's crust temperature on the basis of maps of the Earth's heat flux density
distribution in Poland. A series of field geological and geophysical surveys, laboratory
tests of rock samples and numerical simulations allow for the determination of several
perspective areas [2,82].

Relatively extensive massifs of igneous rocks, useful for EGS technology, are found in
the south of Poland (Sudetes and the Fore-Sudetic Block), The most promising area is the
granitoid pluton of the Karkonosze Mountains (part of the Sudetes), which is characterized
by a geothermal gradient of about 4 “C/100 m, with a temperature of up to 16 “C ata
depth of 4.0 km below the ground level (Figure 6). The target zone for stimulation is set
up there at a depth of less than 4000 m and a temperature of about 165 “C. oy in this zone,
assuming an average rock density of 24 g/cm’ [78], is about 96 MPa in the presumably
normal stress regime [75.76].

The Gorzow block is a structure particularly significant in the context of the use
of unconventional geothermal resources of volcanic rock. The Permian trachyandesites
of the Gorzow Block, located at a depth of below 4300 m, are characterized by large
thickness, increased temperatures on a regional scale and contain gas bubbles, which
provides good prospects for fracturing. This location shows a significant analogy to the
Gro# Schénebeck reservoir near Berlin, where the geothermal gradient is 3.5-4.0 “C/100 m,
and the temperature reaches approximately 150 “C at a depth of 4.3 km [2,81]. The
deposition depth allows to calculate oy of about 103 MPa,

The largest thicknesses of sedimentary rocks are typical for the central part of the
Polish Basin (9-12 km) and the Carpathians (up to approx, 20 km). Due to the complicated
geological structure and strong tectonic involvement of the Carpathians [53], this area does
not have much potential for the EGS. However, within the Carpathian Foredeep, in the
central part of the Upper Silesian Block, an area with increased values of the Earth's heat
flux was identified.

The intense heat flux is typical for the Variscan fold belt and in the northern zone of the
Lower Silesian internodes, where the heat flow values exceeded 107 mW /m?. The Upper
Paleozoic, Devonian and Carboniferous formations lie on the Precambrian and Lower
Paleozoic sediments in the form of a continuous cover. The lower part of the Carboniferous
profile includes carbonates and clastic, flysch and molasse sediments, forming the Upper
Silesian Coal Basin. The thickness of carbonates ranges from 200 to 1500 m, while the
thickness of the clastic deposits of Carboniferous, which are a potential petrogeothermal
reservoir rock, reaches over 5000 m [54]. At considerable depths, the hydraulic conductivity
of Carboniferous sandstones is less than 10-8 m/s [85].
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Figure &. Prospective areas for geothermal energy utilization in enhanced geothermal systems in Poland. Explanation: oy
was calculated for given depth, based on average density of overlying rocks—2.4 g/cm” from |78]. Prospective areas were
marked based on data from [74]. Horizontal stress directions and faulting regime were compiled from [75-77,86),

Two arcas with potential for EGS were identified in the Polish Lowlands: the Szczecin
Trough and the Mogilno-Lod? Trough. The Szczecin Trough is a strongly elongated fold
element covering the Zechstein-Mesozoic complex, with a general direction along the
NW-5E axis. This form was influenced by the block tectonics of the older basement and
the salt tectonics, mobilizing Zechstein salts [87], Along this structure, a zone of intense
halokinetic phenomena occurs. In the area of the Szczecin Trough, which is relatively
poorly geologically recognized, the ECS prospects relate to the Permian or Carboniferous
sediments at depths above 5000 m below sea level, with temperatures above 150 °C. The
deposition depth allows the calculation of vertical principal stress of about 120 MPa. The
Mogilno-Lod# Trough is a fragment of a higher-order structure—the Szezecin-Mogilno-
Lodi-Miechow Trough, stretching from the northwest to the southeast of Poland.

Potential petrogeothermal reservoirs in this area are Lower Triassic rocks, represented
by Buntsandstein sediments deposited at a depth of about 5700 m and developed as a
complex of claystone and silistones with limestone and sandstone beds. The compact
sandstones of the Lower Buntsandstein are considered potential deposits for the EGS,
especially since their thickness locally exceeds 1500 m. The Middle Triassic (Muschelkalk)
formations, formed as limestones and marls, are characterized by a much lower thickness,
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up to 300 m. The Upper Triassic, with a thickness of up to 2400 m, is represented by elastie
and evaporative sediments of Keuper and clayey sandstone deposits of the Rhaetian. The
most promising structure for EGS in Poland is the Mogilno—LodZ Trough, while the Upper
Silesian Block seems to be a promising location for the future [74].

The legal issues related to the HF implementation in Poland are regulated at European
Union and national level. Minimum principles for the exploration and production using
HF technology wene established in UE Commission recommendations from 22 |anuary
2014 [58]. However, these recommendations concern only hydrocarbons extraction, in
terms of high-volume HF (injecting 1000 m” or more of water per fracturing stage or
10,000 m? or more of water during the entire fracturing process into a well), whereas
fracturing regulations in terms of geothermal resources have not been developed so far
In Poland, there are no internal prohibitions for HF operations; thus, EU Commission
recommendations are valid. Assuming that high-velume fracking in HDR would be treated
the same as fracking for hydrocarbon extraction, a strategic environmental assessment may
be required before granting licenses for exploration or production to prevent, manage and
reduce the impacts on and risks for human health and the environment.

Stimulation of HDR horizons and the design of fracturing operations to create a
geothermal collector have not been carried out in Poland so far. Nevertheless, the ex-
tensive experience was gained in hydraulic and chemical stimulation operations, based
on fracturing in unconventional deposits and matrix acidizing [15.589]. Research works
wene also carried out in the field of the design, environmental impact and performance of
energized fAluids for fracturing [%0]; the embedment phenomena [24,25]; and the dynamic
elastic parameters of the various types of rocks [27,30]. Their results may be useful in the
implementation of a prospective Polish HDR geothermal collector program.

5. Conclusions

In this paper, 10 hydraulically stimulated world's enhanced geothermal systems (EGS)
were reviewed. The focus of the review concerned geological, geophysical as well as
stimulation parameters.

The target zones in most EGS sites are usually crystalline rocks, i.e., granite or gran-
odiorites, characterized by low permeability and porosity (e.g., Habanero, Pohang, Forge
Utah EGS projects). However, in some projects, a geothermal collector is created in mixed,
crystalline and low permeable clastic rock, e.g., Grog Schinebeck and GeneSys Hannowver
EGS projects. These rocks are generally deposited at a depth of 2000-5000 m, whereas
the localizations are chosen mostly due to the high geothermal gradient caused by local
temperature anomalies near-vertical faults and fractures, connecting the sedimentary cover
and crystalline basement, constituting heat-conductive areas. Target zone temperatures are
typically between 150 to over 300 “C, which determines the flow rate directly in the heat
exchanger and the efficiency of the powerplant. Tectonic field conditions are not the main
criterion for selecting an EGS location.

Many of the locations are characterized by normal or strike-slip faulting regimes,
while several projects were located in the areas of reverse /overthrust faulting regime
{e.g., Habanero, Australia, Fjillbacka, Sweden). The faulting regime directly affects the
direction of fracture propagation. It seems that the best conditions for fracturing in EGS
are in the reverse regime due to the preferred horizontal fractunes capable of connecting
vertical boreholes in this area, However, European EGS projects in normal strike-slip
faulting regime areas (preferred vertical fracture propagation} were also successful (e.g,,
Soulte, France, Landau, Germany). The P-wave velocities in crystalline rocks are usually
in the range of about 4400-5500 m/s; thus, they are higher than the velocities in typical
clastic rocks. Elastic parameters of the crystal base rocks reported in the literature are
varied depending on the measurement method. It can be stated that Young's modulus and
Poisson’s ratio of crystalline rocks from measurements in reservoir conditions are in the
range of about 45-75 GPa and 0.12-0.25 (-), respectively.
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The range of pressure and pumping rates in hydraulic fracturing (HF) treatments are
varied depending on the needs. The amount of water injected into the well is varied from a
few thousand up to more than 10,000 m* (Massive Hydraulic Fracturing operation) during
the entire fracturing process. Fresh water without chemical additives in the main fracking
stages is commonly used; however, linear as well as crosslinked gels are also applied
{i.e., GroB Schinebeck project). In some cases, a 20,/40 mesh quartz sand or high-strength
proppant is also used. The obtained fracture dimensions depend on the pumping rate,
pressure and total Pu.mped Iil:lui.d volume. The hnlf—lengl:h and .hE:i:Eht of the fracture may
reach more than several hundred meters, whereas width may exceed several centimeters,
which determines the distance between bottoms of the boreholes.

HF operations usually cause seismic events recorded by installed seismic monitoring,
The most common are low-magnitude events, imperceptible to people; however, there
are also large ones, Le., in Pohang, Korea, in 2017, The liquid pumped under pressure
during the HF operation may facilitate skidding on the stressed local fault surfaces, which
in unfavorable conditions may generate seismic events; however, shocks with a relatively
high magnitude are rare.

The success of the Western European EGS projects caused a discussion on the prof-
itability of the EGS-type installation in Polish conditions. The preliminary research project
has been carried out so far to assess the thermal balance potential of prospective geological
structures for the needs of EGS systems in HDR rocks in Poland. Based on the set of the
Earth's heat flux density distribution data in Poland, several main prospective arcas were
finally selected. The most promising formations are the crystalline basement of Karkonosze
Mountains, voleanic rocks of Gorzéw Block and sedimentary deposits of the Secezecin
Trough, the Mogilno-Ladz Trough and the Upper Silesian Block.
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Nomenclature

HF Hydraulic fracturing

MHF  Massive hydraulic fracturing

EGS  Enhanced geothermal systems
HDR  Hot dry rock

oy Principal vertical stress (MPa)

T Maximum horizontal stress (MPa)
Ty, Minimum horizontal stress (MPa)
Pp Pore pressure (MPa)

Vp Compressional wave velocity (m/s)
Vg Shear wave velocity (m/s)

E Young's modulus (GPa)

1] Poisson's ratio (dimensionless)
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Abstrack The beginning of 2022 was a time of major changes in the perception of energy availability
and security in European countries. The aggression of Russis against Ukraine destabilizing the
European energy econamy, combined with the withdrawal from fossil fuels which has been going
on for a dogen years, has !‘l:rzn.s:fhntd activities bo mroduce noew energy |I.'f|'I.I'I:|lDE:Iﬂ- based on
renewable energy sources. One of the most promising and stable sources of renewable energy ks
geothermal energy, in particular enhanced geothermal systems (EGS) in hot dry rocks (HDR)L These
deposits oocur at a great depth in almost every place on Earth, but due to their low permeability.
Il"l.l.-_\r Tedpuine hy\drn'ulii: fracturing, which results in l'l.iEh mvestment costs, Thas In‘:hru.-h.r&:,r has been
developed for several decades. The curnent situation in Europe seems to confirm that its rapid
development o a level that guarantecs stable and profitable operation is crucial. This is of particular
importance in the case of former member states of the economibc zone of the Council for Mutual
Economic Assistance, which until recently wene heavily dependent on Russkan energy. This review,
based on the latest available data, covers potential HDE prospective arcas in the countries of the
south-eastern Baltic basin, including Lithuania, Latvia, Estonia and Poland. It is spechiic to this region
that the nn'ﬁina! heat flux drn.lih.' 15 bower as a resulk of the p\:llrutﬁmali: effect associabed with
the voungest ice age: however, thermal conditions do mot deviate too much compared to western
Europe, especially Rhine Graben, and significantly exceed the conditions of Finland, where an EGS
Pu'u'r.'cl B cl.n'mnl!l_v bﬂ'ns npn:lhd. In Lithuania, the most lepcdi\'t' area = the ZN1 infrusion
(south of Kkaipeda), characterized by a geothermal gradient of up to 40 °C/ 1000 m. In addition, the
Precambrian batholith south of Liepaja (Latvia) and the Rapakivi granites in the north and center
of Estonia are promising EGS sites. Poland has melatively the most explored EGS potential, in both
volcanic, crystalline and sedimentary rocks, especially in the area of the Seceecin Trough, Gorzow
Block, Moglno-Lodi Trough and Karkonosze Mountains. Unfortunately, local tectonic conditions, in
particular the development of faults and natural fractune zones that affect the directions of fracture
propagation during hydraulic fracturing, have not been sufficiently recognized, which is one of the
main barrsers to the expansion of EGS pilet projects in these countries. These ssues present challenges
for the rescarchers, especially in terms of petrophysical analyses of rocks in target zones and local
stress conditions, which have a key impact on fracturing operations and profitability of the systems.
Despite high investmaent costs on the one hand and a significant slowdown in the global sconomy
in 2022 on the other, it remains hopeful that the authorities of individual countries will decide to
accelerate research work, leading to the implementation of pilot projects of EGS installations, and
that this 'I:l‘l.'"l'lﬂl.iw will be further imprm.-ﬂ.i bo ensune a stable chean ERETRY !uppl_y;

Keywords: geothermal energy; geothermal potential; hot dry rock (HDR); enhanced geothermal
systemns (EGS): Baltic countries
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1. Introduction

The beginning of the 2022 year was a ime when the geopolitical and energy supply
situation in Europe changed significantly. The aggression of Russia against Ukraine made
the European countries aware that the directions of energy supply need to be immediately
diversified, especially regarding natural gas, oil and steam coal. These mineral resources
have become a sl economic weapon in the hands of Russia and are used to effectively
blackmail energy-dependent European countries, expecting them to accepl military activi-
ties near their borders. It seems clear that now is the last moment to intensify the trend away
from fossil fuels towards repewable energy in the European energy market, The leaders of
the energy transformation process are highly developed, “old European Union”™ countries
such as Germany, the Benelux Union and France, which are gradually abandoning not only
the use of fossil fuels, but also nuclear energy. This trend is also observed in Central and
Eastern Europe; however, the lower level of energy industry development, resulting from
the Soviet influence until the 1990s, resulted in a much less developed renewable energy
sector in these countries. In this light, it seems natural to quickly search for and develop
new energy solutions that, on the one hand, will be emission-free and stable over time and,
on the other, will increase the energy independence of countries,

One of the most promising clean energy technologies is enhanced or engineered
geothermal systems (EGS), which use the petrothermal energy of hot dry rocks (HDR),
accessible at great depths, almost everywhere on Earth [1-3]. These technologies have been
developed for years in many countries around the world and are still being improved,
breaking technical barriers and increasing profitability [4]. This review presents the current
state and prospects for the development of EGS in countries of the south-east Baltic Basin,
including Lithuania, Latvia, Estonia and Poland. The focus was primarily on the analysis
of areas where geothermal collectors could potentially be developed in HDR rock, and
the conditions that should be met, similar to the installations operating in western Europe.
This study was based on a wide set of data from the latest, currently available literature,
which have not been compiled in this way so far. New general maps and summary tables
of data were developed, in which potential prospective areas for EGS-type installations
are indicated.

2. Current State of Energy Production and Consumption in the Baltic States

Until recently, the energy systems of the Baltic states were very different. The Estonian
system was purely thermal; the Latvian system was based on water and thermal tech-
nologies; and the Lithuanian system was dominated by nuclear energy [5]. The changes
and modernizations carried out in the energy industry in the last decade, as well as the
abandonment of nuclear energy, have led to major changes in the production structure.
According to Eurostat data for 2020, primary energy consumption in the Baltic states is
not very high compared to other countries in the Euro area. Renewable sources have a
higher share in energy production than the Euro area average, with the highest value in
Latvia, which also has the highest participation of renewables in electricity production. The
share of renewable energy for cooling and heating in the Baltic countries is more than twice
the ELl average, and the Baltic countries have a lower dependence on fossil fuels. Estonia,
due to the extensive use of oil shale (phasing out by 2040 at the latest) and increasingly
renewable fuels, has the lowest dependence on energy imports, with a share of only 10.5%
{Figure 1),
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Figure 1. Dependence on energy imports and share of energy from renewable sources and fossil fuels
in Baltic countries, Poland and the Euro area in 2020 (after: [6]). (The presented data also include
Poland, which, like the Baltic countries, joined the EU in 2004, but previously belonged to the Eastern
Bloc and thus to the cconomic zone of the Council for Mutual Economic Assistance).

3. Development of Enhanced Geothermal Systems in the World

The first HDR/ EGS pilot project was launched in Fenton Hill, New Mexico, USA in
1979, It served as a testing ground for many vears when significant discoveries were made,
and the principles of engineered geothermal systems, including hydraulic stimulation,
and operation methods were described, both from the point of view of geology, tectonics,
field engineering and surface thermal energy recovery installations [4]. Although the EGS
technology was very underdeveloped at this time, Fenton Hill became the first site to
confirm that energy production from HDR on a commereial scale is possible and could
be profitable in the future, This project resulted in increased interest in this technology
and the launch of research projects around the world. In the 1970s and 1980s, research
work on h:..'drauiic frﬂl:tur'mg techrl.nlngy in HDR continued in Rosemanowes, UK [7.8].
In the underground geothermal collector target zone, an unfavorable phenomenon of
thermal short circuiting was observed, consisting of creating a preferred flow path in the
rock, which resulted in cooling the formation and reducing the temperature of the liquid
produced. The unfavorable effect of the proppant used to support fractures formed in
the hydroshearing mechanism was also observed [4,%]. In the 2000s, a large commercial
project was implemented in Habanero (Cooper Basin, Australia), where specific, favorable
geological and tectonic conditions prevailed in the HDR target zone: temperature reaching
250 °C at a depth of less than 4000 m, a compressive stress regime causing the formation of
horizontal fractures, and the presence of horizontal natural fractures facilitating fluid flow
between vertical wells [10-12]. The operation of a 1 MW power plant was demonstrated
there, but despite wide-ranging plans to launch a 40 MW power plant, the work was finally
abandoned in 2016.

Most of the EGS installations function in intrusive igneous rock, i.e., granite, granodiorite;
however, projects were also carried out in low-porosity, ight sedimentary and mixed rocks,
e.g. Genesys, GroB Schinebeck in Germany [13,14] (Table 1). The working fluid that transports
thermal energy to the surface was usually fresh water; however, liquids based on linear and
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cross-linked polymers were also used in sedimentary formations e.g,, GroB Schinebeck [14].
They also experimented with the use of supercritical CO; for these purposes [15]. In single
cases, work was carried out on the functioning of EGS technology in rocks made available
through a single well [16]. Currently, work on the development of EGS technology is being
carried out in China and the United States, among others [17-19]. In Europe, research work
continues on projects such as Soultz-sous-Fordts (France), Landau, Grof Schinebeck and
ST1 Deep Heat (Finland) (Table 1) [14,20,21]. The opening of pre-existing or newly formed
fractures as a result of pumping the treatment liquid into HDR is associated with the risk of
seismic events caused by the activation of fault surfaces subjected to stresses in the formation
These low-magnitude local events were commonly reported in all ongoing projects: however,
in bwo cases (Basel, Switzerland and Phoang, Republic of Korea) relatively high-magnitude
events that caused damage to the surface wen: a reason to stop the projects [22-26]. The best
example how the EGS can provide enengy for local needs for a long period of time are projects
carried out on the Rhine Graben (France, Germany). Small-scale power plants or geothermal
heating plants, operating in Soultz-sous-Foréts, Landau and Rittershoffen, provide several
MWe and several dowen MWth power [2],

Table 1. Selected geological and technological data on European EGS sites,

Country Temperature, “C Tangel £one
{EGS Site), Depth, m {Geothermal Geological Conditions Stimulation Referenies
Activities, [Muration Gradient, “Clkmb Mechanism
Univbed Kingzdom Granite Carnmerniellis Bl
{Rosemanowes) about 2000 below 100 batolith, Permian v duarni [4]
1977-1965 Strike-ship tectomic mgime Y B
Porphynic granites
Franoe MFK, twio-maca
{Souliz-sous Foréts) 5200 1“"““‘!2%: geanites, Carboniforous, M’;Fd“‘i:'n [20,27.24]
19present ot 3 Normal with strike-slip P
component ectonic regime
Clastic and voleanic rocks
('u'.'rman:}- {Grodt 148 {!h.rnl.iln.nrhh'iidp}
Schivretwck) about 4100 {about 3) Rotlegend, Permaan, hydraulic |z%-31)
206=present Meormal-strike-slip
tectonic rgime
i graniles
Carrmany K, twosmica A
{Landau) 200 f:r;:f;;: granites, Carbuoriferous, MT"““:E_I [27.28,32)
2AN15-prosent Mormal with strike-slip " &
component bechonic g
L pn.mnl}, matural
- . fractuned granite,
oo g 00 asin pogmiatite, greiss and hydraulic (21,33
P ol amphibolite. Precambrian
Reverse faulting regime.

4. Technical Aspects of Geothermal Collectors in Hot Dry Rocks

Extracting a lange amount of thermal energy, which can be used not only in heating but
also in the production of electricity, requires access to rocks deposited at great depths, where
high temperature prevails. The high crustal stresses in these zones cause rocks to have
different petrophysical properties, compared to the generally highly porous and permeable
rocks in shallower conventional geothermal reservoirs. Due to the fact that hot dry rocks
have very low porosity and permeability, it is necessary to create an artificially hydraulic
connection between drilled wells, to allow the working fluid to circulate in a loop between
two or more wells and transfer heat energy into surface. For this purpose, a hydraulic
fracturing technology, which originated in the oil industry, is mainly used. It involves
injecting a fracturing fluid at high pressure through the well into the low permeability
rocks. Recalling principles of fracking in unconventional gas deposits, the pressure of the
fluid creates new fractures in the rock or opens pre-existing ones, thus creating highly
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permeable arteries through which gas can enter into the well. The composition of the
fracking fluid depends on the type of rock. In ductile formations, characterized by a low
Young's modulus and a high Poisson’s ratio, crosslinked or linear gel fluids are usually
used, while for britthe ones (high Young's modulus, and low Poisson’s ratio), slickwater
or two-phase fluids (foams) are applied. Fracturing fluid usually contains a small amount
of environmentally safe chemical additives depending on the specific needs. Proppant
material is often added to the Auid, to keep the fractures open after pumping pressune
ceases [34]. More viscous fluids are capable of transporting higher-weight proppants, while
slickwater and foams are characterized by significantly lower transport properties.

Since the 1970s, hvdraulic fracturing technology has also been used to create under-
ground heat exchangers in EGS. The design and development of both HDR and gas wells
are very similar, except for the higher depths of the EGS and therefore the stresses in the
reservoir, the higher temperature and the presence of crystalline or igneous rocks at the
target depth with high density and mechanical strength. The objective of fracturing, in
HDR, is to hydraulically connect two or more wells in such a way that the flow of working
fluid guarantees the economically optimal operation of the system, i.e., the temperature and
volume of the fluid obtained from the production well are stabilized at an appropriate level
Excess flow may cause unfavorable short circuiting, which causes cooling of the formation,
and consequently, lowering the temperature of the obtained fluid. The main types of
underground heat exchanger systems are presented in Figure 2. The most commonly used
are type A and B—EGS doublet or triplet—where cool water is pumped into the injection
well and the heated water is received from production wells. On the other hand, the less
expensive single-well eirculation eoncepts (C, D) are rarely used because of lower efficiency.

Figure 2. The most common ivpes of underground heat exchanger systems. 5y —principal vertical
stress; Sy, 5, —mavimum and minimum horizonlal stress, respectively. (A }—doublet in extensional
stress regime, (li)—doublet in lateral compressive regime, {Cl—single directional well for injection
and production cycling in extensional stress regime, {D}—single directional well for continuous
injection and production in extensional stress regime.

In HDR-I:}I'PE formations, the dominant role in hydmu]'lc cunducl:'nrl'ty of rocks is
played by natural fractures, activated by shear forces acting in their planes (hydroshearing
stimulation mechanism), whereas inducted fractures, opening in a direction perpendicular
to the minimum horizontal stress (pure opening mechanism), are in the minority. Open
fractures in hydroshearing are formed at relatively low pressures because their strength is
lower than that of the surrounding rock. Pumping pressure that is too high can " overstimu-
late” HDR formation, causing ireversible rock movements and leading to a short circuit
(e.g.. Rosemanowes, Falbacka) [4]. The walls of the shear-activated fractures move relative
to each other during treatment and shift slightly when pumping stops. This results in de-
sired natural fracture conductivity and consequently no need for expensive proppants and
more viscous fluids with higher transport capacities during operations (Figurne 3). In most
cases, when there are no water-sensitive clay minerals in the formation, fresh water without
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any additives is used. If clay minerals are presented, ie., in sedimentary formations, clay
control additives are recommended. If proppants are used (especially in tight sedimentary
HDE formations), there is generally a small risk of the embedment phenomena (pressing
the grains of proppant into the fracture surface) due to the high strength of the rocks [3].
Fracking operations in HDR formations are usually massive type, using large volumes of
fresh water (more than 1000 m? per stage or more than 10,000 m® per entire operation).
At the design of the fracturing procedure in HDR formations, it is important to know the
preferred orientation of natural fractures, because even if new fractures develop, they will
only reach a few meters in length and then intersect the natural ones. Henceforth, the
conductivity will occur through the natural fractures, Therefore, the correct sequence of
work during the development of an EGS reservoir is to drill a well, then perform hydraulic
fracturing and record microseismic events that inform about the direction and intensity
of energy propagation in the reservoir, and finally drill a second well passing through the
seismic cloud in a suitable location [3].

A before fracture initiation
* 4= Overburdenl] *

B fracture opening, slip and dilatation
R Ll ] L] %

- 4 L] L L] L] L] L] Ly

. Ll . -l___ -_I . "

Figure 3. Basic principles of hydroshearing. Blue arrows depict fluid flow, black—principal stress
directions, red—fracture opening foroes.

5. Potential of Hot Dry Rock in Countries of the South-East Baltic Basin
5.1. Lithuamiz

Lithuania is located in the central-castern part of the Baltic sedimentary basin in central-
eastern Europe. Although the country does not have volcanic activity or hot springs, it
does have several of geothermal reservoirs that have been explored for years [35]. The
only geothermal heating plant in Lithuania, Klaipeda Geothermal Demonstration Plant,
was built in 2000 with capacity 13.6 MW [36,37]. The plant uses a Devonian aquifer in
the western part of the country, which supplies geothermal water from 1100 m at 38 °C.
The plant operated intermittently over the years 2001-2017, due to financial and technical
problems, and has been stopped now. There are also small-scale shallow geothermal
pump systems in the country used not only for heating but also balneclogy and fish and
shrimp farming [38,39]. The geothermal gradient in Lithuania varies from 12 "C/km
in the east to 42 “C/km in the west [40]. In Lithuania, there are several prospective
areas to obtain petrothermal energy from hot dry rocks. The erystalline basement of the
country is a part of the East European Craton of the Early Precambrian consolidation. The
basement, overlain by sedimentary cover with a thickness of several hundred meters to
maore than 2 km, is composed of two lithotectonic zones, The eastern part of the country
is attributed to the East Lithuanian Domain composed mainly of mafic metavolcanic and
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felsic metasedimentary rocks, metamorphosed in amphibolite to granulite facies conditions
and strongly migmatised [41] A characteristic feature of this area is the occurrence of
lenticular belts, interpreted as fold and thrust sheet structures, The western part of the
country comprises the West Lithuanian Granulite, with felsic, and metapelitic gneisses,
originating from psammites, pelites, felsic and intermediate volcanics. Intrusive Saxony-
type charnockites, as well as garnet- and cordierite-bearing granitoids, form a major part
of this zone. In the Mesoproterozoic, the Riga pluton intruded on the northern part of
the West Lithuanian Granulite domain, forming a batholith up to 250 km in diameter,
and ereating the most prospective zone in terms of geothermal potential of Lithuania.
This area is generally characterized by high heat flow and high heat production by the
granitoids, due to the presence of radiogenic heat-producing elements: Th, U, and K.
The most prospective geological formation is the Zemaiciu Naumiestis intrusion (ZNI)
in southwest of the country (Figure 4). This pluton consists mainly of massive, biotite,
medium- o coarse-grained monzogranites, along with a minority of biotite syenogranites
and porphyric quartz monzodiorites, with fracture populations at a density of several
to several dozen per 10 m. Explcrntim boreholes and modeled profiles of this structure
revealed an intrusion thickness of about 4 km and its bottom at a depth of 6 km. The
ZNI heat flow anomaly ranges from 83 to 100 mW /m?, while the geothermal gradient
measured in deep wells averages between 3540 °C depending on the area, which gives a
mclelling temperature of 150 °C at the target depth (4.5-5.0 km). According to preliminary
assumptions [41], the geothermal potential of ZNI would probably be sufficient for a power
plant of up to 5 MW, assuming single injection and two producing wells at a 500 m offset,
an injection rate of approximately 150 L/s and a production rate of 75 L /s per well.
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Figure 4. Generalized map of the Lithuanian crystalline basement in the background of geothermal
gradient distribution (based on [40,42]).

5.2 Latvia

Latvia, similar to Lithuania, is located in the south-eastern part of the Baltic sedimen-
tary basin in central-eastern Europe. [t borders Lithuania to the south, and geologically,
lies in the Precambrian East European Craton. The Cambrian strata covering the crystalline
bedrock are characterized by an anomalously high average temperature, ranging from
38 °C in the northwest to more than 120 °C in the southwest, which has been explained
in terms of mantle processes and high heat generation of crustal lithologies [43]. The
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average geothermal gradient varies within the interval of 8 “C /1000 m=19 “C/1000 m in
the northern and eastern part of the country, but the average geothermal gradient reaches
35 “C/1000 m in the central and southwestern parts. In the geological cross section of
Latvia, three lithological structures of different geothermal gradients can be distinguished:
1. Terrigeneous Devonian and Carboniferous rocks, 2. Silurian and Ordovician Carbonifer-
ous clay deposits, and 3. Cambrian and Venda terrigeneous rocks [44]. In the Cambrian
and Venda area, the gradients vary from 6 °C to 31 "C/1000 m, whereas the maximum
is reached in the southwest of Latvia. The temperature reaches 3862 “C at the depth of
1281-1714 m in the southwest of Liepaja city, and 33-55 “C at the depth of 1100-1436 m,
near the Lithuanian border (Figure 5). The bedrock of the Cambrian and Venda area is
Precambrian crystalline basement, similar to the Lithuanian area. Despite the lack of lit-
erature data on temperature at depths over 2000 m in this area, taking into account the
thermal gradients, it can be assumed that the potential drilled borehole should be at least
4000 m deep, to reach temperature of not less than 140 °C at the target HDR zone. This
temperature can meet the expected values for small-scale enhanced geothermal systems
{about one to several MW power), such as projects like Grof Schinebeck (Germany ) and
Phoang (South Korea) [25,29). However, EGS projects are also known where the target zone
was characterized by lower temperature conditions, which in this case would allow the
drilling of a shallower well [21,33].

2 3 40 B0 &0 °C
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Figure 5. Average temperature in Cambrian underground water horizon, on the background of the
geological setting of Latvia (based on [44,45]).

5.3, Estonia

Estonia is the northernmost among the countries of the south-east Baltic basin. The
Precambrian crystalline basement here is a continuation of the north-eastern Latvian
basement, and a part of the Baltic-Belorussian granulite belt. The crystalline bedrock is
overlain by sedimentary rocks (sandstones, dolomites, limestones, silts and clays) of the
Ediacaran to Paleozoic age. The sedimentary cover is about 100 m thick in the north
and more than 780 m thick in southern Estonia [46]. Granulites are deposited in most of
the country area and are represented by intermediate and mafic metavoleanic rocks with
minor felsic bodies. High-grade is usually well preserved, but particularly in western
Estonia strong retrograde and metamorphism have occurred [47,48]. In the western part of
Saaremaa island and in the Naissaar and Mariamaa zones (Figure 6) the gneissic rocks are
intersected by several generations of intrusive rocks, of which the most important ones are
the rapakivi plutons: Naissaar. Neeme, Mirjamaa, Ereda and Riga [49,50]). This formation
can be correlated with those in southern Finland [49,51]. Approximate temperatures in the
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bedrock at a depth of 500 m range between 11 “C and 16 “C, with the highest values in the
north and north-east of the country [52], and are similar to the temperatures in southern
Finland [53]. According to Joeleht [54], the heat flow density, adjusted for paleoclimatic
effects, varies between 28-68 mWm 2. In the upper basement of northern Estonia, the
temperatures are somewhat higher, due to the thermal shielding effect of Cambrian clays,
with low thermal conductivity. The highest values of heat flow density (68 mWm—2) were
caleulated for the Merikiila well, in north-cast Estonia, and the Saviranna well located
about 25 km MEE from Tallinn (48 mWm—2). This is attributed to the high heat production
of the Meeme rapakivi granite, compared to gneiss, which is generally dominant in the
area [55]. Granulites are characterized by a heat production of (.94 uW-m=?, which is
slightly higher compared to regions analyzed in Finland [56].

Figure 6. Elements of the Estonian crystalline basement, beat flow density and estimated temperature
(based an [49,57]).

The 5T1 Deep Heat geothermal project in Espoo, southern Finland, could serve as a
reference point for potential EGS locations. The typical geothermal gradient in this area
is relatively low (15-17 "C/km}, which corresponds to a heat flow of 52 mW /m?® [58],
therefore, the goal was to achieve 40 MW in a combined heat and power plant, fed with
115 °C water from hot dry rock at a depth of 6000 m, making this the deepest EGS in
the world. By 2020, two wells were drilled, the main (OTN-3) and the observation well
(OTN-2), of depths 6400 and 3300 m, respectively. The target zone is a Precambrian
crystalline basement consisting of granite, pegmatite, gneiss as well as amphibolite-rocks
of similar origin to the potential sites in Estonia. Due to a very low porosity of 0.5%,
total flow is realized there through structures subjected to brittle deformation, that is,
induced and natural fractures [21], similar to typical natural fractures in HDR granitic
rocks in the waorld. Drill bit seismics and vertical seismic profiling in OTN-2 revealed a
fissured structure with a dip of 44° ENE. The final trajectory of OTN-3 was continued
into this structure at a distance of 1 km. In June and July 2018, hydraulic stimulation
was performed in the interval of 5800-6100 m. During a 49-day period, fresh water was
pumped with a capacity of 400-800 m® /min, allowing wellhead pressure to fluctuate
in the range of 60-9%0 MPa [59]. In 2020 another stimulation was performed, pumping
about 7000 m* of fresh water through the 1300 m open hole. The stimulation zone is
characterized by a reverse faulting regime (unlike the regional strike-slip regime in this
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anea) |33], resulting in a preferred vertical direction of the propagation of the new induced
fractures. Information about the mechanism of stimulation in OTN-2 well is not available
in the literature; however, the world experiences in granitoids stimulation suggest that the
mechanism could be hydroshearing-slip and dilatation in the plane of natural fractures. The
discrepancy between the regional state of stress and the local actual state in the area of the
OTN boreholes may be an important hint for the designers of the potential HDR stimulation
technology in Estonia, drawing attention to the fracture propagation directions in the rock
mass and thus the quality of connections between injector and producer wells, At the same
time, it appears that the local reverse faulting regime could impede the use of a single well
EGS arrangement as in the GeneSys Hannower project [13,16]. The horizontal propagation
of the inducted fractures could restrict the flow bebween the stimulated rock horizons in
the vertical well. It is worth mentioning that in the ST1 project, a system of so-called “Road
Lights" was implemented, consisting in special procedures for responding to the revealed
seismic events. Reaching an event magnitude above 2.1 means that the operation is aborted.
More than 50,000 microevents below magnitude 1.9 have been recorded so far. Lessons
learned from the failure of “cyclic soft stimulation” in Phoang [24,60] and events in the
B51 well in Basel [22], as well as carrying out works at a great depth, could significantly
reduce the risk of relatively strong seismic events felt on the surface of the earth, as a result
of hydraulic stimulation operations. The ST1 project is currently being continued.

5.4. Poland

Poland is not included among the Baltic states in the political sense of the word;
however, in terms of considerations on EGS, it seems to be a good comparison anca, first
due to its geographical location, second as the former member of Eastern Block belonged to
the economic zone of the Couneil for Mutual Economic Assistance, which determined the
slower energy development compared to the countries of western Europe, and finally due
to the current rapid economic development, enabling the allocation of significant funds
to renewable energy sources. Despite significant changes in the Polish energy sector in
recent years, fossil fuels still occupy the largest percentage share in the energy balance,
covering over 85% of the total demand (Figure 1). Due to the restrictive regulations
of the European Union in the field of greenhouse gas emissions, the desire to reduce
the consumption of fossil fuels in the overall energy balance and thus to reduce high
emission fees, a significant inerease in interest in renewable energy sources, including
geothermal and especially unconventional EGS-type systems, is currently observed in
Poland. The first steps in this direction wene made in the first decade of the 21st century,
when a preliminary scientific project was carried out to assess the thermal potential of
geological structures for the purposes of EGS in Poland [31], Three types of structures
were considered: crystalline bedrock, volcanic rocks under the sedimentary cover and
sedimentary basins. This project was based on analyses of the Earth’s crust lemperature
and heat flux density maps. Additionally, a series of field geophysical studies, laboratory
tests and numerical simulations were carried out, which allowed several prospective areas
to be identified [3,31].

The highest heat flux density of earth in Poland is observed in the western and central
parts of the country [61]. The values correlate well with the crustal lemperature at a
depth of 2 km [62]. Geothermal gradients and heat flow anomalies are higher than the
corresponding values in the most promising areas of Lithuania, Latvia and Estonia. In this
area, the Permian trachyandesites of the Gorzow Block were deposited (Figure 7, Table 2),
This formation is located at a depth below 4300 m, is characterized by large thickness, and
contains gas bubbles, which ensures good prospects for fracturing. The location described
shows a meaningful analogy to the GroB Schisnebeck reservoir near Berlin, where the
geothermal gradient is 3.5-4.0 *C/100 m, and the temperature at a depth of 4.3 km reaches
approximately 150 °C [31,63].
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Figure 7. Prospective areas for conventional and unconventional geothermal energy utilization and
Earth’s heat flow density in Poland against the background of simplified geologic setting (based
an [31,61,64]).

Table 2. Selected parameters of the potential EGS sites in the countries of the south-east Baltic basin

Heat Flow Target Depth, £
Geeothermal Cradient, Lithology,
Potential EGS Site “CI 1000 m A n,'l'ru:prmm, Strati hy References
mWim C
Femaiciu Naumiestis intrusion A0, symogn}
é (N, south of Klaiped 540 H3-100 1% porphyric quarte [41,65]
Precambrian batholith, south below 1740, infrusive igneous
i of Liepali up b 35 No data 1400 at 4000 * h [44.55]
3 Precambrian batolith, center and below 1500, infrusive igneous
south of the country up to33 ool 140 at 4000 * rocks 1)
= 26-28 in sedimentary 4000,
Nndmnndmro[ﬁumnmr. e 4050 R Ty g i Pt F 49,6765
5 Procambaion basemvnt 14 in the Precambrian g on the site
N infrusive lw'ml:ll.l:
“'mm“ “ 65 ""l"gl rocks, [31,61]
couniry Carbonif
Gorzow Block A3 trachyandesites,
NW of the cointry 35-40 105 160 Pormisn 161
: sandstonis,
Mogilno-Lidi Trough up o 34 i the best SO00-A50C,
5 country cenker target arca 0 165-195 ";;':‘“‘““'ﬁ : [3161,69)
sodimenits,
Secsecin Trough 5000, .
NW of the country up o E5-100 above 150 cmmm [s1.6569]
Upper Sikesian Block 5000, clastic deposits of
S of the country pcs — 170 Catboniberons 120370

* Caleulated taking inte account the given thermal gradient, ** Caloulated based on data from [£9]
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Two potential EGS areas were identified in the Polish Lowlands: the Seczecin and the
Mogilno-Lad# Troughs. The first one forms a fold element elongated along the NW-SE
axis, covering the Zechstein-Mesozoic complex, This structure was influenced by the black
tectonics of the basement as well as by halokinetic movements, which mobilized Zechstein
salts [71]. In the Szezecin Trough, the EGS prospects concern the Permian or Carboniferous
strata, located more than 5000 m below sea level, with temperatures exceeding 150 “C [3].
Potential petrogeothermal reservoirs in the Mogilno-Lod# Trough area comprise Lower
Triassic, such as the Buntsandstein formation of claystone and siltstones with limestone and
sandstone beds located about 5700 m. The compact sandstones of Lower Buntsandstein can
be considered as having the EGS potential, due to their thicknesses locally exceeding 1500 m.
The Middle Triassic limestones and marls (Muschelkalk), are significantly less thick, up to
300 m. Upper Triassic clastic sediments and evaporates (Keuper) and clayey sandstones
(Rhaetian) form a complex of 2400 m thickness [63]. In addition, extensive massifs of
igneous rocks situated in southern Poland are considered suitable for ECS technology.
The most promising is the Karkonosze granitoid pluton in the Sudeten Mountains, with a
geothermal gradient of approximately 40 “C/ 1000 m, and temperatures reaching 160 °C
at 4.0 km below ground level [31]. An intense heat flux is typical for the Variscan fold
belt and in the northern zone of the Lower Silesian internides. The Upper Paleozoic,
Devonian and Carboniferous sediments form a continuous cover on the Precambrian and
Lower Paleozole complexes. In the Upper Silesian Coal Basin, the deeper part of the
Carboniferous profile consists of carbonates and clastic, flysch, and molasse sediments.
Carbonates are 200 to 1500 m thick, while Carboniferous clastic sediments, which form a
petential petrogeothermal reservoir, reach more than 5000 m in thickness [72].

6. Discussion

For the analyzed region of Europe, the lowered primary heat flux density is specific
as a result of the paleoclimatic effect associated with the youngest ice age, when the ice
cover cooled the surficial layers of the earth’s crust for tens of thousands of years. This
effect is observed at least to a depth of 1000 m [53]. However, the distribution of the
geothermal gradient and the heat flow density in this region do not differ significantly from
the values measuned in Western Europe, especially in the Rhine Graben, and significantly
exceed the thermal conditions parameters for Finland, where the EGS project is currently
being developed (Tables 1 and 2). HDR-type rocks, characterized by low porosity and
permeability, are found in each of the countries analyzed. Pruﬁpecﬁ\re areas in Poland,
ie, the Gorzow Block, the Szezecin and Mogilno-Lodz Troughs and the Upper Silesian
Block, are located in the eastern margin of the Western European Paleozoic Platform,
where prospective EGS rocks are tight sedimentary rocks, volcanites and granitoids in the
Karkonosze region. In the Baltic countries (Lithuania, Latvia and Estonia), the potential of
HDR lies in the erystalline basement. The thickness of the overlying sedimentary formations
decreases eastward, from just over 2000 m in the western part of Lithuania to less than
500 m in the Estonian Laeva (Figure 8).

Prospective hot dry granites and volcanites in Poland are deposited at a depth of about
4000 to 4300 m, which is a similar depth range as EGS installations in Grog Schinebeck and
shallower than in Soultz-sous-Fordts, The temperature of the target zone, caleulated from the
geothermal gradient {3540 “C/km), is comparable to the eastern Germany EGS sites (about
150 °C), and significantly exceeds the temperatune in Espuu (Finland) (Tables 1 and 2). The
tight sedimentary formations of Poland in Mogilne-Lod2 and Szezecin Troughs are located
deeper (5000 m to over 6500 m) comparable to the crystalline basement target zone in Espoo
and porphyric granites in Rhine Graben; however, they are warmer than the rock of Finland
(much above 150 “C), and at the deepest parts reach predicted temperatures similar to those
in Soultz-sous-Foréts (up to 195 °C).
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Figure 8. Simpliﬁad lithostratigraphic Frnfjla. of selected aneas in Baltie countries. Based on [31,63,73-75],

The top of the intrusive igneous rocks, which are prospective formations in Lithuania,
Latvia and Estonia, are deposited relatively shallow (from about 2500 m in Latvia, to about
500 m in Estonia, FI'HIJJE 8); however, In-ukins at the Fulhermal g‘ra.diaenl: and thermal
heat flow data at these depths, temperature there is too low for the implementation of
profitable collectors. Higher temperatures are reached at a depth of 4000-5000 m, where
predicted values are comparable to temperatures in western Poland and eastern Germany
(150 “C}. This does not apply to Estonia, where a geothermal gradient in the range of less
than 26-28 “C/km, determines a temperature in the range of 58-73 “C at a depth of 4000 m,
which means conditions similar to those in Finland,

The predicted regional tectonic regime in prospective Polish locations is normal with
a strike-slip component [3,76,77], which in general corresponds to the regime in western
Europe. A separate issue is the local tectonic conditions, in particular the development of
faults and natural fracture zones, affecting the directions of fracture propagation during
the fracking operation. These conditions in the discussed countries, especially in Lithuania,
Latvia and Estonia, have not been sufficiently recognized, creating one of the main barriers
to the development of EGS pilot projects in these countries. Detailed recognition of local
geological and tectonic conditions is possible after drilling the well to the appropriate
expected target depth and performing well logging, as well as a set of laboratory measure-
ments including rock mechanics tests on the core samples. 5o far, such deep exploratory
wells have not been drilled. The analyses can be and usually are based on data from
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hydrocarbon or geothermal wells; however, they usually do not reach the target depths for
EGS technology, and the extrapolations may be fraught with significant errors.

For Poland, a recent tectonic stress regime was designated, based on analyses of
hydraulic fracturing of borehole walls [76,77]. However, these studies concern only se-
lected areas that do not correspond well with the potential areas for EGS in this country.
Furthermone, the methodology of this research was undermined by other authors |78],
who pointed out that the results obtained do not justify drawing conclusions for the entire
country, or even on a regional scale,

In order to deepen the knowledge about the geothermal conditions of south-east
Baltic basin countries, clnﬁel}r related to !'EEiEI‘I.iIJ. and local Eenlngir;al,.l" thermal conditions,
laboratory tests should be performed including measurements of core samples from the
target zones. In particular, thermal and petrophysical parameters should be assessed,
including thermal conductivity, rock fracture conductivity, rock strength (UCS, Young's
modulus, Poisson's ratio in the reservoir conditions), and field testing should be conducted,
i.e., minifracs to determine instantaneous shut-in pressure, corresponding to minimum
principal stress. and analysis of tensile fractures to designate the rock anisotropy.

In the context of the development of EGS, the legal aspects of hydraulic fracturing
operations in geothermal wells are also of key importance. In the individual analyzed
countries, the legislation is very diverse: while in Poland and Estonia HF operations are
allowed by law, in Lithuania there are heavy restrictions, and in Latvia the situation is
not chearly standardized. Despite the uncertainties mentioned above, including technical
difficulties, lack of research data and cost intensity, the development of EGS technology
seems inevitable. Currently, Eastern European countries cannot afford to increase their
dependence on energy from any other country, hence the development of unconventional
technologies, including EGS, can greatly help in the pursuit of full energy independence.

7. Conclusions

The south-east Baltic Basin countries [Lithuania, Latvia, Estonia and Poland), as former
members of the Eastern Bloc, are not as well developed in terms of power engineering
as the countries of western Europe. In 2022, the conflict in Ukraine made it necessary
to significantly intensify the diversification of energy sources and increase the use of
rencwable energy, including EGS in these countries. In this paper, a wide set of the latest
available literature data on potential areas for EGS technology in these countries were
compiled and compared with the respective data from western European EGS sites.

As a result of the paleoclimatic effect associated with the youngest ice age, the south-
east Baltic basin area is characterized by a lowered heat flux density, the highest values
of which were recorded in Poland and Lithuania (65-105 mW,/m?®). Heat flux density
decreases towards the north-east, to 4050 mW/m? in Estonia. The distribution of the

ermal ﬂT.‘I.d:i.ent shows a similar trend, from 3545 “C/km in Poland and the western
part of Lithuania {which is comparable to the values in the western Eurcpean ECS sites-
GroB Schinebeck and Soultz-sous-Foréts), to below 30 “C/km in Estonia. In Poland, the
prospective HDR-type formations of the Gorzow and Silesia Blocks, Karkonosze Moun-
tains, Mogilno-Lodz and Szczecin Troughs are associated to volcanic, intrusive and tight
sedimentary rocks, petrophysically similar to HDR in western Europe.

In Lithuania, Latvia and Estonia, HDR potential is shown by the crystalline basement,
located in the west and south of each of these countries. Local tectonic conditions, in
particular the development of fault and natural fracture zones in relation to the necessary
hydraulic fracturing operations have not been sufficiently recognized, creating significant
barriers in the development of EGS pilot projects in these countries. In addition, deep wells
reaching potential target zones have not yet been drilled, especially in Lithuania, Latvia
and Estonia, hence the detailed analyses require extrapolation of data from shallower zones.
These issues present challenges for the researchers, especially in lerms of detailed thermal
and petrophysical analyses of target zone rocks and local stress state conditions, having a
key impact on fracturing operations and the profitability of the system.
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Fracking operations in the Baltic states are not completely banned as in western Europe.
[t seems that the main factor holding back the pilot projects is the relatively high costs of
this type of investment, which must be covered by the investor, which in most cases is the
State Treasury. We remain hopeful that, in light of the political and economic situation of
Europe in 2022, the authorities of individual countries will decide to start pilot work in this
type of installation and EGS will be able to be further refined to ensure stable supplies of
clean energy for future years.
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Abstract:

Enhanced geothermal systems in hot dry rocks are among the most promising sources
of green encwable energy, with increasing interest in Central and Esstern Europe. The
effective implementation of enhanced geothermal sysiems in new arcas is based on the use
of insights from ongoing projects. particularly in the study of petrophysical properties and
reservair stimulation iechnologies. This study aimed to characierize hot dry rocks in Central
Europe by analyring permeabality, porosity, mineral composition. elastic propertics, and
britileness index o assess their suscepiibility to hydraulic fractuning. Drill cone samples
were collected from three formations: granites from the Karkonosze Mountwins, volcanic
rocks from the Goredw Block, snd tight sandstomes from the Mogilno-Eodd Trough.
The results mdicated that the petrophysical propertics and mimeral compositions of these
rocks are comparable (o the comesponding Western European formations. Allered granites
and some volcanic rocks showed significant decreases in wave velocities compared 1o
intact samples, while sedimentary formation cxhibiied lower elastic moduli, indicating
less favorable conditions for the development of the fracture network. Dynamic elastic
tests suggested that brittlencss index imscrpretation should differ between sedimentary
and igneous hot dry rocks. In sedimentary formations. high bobtleness index valoes
indicate zoncs with clevated potential for complex fractune petworks, aligning with the
clussic brinleness index concepl. On the contrary, in igneous formations, low bntlleness
index values ndicate zones of alteration and well-developed natwral fractures, which ane
beneficial for hydrosheanng stimulation.

1. Introduction

achieve. This complicaied political amd energy situation in

Ambitious EU climate neutrality plans have changed the
European approach to energy production. The development of
emission-free energy solutions including solar and wind power
planis, biomass and peothermal power planis related to these
ever tightening commitments was additionally acoelerated by
the emergence of the conflict in Ukraine, when European
states leaders realized that even a temporary return fo energy
import from the east, in the near future, will be difficult 10

Europe has resulted in strengthening the diversification of
imports and encrgy production. One of the renewable encrgy
branches that is currently sccelerating is the oblaining energy
from petrothermal resources, e, from deep impermeable or
low permeable rocks, more commonly known as hot dry
rocks (HDR) in geothermal systems of artificially increascd
permeability, known as enhanced geothermal systems (EGS).
EGS have been known and developed throughout the world
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since the 1970s (Tester et al., 2006; Moska et al., 2021). In
Western Europe, primarily in France and Germany (Huenges
¢t al., 2007; Blicher et al, 2016; Vidal and Genter, 2018),
petrothermal power plants supplied cleciricity and heal 1o
the local grid for several vears (BESTEC GmbH, 2024a.
2024b). In Central Europe, one of the first research projects
on EGS were launched afier 2010 in Poland, when the thermal
halance potential of prospective geological structures for the
necds of EGS was assessed (Wajcicki ef al., 2013 In the
next vears, the state of knowledge was updated, and other
prospective areas were considered (Sowizdzal et al., 2021;
Labus ¢t al., 2023}, as well as, preparation of the fracturing
technology elements for sclected arcas is currently underway
(Moska et al., 2021, 2023),

Extracting petrothermal energy from BEGS, unlike con-
ventional hyvdrothermal systems, requires hydraolic fractuning
{HF} in the reservoir o create conductive fractures conmecting
injection and production wells. HF operations, as the reservoir
stimulation methods have been widely known for over 70
years, however, since the 1970s they have also been wsed
1o create underground heat exchangers in HDR, The aim of
HF in unconventional reservoir, e.g., shales, is to oblain the
besi possible connection beiween reservoir and wellbore, ie..
obtaining a high stimulation reservoir volume ( King, 20010, to
allow the pas to migrate from high volume of reservoir rock
into well. In EGS, the purpose is to hydraolically connect
two or more wells, to ensure cconomic and stable production,
without causing premature cooling of the formation due to
thermal short-circuiting {McClure and Home. 2014). Unlike
shale gas reservoirs. the main conductivity in HDR igneous
formations is mainly provided by onginally closed natural
fractures (Tester et al, 2006; Bauwjard et al.. 2017; Vidal
and Genter, 2008}, Naturally fractured rocks are characierized
by a lower stremgth compared 1o the corresponding solid
ones, resulting in lower breakdown pressure during stimulation
treatment. Natural fractures are activated by shear forces in
the hydroshearing mechanism, whereas other fracturing mech-
anisms are in minorty and support the connecting of natwral
fractures by artificial ones (mixed stimulation mechanism)
{McClure and Horne, 2014). The thermal comtrast of the cold
waler pumped into the HDR reservoir causes the rock o
contract, opening natural fractures. The vertical principal stress
temporally decreases, which facilitates slippage on the fractune
surface under the influence of horizomtal stress. The fractune
surfaces remain displaced and conductive without the use of
proppant afier pumping has stopped. There is also no risk
of embedment phenomena, which can significantly reduce the
conductivity of propped fractures in ductile rocks (Mastowski
and Labus, 2021,

The design of HF is unique 1o the specific reservoir and
well. The basic data necessary to complete the HF project
include (Kasza, 2019):

1) Borehole dat: Depth, well construction iwellhead param-
elers, pipe and cementing durability, drilling mud type).
types of works, operations and measurements performed
in the well.

) Reservoir datzz Rock porosity, permeability, thickness,

temperature, pressure, saturation, rock mechanics prop-
ertics, mineral composition, skin effect, and principal
siresses,

Information abowt the mechanical properties of the reser-
voir rock, together with the stale of stresses, allows (o deter-
mine the energy needed o create or reopen the Tractune, as
well as its length and width. The Poisson’s ratio (v) reflects
the rocks” ability 1o fail under stress (Rickman ot al., 2008).
As the v increases, the breakdown pressure and fractune
closure pressure increase, thus the low v rocks ane easier (o
fracking. On the other hand, Youngs modulus (E) describes
the rocks” ability to maintain the fracture. As E increases, the
fracturing pressure and fracture length increase, whereas its
width decrease, E is used 10 caleulate fracturing pressure and
fracture height profile.

Susceptibility for HF in the reservoir can be described by
brittkeness index (BI) (Zhang et al., 20016} In oil and gas
industry, BI is used to select the sweel spols-most promis-
ing imervals for perforation. manly in the ancomventional
reservoirs (e.g., shales). A rock with a high Bl in general is
characterized by propertics that allow 1o create the relatively
widespread network of fractures, defined by high stimulated
reservoir volume parameter. Reservoir volume parameler is
the volume of the hydraulically stimulated rock, calculated
based on microseismic events recorded in monitoring wells
(King, 2010}

The aim of this paper is o characterize HDRs in new
prospective areas in Central Europe on the example of Poland,
in terms of their petrophysical and mechanical propenties in re-
lation 1o HF operations, that could be performed in promising
EGS projects in the fuare. Such a characterization, including
petrophysical, petrographic parameters and HDR brittleness
indices of Central Europe, has not been published before.
The arca of Poland s charscterized by a high geothermal
gradient compared the other countries of the south cast Baltic
basin, us well as relatively high heat low anomaly (Moska et
al., 2023). The geology of the country is also relatively well
explored in terms of conventional geothermal energy, whereas
preliminary rescarch work on EGS has been camried ont for
several years (Gorecki et al, 2003, Wajeicki et al, 2013;
Moska et al., 2021; Labus et al.. 2023} The work was prepared
based on a review of the literature on research on EGS in
Poland and Western Europe. HDR characterization based on
laboratory measurement included main reservoir data necded
for HF design, ic., rock permeability and porosity, mincral
compaosition, and rock elastic parameters determined using
ultrasonic method in simulated reservoir conditions. Such a
sel of dynamic elastic data, supported by petrophysical and
petrographic characteristics of new  prospective arcas, can
constituie the basis for modeling the geometry of hydraulic
fractures. Finally, a comparison between Western European
and prospective Polish HDR parameters and indications con-
cerming laborstory ulirasonic-based rock mechanics testing of
HDR were formulated.

2. Materials and methods
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Fig. 1. (a) Tectonic sketch map of Central Europe with recent tectonic regime in principal structural units and Incation of current
and prospective EGS. Maodified after (Grilnthal et al., 2018). BF-black forest, BRTZ-Bresse-Rhine transitional zone, BF-Black
Forest, BRTZ-Bresse-Rhine transitional zone, CG-Central Grahen, DB-Doggerbank, EG-Eger Graben, HD-Hessian depression,
HG-Horn Graben, HZ-Harz mountains, LBM-London-Brabant massif, LG-Leine Graben, LRG-Lower Rhine Graben, LST-
Lower Saxonian lectogene, LU-Lugicum, MRZ-Middle Rhine zone, PT-Polish trough, TB-Thuringian basin, TF-Thuringian
Forest, URG-Upper Rhine Graben, ¥-Vogtland, VG-Vosges, EGS: GH-GeneSys Hannover, G5- GroB Schinebeck, IN-Insheim,
L-Landau, RI-Rittershoffen, SSF-Souliz-sous-Foréts and (b) location of the sampled boreholes in the background of the heat
flow map of Poland. Yellow dots/description-boreholes; white dashed lines-boundaries of geological regions considered. Based

on (Szewczyk and Gientka, 2009; Kamkowski, 20100

2.1 Research area

Based on the lileratre, three prospective HDR were se-
lected for this study: Karkonosze granitoid pluton of Pennsyl-
vanian age, located in the Sudeten Mountains (Czech-Polish
border), Permian volcanic rocks of the Gorzow Block German-
Polish border, and Lower Triassic sedimentary formation of
the Mogilno-bEodé Trough ansa (Central Poland) (Szewczyk
and Gientka, 2009; Karnkowski, 2000; Wdéjcicki et al., 2013;
Moska et al., 2021, 2023 Sowizdzat et al., 2021; Labus et
al., 2023) (Fig. 1). These sites are well documented geologi-
cally and are characterized by elevated Earth's heat flux, which
results in elevated temperatures in target zones. The structures
considered are situated at the depth of more than 4,000,0 m
and characterized by typical HDR petrophysical parameters,
including low porosity and permeability. Since the potential
target zones in these structures were not previously accessible
by deep drilling, it was decided to collect samples from
shallower depths in existing wells. The Karkonosze granitoid,
sampled in the Czerwony Potok PIG-1 (CP-1) borehole is rep-
resented by gray-pink, mediom to coarse-crystalline granite,
moderately fractured, with pegmatite veins. The volcanic rocks
from the Gorzdw Wielkopolski-2 (GW-2) and Jeniniec-4 (1-4)
wells are red-pink and brownish rhyolites with white calcite
veins. Sedimentary rocks from Piotrkdw Trybunalski 1G-1
borehole (PT-1) are represented by fine 1o medium-grained,
red and gray sandstones with subhorizontal lamination. The

recent tectonic regime in the main structural wnits in Central
Europe and the locations of the boreholes are presented in Fig.
I. Basic data regarding the samples are presented in Table
I, and the appearance of the rocks is shown in Fig. §1 in
Supplementary file.

2.2 Sample preparation and characteristics

Cylindrical samples with a diameter of 2.54 cm (1 inch)
and a length of 5.08 ¢m (2 inches) were cul from the drill cores
in the vertical direction (along the borehole axis) to reflect the
variation of vertical and horizontal stresses in triaxial rock
mechanics tests (Fig. 2). Samples were cul out according to
ISEM suggesied method (Ulusay and Hudson, 2007

2.3 The research cycle

The research was divided into the following stages (Fig. 3k
Core sampling, basic petrophysical and petrological measure-
ments, and ultrasonic core testing. The results can be used in
HF projects in the ancas considered, and they also provide the
possibility of comparison with data from other EGS around
the world.

231 Mineral composition

The mineral composition of the samples was determined
based on the X-ray diffraction method using the D2 Phaser
apparatus by Bruker (Germany -(CuKe lamp, voltage 30 kV,
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Table 1. Summary of data on the samples analyzed.

MNumber of

No.  Location/Borehole Depth intervals {m) sacupies Stratigraphy Litology

I Karkonosze Mountains'Crerwony Potok PIG-1 137.80-183.86 38 Pensylvanian ~ Ciranite
3,348.0-3,356.0 8 Rotliegend Rhyoli

2 Goréw Block/Gorzéw Wiclkolpolski-2, Jeninicc-4 el
3,264.0-3.277.0 ] Rotlicgend Rhyolie

3 Maogilno-Lodi Trough/Piotrkdw Trybonalski 1G-1  3.912.5-4,286.0 9 Lower Trinssic  Sandstone

Viertical cone plug

d=z5d4 mm |5
1y~ .

a0 mem | |
{2 in.)

(a) (b)

{c) {d) ()

Fig. 1. (a) Dimensions of the sample. Samples were cul perpendicular 1o the lamination (along the borehole trajectory). Sv
is vertical principal stress, Sy is maximum horizontal stress, 5, s minimum horizontal siress. Sy > Sy = 8 is exlensional
tectonic regime, conventional triaxial stress state. Samples prepared for laboratory tests: (b)) granite, (c) sandstone, (d) and (e)

thyolite.

current 10 mA, 26°-62°, step 0.020°. Quantitative analysis
conducted using the Rietveld method was supported from
HighScore Plus software by Malvermn Panalytical (UK).

2.3.2 Effective porosity and densiiy

Effective porosity is defined as the ratio of the pore volume
of the rock 1o the total velume of the rock. The method used to
measure the porosity coefficient does not take into account the
morphology of the pore space and the separated pore space.
The values presented in the paper were obtained by the HPG-
100 helium porosimeter, from EPS (UK). The measurement
consists of regisiering the pressure drop of a known volume
of helium after it is injected into the chamber with the core
sample. The grain density and the bulk density were calculated
based on the effective porosity resulis.

233 Permeability

For each sample. the absolute nitrogen permeability was
determined as the arithmetic mean of at keast seven measure-
ments of permeability at different inlet pressures (from lowest
to the highest), with the input nitrogen pressure ranging from
1 10 7 bar The determination coefficient R? for the set of
at least 7 measuremenis was assumed io be at leasi 0.99.
The permesbility coefficient was determined wsing DGP-100,
using the EPS {Aberdeen, UK) digital gas permeameter and
calculated based on Eqg. (1)

k=R 2 )
A FE-H
where k is absolute permeability, mD: g, is nitrogen dynamic
viscosity in test temperature, cP; (0 is nitrogen flow, mifs; Py
is inlet nitrogen pressure, atm; £, is outlet pressure, atm; A is
face area of the sample, em®; [ is length of the sample, em.

234 Rock mechanics

Laboratory ultrasonic methods of the rock elastic parameter
measurements has been known and used for several decades.
Unlike classical methods of static stress and strain relations,
elastic wave propagation is nondestructive and
in reservoir conditions relatively well reflects the wireline
acoustic logging. The differences are mainly in the frequency
and in scale effect. Moduli from static tests can be converted
into dynamic ones and vice versa. Correlations between these
moduli have been developed and updated for years, according
to the rock type and range of values (Davarpanah et al., 2020).

Ultrasonic velocities in the rock are influenced by numer-
ous factors including: stresses, temperature, fuid saturation,
anisotropy, wave frequency, and their combinations. In general,
the velocity increases with confining pressure and differential
pressure, where cracks and fractures play an essential role in
this increase. Waler saturation makes it difficult to compress
the rock, which increases the velocity of the P-wave. Satu-
ration does not affect the S-wave velocity, and the observed
effect is due to the densiiy of the rock. The velocity increases
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Fig. 4 Acoustic velocity system setup. l-core sample, 2-
titanium spreader, 3-piston/ransmitier, 4-receiver, S-rubber
sleeve, G-core holder, 7-pore pressure inlet, S-wireline in-
let, 9-hand pump, 10-pressure accumulator, 11-pulser, 12-
oscilloseope, |3-data acquisition.

with the viscosity of the pore fuid. Anisotropic grain armange-
ment, lamination or preferred cracks and fractures orentation
cause velocities o vary depending on direction. An increase
in temperature by 100 *C causes a decrease in velocity by
only a few percent. The velocity depends on [mequency in
an attenuating medium and thus increases slightly with it
{Bourbié et al., 1987).

Rock mechanics experiments were carried outl on the
Acoustic Velocity System AVS-700 by Vinci (France), a device
for determining the velocities of elastic waves in reservolr
conditions (Fig. 4). The device is equipped with piezoelectnic
transducers, operating at a frequency of 500 kHz, penerating
and receiving longitadinal (P) and shear (5) waves. Core
samples were tested under comventional triaxial conditions, at
iemperatures up 1o 140 °C and pore pressures up to 55 MPa.

Based on waves velocities, the dynamic elastic parameters
are calculated using:

1 Vi,
LI il g
A @)
==y
b=
Vi
VR +v)(1-w)
SRy, s
G=pVs i4)
3 4.3
K:p(VF'—EVg‘) {3

where Vip is P-wave velocity, més; Vs is S-wave velocity, m/fs;
v is Poisson's rato; E is Young's modulus, GPa; p is bulk
density, gfem’; G is shear modulus, GPa; K is bulk modulus,
GPa.

For the purpose of this paper, based on the data presented
by Wijcicki et al. (2013), the following depths of HDR
target rones wene assumed: granite of Karkonosze Moontains-
4,000 m, rhyolite from Goredw Block-4, 300 m and sandstone
from Mogilno-Eodi Trough area-5,000-6,500 m. The tectonic
regime in Poland, according to literature (Jarosinski, 2005;
Zuchiewicz et al., 2007; Moska et al_, 2021) can be assumed as
normal with strike-slip component or strike slip, which means
that in the first case the principal vertical stress Sy, exceeds the
maximum horizontal stress Sy, where the difference between
Sy. and Sy, could be relatively small, and in second case,
maximum horizontal stress Sy exceeds vertical stress Sy,
Due 1o the fact, that rocks ail these depths have nol been
drilled so far, and reservoir or tectonic data ane not available,
it was assumed that the average rock density is 2.4 glom’
(Jarosinski, 2005). Therefore, the vertical principal stress Sy
is equal toe 96 MPa, 103 MPa and 120-156 MPa for the
Karkonosee Mountains, Goreow Block and Mogilno-bode
Trough areas, respectively. Temperatures al the targel rone
depths, based on heat fux density in Poland (Wéjcicki et
al.. 201 3), were assumed to be 165, 160 and 165-195 °C for the
respective areas mentioned above, Since the assumed pressune
and temperature exceeds the maximum measuring ranges of
the laboratory rock mechanics setup used in our experiments,
it was decided that the ultrasonic tests would be performed (o
the maximum capabilities of the device.

The testing methodology was adopted to enable com-
parison with the stafic stress-strain tests. Since the depo-
sition depth and tectonic conditions of tested HDR were
determined based on the assumptions, ultrasonic ests were
performed under a wide range of pressure conditions, from
ambient 1o reservoir conditions. Samples were tested under
dry conditions, therefore, confining pressure equaled effective
pressure. The methodology was adopted from the proposed
methods o determine the strength of rock materials in triax-
ial compression (Ulusay and Hudson, 2007). At first, axial
and radial stresses of 15 and 30 MPa were applied under
hydrostatic conditions, then axial stresses, were increased. In
hydrostatic conditions, axial and radial pressures were applied
simultaneously, from ambient pressure to 55 MPa (Fig. 5).
For each radial pressure condition, i.e.. 15, 30 and 55 MPa,
measurements of at least four samples were performed. Each
core sample was used for testing and compressed only once
ifirst load test). A total of 64 samples were tested,
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Fig. 6. Permeability-porosity-based classification of the
geothermal rocks analyred, compared to other European for-
mations. Based on Surma and Geraud (2003}, Sausse et
al. (2005); Moeck (2014); Sowizdzal et al. (2022).

2.3.5 Brittleness calculation

Rock brittleness is an important rock property nelated o
the behavior of rocks during fragmentation and the energy
consumption in this process, The definition of BI, an important
parameter for chamcierizing the fragility of a rock mass has
changed over the years, The concepis were based on siress-
strain (Andreev, 1995), energy balance analyzes (Tarasov and
Potvin, 2013), Lame’s parameter Ap-up crossplol studies
(Goodway et al,, 2010} and the composite method (Mullen
and Roundiree, 2007). However, currently the most popular
Bl definitions are based on: relationship of brittle and ductile
minerals in mineral composition (Jarvie et al., 2007; Wang
and Gale, 2009; Jin et al., 2014a, 2014b), and relationship of
Young's modulus 10 Poisson’s ratio of the rock (Grieser and
Bray, 2007; Rickman et al., 2008; Wu et al., 2019; Moska
et al, 2021). The mineral composition Bl concept is hased
on distinction between brittle (the most frequent quaertz and
dolomite) and ductile minerals coment (clay minerals, calcile
and total organic carbon). Mineral Bl may vary significantly
for the same rock depending on the adopted Bl definition:

Q

_ (3
@+D+C+G ©

Blhnl =
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Blyin = (8}

where Bl is brittleness index; uleTs.ymhms cormespond weight
fraction of: Q is quartz, D is dolomie, C is calcile, C is
clay minerals, Fy is plagioclase, Ky is potassium feldspar, M
is brittle mica, T is weight fraction of total minerals.

The mineral Bl is in range between O and 100, where
values near [ correspond to purely ductile rock, and near 100
mean purely brittle.

The clearer resull is provided by BI based on E and
v parameters. In this case, the key to determine reference
minimum and maximum E and v values in relation to all rocks
found in nature:

YMpu + PRm

Bloricer = 3 (9}

whene

YM — YMpin
YMumax — YMuin

PR — PRuux
PRy = [ 100% (1)
where YMp; is Bl from E, PRp is Bl from v, YM is measured
E, PR is measured v. YMpin, YMugs € [0,10] and PRy,
PRy £ [0,0.5).

YMuin, YMume, PRuin, 80d PRous are constants, defining
minimum and maximum values of obained results, which
corresponds to values from O o 10 Mpsi ((-68.95 GPa) for
E and from 0 1o 0.5 dimensionless for v. Bloges is in the
range between 0 and 70, where values near zero means fully
ductile rock, whereas near 70 fully brittle rock. The key fuctor
for a proper estimation of BI is to adopl the minimum and
maximum values of E amnd v to compare the rocks witch each
other. Some authors suggest using other reference point values
{Rickman et al., 2008): YMyip, YMy, < [1,8] (Mpsi) (6.895,
55.16 GPa) and PRyin, PRy € [0.15,0.4]:

YMp = = 100%: {10y

Bliickman = > (E — 287+ 102) (12)

Wu et al. (2019) proposed narrower values, however
they analyred Bl of the steam coal samples, which can
be considered as a special case. Regardless of the method
of BI definition, brittle rocks typically exhibit a unique set
of features incleding low elongation upon load application,
higher ratio of compressive strength to tensile strength, and
higher internal friction angles, which favors the formation of
extensive fracture networks in such rocks (Zhang et al., 2016).
Therefore, Bl can be used 1o compare rocks of the same
type from different locations, in terms of their elastic features
connected with susceptibility (o fracking. This group also
includes HDR, both igneous, and sedimentary formations
similar to tight gas sandstones.

Despite the confirmed usefulness of Bl in shale gas de-
posits, some authors noted that this parameler may not be
appropriate for characterizing the brittleness of other rocks
in certain circumstances, and its definition 15 imprecise (Her-
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Fig. 7. Samples from: (a) The Karkonosze Mountains (CP-well) in the background of the QAP classification diagram, (h) the
Gorzow Block (GW-2 and J-4 wells) in the background of the QAPF volcanic classification diagram and (c) the Mogilno-Eod#
Trough arca (PT-well) in the background of the QFL classification diagram.

wanger et al.. 2015: Holt et al., 2015} Bai (2016) points out
that brittle formations do not equate to formations that are
easier o fracture, since the briitle rocks may have greater
strength under higher confinement, ie., are more difficull (o
fracture, and vice versa. The brittleness and ductility of the
formation also cannot be related 1o the £ and v parameters,
since uniaxial compressive strength or fracture toughness gives
better relation.

HDR differs significantly from uncomventional shale or
tight gas deposits. In HDE. especially granite. the major role in
conductivity between wells is played by natural fracture zones,
which can be stimulated (artificially widened and enlarged) in
the hydroshearing mechanism. The strength of these zones,
measured as uniaxial compressive strength, can be critically
lower than that of the surrounding unfractured rocks. Bl based
on the £ o v ratio can account for nitural fracture zones, if
the data used are from a sonic log performed in fractured and
unfractured interval. If the data come from a laboratory small-
scale sample rock mechanics testing, the influence of natural
fracture zones can be harder o determine due o difficulties
in collecting samples with fractures, as well as in the westing
itself,

This article presents selected methods for calculating the
Bl index based on minerals and the £ 1o v ratio, developed
by various authors, In order to compare the obtained resulis
with each other and compare with the presented literature
data, methods suggested by Grieser and Bray (2007); Jarvie
et al. (2007} Rickman et al. (2008); Wang and Gale (2009);
Jin et al. (2014a, 2014b) were used.

3. Results and discussion

3.1 Permeabhility, porosity and density
measurements

Rocks tested at all locations are charactenized by low
effective porosity and permeability. Granite from Karkonosze
Mis., as well as rhyolite from J-4 well in Goreow Block area
have the lowest porosity. The calculated average porosity in

this case is mainly namral cracks and fractures, and to a much
lesser extent the porosity of the skeleton. The intergranular
porosity in the sandsiones of the Mogilno-LodE Trough and
rhvolite from GW-2 well in the Gorziw Block translates
inte relatively small differences between the minimum and
maximum values obtained (Table S1, in Supplementary fike).
The average permesability values of all the rocks tested are
significantly below (.1 mD, and in the case of intrusive and
volcanic rocks most of the samples showed permeability below
the lower measurement range (0.001 mD). Bulk densities
comespond to the litersture values for relevant rock formations
{Bourbié et al., 1987 Plewa and Plewa, 1992). The petro-
physical parameters allow to classify all investigated rocks
to petrothermal formations (Fig. ). Granite from Karkonosze
Mis. have slighily lower permeability compared to the aver-
ape corresponding values of Souliz-sous-Foréts Carboniferous
granite basement. Sandstones from Mogilno-LodZ Trough are
characierized by relatively narrow distribution of parameters,
compared 1o sandstones from Grof Schinebeck, where the
permeability falls in the wide range of 001 o 100 mD (Fig.
6).

3.2 Mineral composition measurements

Fig. 7 describes the location of granite, rhyolite and
truchyandesite samples on the QAP diagram, as well as
sandstone samples on the QFL diagram. Statistical parameters
of the mineral composition can be seen in the Table 52 in
Supplementary file.

The Karkonosze granitoid pluton in the Sudeten Mountains
was formed in the Variscian orogeny 300-350 million years
ago. Samples collected from depth from 138.0 w 184.0 m,
represent a K-feldspar granite (Fig. 7(a)), where the dominant
role in mineral composition is played by albile (average
33.1%) wgether with orthoclase and microcline (average 1 5%-
199, respectively ). The average quarty content is 23% biotile,
illite, kaolinite and chlorite are in the minority. Volcanic rocks
from Gorzdw Block are mainty built of quarte (average from
22% 1o 38% for J-4 and GW-2 wells respectively ) and K-
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Fig. 9. Average compressional (Vp) and shear (Vi) wave ve-
locities versus axial effective pressure for Karkonosze Moun-
tains granitc (CP-1 well), Mogilno-Ladi Trough sandstones
(PT-1 well), and Gorzoéw Block rhyolite (GW-2 and J-4
wells), measured in traxial conditions. 138.0-144.0 m; 155.0-
158.0 m~depth intervals of granite samples collected. 3,912.5-
3977.0 m; 4,189.5-4 2860 m—depth intervals sandsione sam-
ples collected

feldspar (orthoclase for GW-2 well and microcline for J-4 well,
41% and 24% in average respectively), which allows them
o be classified in the QAPF volcanic diagram as rhyolite
and rhyodacite (Fig. 7(b)). They also contain plagioclase
(albite), clay minerals and others (Table 52, in Supplementary
file). Lower Triassic sandstones from Mogilno-Eod# Trough
contain mainly quartz (329 in average) and plagioclase (albine,
14% in average). They are characterized by a small amount
of carbonates, while clay minerals content (especially illite)
reaches a dozen percent (14% in average) These sandstones
can be classified as lithic arkose and feldspathic litharenite in
QFL diagram (Fig. 7(c)).

Fig. 8 shows a high mineral Bl for all types of the
considered rocks, except for rhyolite from J-4 well, for which
Bl can be described as average. Regardless of the calculation
method used, the Bl for granites and sandstones exceeds 0.7,
reflecting the high content of britthe minerals, especially albite,
microcling aml quarts in granites, quartz, potassium and alkali
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Fig. 10. Average dynamic clastic parameters versus axial
effective pressure for the Karkonosze Mountains granite (CP-
1 well), measured under triaxial conditions. 138.0-144.0 m;
155.0-158.0 m-depth intervals of the samples collected. E,
K, G-dynamic Young's, bulk, shear modulus respectively, »
dynamic Poisson’s ratio.

feldspar in sandstones, and quartz and alkali feldspar in rhyo-
lite from GW-2 well. It can be seen that method presented by
Jarvie et al. (2007) and the computational methods showed by
Wang and Gale (20089) give very similar results for the rocks
considered. Noticeably higher Bl values were obtained using
the equation of Jin et al. (2014a, 2014b), which results from
the highest content of minerals defined as brittfle. However, it
should be remembered that all applied computational methods
wene originally developed for sedimentary rocks, and therefone
may nol fally reflect the variability of the mineral BI of the
considered formations. Mineral Bl in HDR should rather be
used to compare the susceptibility for fracking in the fracture
initiation phase, of similar formations types from different

depths or wells.
3.3 Ultrasonic measurements

Figs. 9-121 show average propagation velocities of com-
pressional and shear waves and the average dynamic elastic
parameters versus axial effective pressure for all samples tested
under triaxial conditions. The granite and sandstone samples
were taken from a relatively wide depth interval, resulting
in significant varigbility in the ultrasonic properties of these
rocks. For this reason, no comelation of the P- and S-wave
velocities with the applied radial pressure from 15 10 55
MPa was observed. Such relationships could be observed if
individual samples were very similar in terms of structure and
mineral composition. Therefore. it can generally be expected
that an increase in radial confining pressure causes an increase
in the P- and S-wave velocities (Bourbié et al., 1987). Due
to the observations described above and the small number
of the samples, it was decided to determine average velocity
curves and dynamic clastic parameters for all samples of a
given rock, tested in triaxial conditions, ie., for 15, 30 and
55 MPa radial confining pressure. Therefore, each curve of
velocity and elastic parameters for granite (Figs. 9 and 10}
and sandstone (Figs. 9 and 11) represents the average of the
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an elevated amount of quartz and a lower content of illite,
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corresponding paramelers increases in velocities and moduli are observed at low values
" sk of effective pressure as a result of the gradual closing of the
ol P T T i| pore space in rock samples. Above an effective pressure of
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Flg. 11. Average dynamic elastic parameters versus axial
effective pressure for Mogilno-Lodé Trough sandstones (PT-
1 well), measured under triaxial conditions. 3.912.5-3977.0
m; 4,189.5-4 286.0 m-depth intervals of samples collected. E.
K. G-dynamic Young's, bulk, shear modulus respectively, v-
dynamic Poisson’s ratio.
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Fig. 12. Average dynamic elastic parameters versus effective
axial pressure for Goredw Block rhyolite (GW-2 and J-4
wells), measured under inaxial conditions. E, K, G-dynamic
Young's, bulk, shear modulus respectively. v-dynamic Pois-
S0N'S ratio.

of at least five samples, measured at the three mentioned three
values of radial confining pressure. In the case of rhyolite
from the GW-2 and J-4 wells (Figs. 9 and 12), each curve is
the wverage of relevant parameters from at least two samples.
Additionally, granite and sandstone samples were divided into
two groups in terms of sampling depth and related P-wave
velocities.

The variability of wave velocities depending on the sam-
pling depth is shown in Fig. 9. Granite samples collected
from the 155.0-184.0 m interval are characterized by higher
P- and S-wave velocity and dynamic elastic moduli. This can
be explained by a lower alteration and a lower number of
natural cracks and fractures in the deeper interval. The highest

The relatively low value of v (below 0.2) is probably e lated
to minimal saturation of the samples (measured under dry
conditions). The rhyolite of the GW-2 well, consisting of
95% guartz and febdspar, exhibits lower velocities compared
to the rhyolite of the J-4 well, probably due 1o its higher
porosity (6%-8%). In the rhyolile of the 14 well, a decrease
in velocity is clearly visible, after exceeding the axial pressure
of 25 MPa for the P wave and 35 MPa for the S-wave. This
behavior can be associated with microcracking of the matrix
{groundmass), which is the beginning of sample disinlegration.
The decrease in velocities reflects lowered £ and & moduli,
which for the maximum axial pressure reach values similar to
those for ambient pressure. Al the same lime, an increase in
v is recorded, which reflects an increase in radial deformation
compared to the axial deformation. A summary of data from
ultrasonic tests, including minimum, maximum, and average
wave velocities and elastic parameters of measured samples is
presenied in Table 53 in Supplementary file.

Fig. 13 presents a cross plot of £ and v of measured
samples. A nelatively low v of sandstones from both intervals
of the PT-1 well is visible, comesponding 1o their low E. This
is reflected in the lowest Bl value compared to the other rock
types studied-Fig. 14. Granites are characterized by high Bl
due 10 the relatively high level of E, while in the rhyolite
group the variability depends on the drill hole considensd, The
relatively low ductility, low matrix permeability and presence
of natural fractures in granite, and rhyolite from J-4 well allow
to consider slickwater or fresh water with shale inhibitor as a
fracturing fuid, which would be consistent with the common
trend of fracking in plutonic and volcanic rocks (Tester et
al., 2006; Blicher et al., 2016; Moska et al., 2021). Open
fractures in these types of rocks exhibit self-propping capacity
due to the hydroshearing mechanism. Fracking such rocks may
not require the use of any type of proppant material or any
fluids 1o transport it. The selection of fracturing fluid for the
tested sandstones requires taking into account the proppant
material, which involves considering the main fracturing fluid
as a polymer-based, linear, or cross-linked gel, similar o
the fluids wsed in the sedimentary mtervals of the Grof
Schinebeck project (Blocher et al., 2016).

The correlation plots for the parameters of the tested rocks
are shown in the Fig. 15. As the effective porosity decreases,
the wave velociies increase, which corresponds to the increase
of elastic moduli. Granites and rhyolites from the GW-2 well
show the highest coefficient of determination (0,90 and 0.78,
respectively, for the P-wave linear regression model; 0.68 and
0.81, respectively, for the S-wave). An increase in the effective
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Fig. 14. Dynamic E to dynamic v-based Bl of measured samples. based on methods by Rickman et al. {2008) and Grieser and
Bray (2007). In the method by (Rickman et al., 2008) the following values Y Mg, = 10 Mpsi (68.95 GPa) and PRy, =0.12
were used o fit to parameters of measured samples. Suggested types of fracturing fluid comespond only to the results calculated

according to Rickman ct al. (2008).

porosity of dry rock leads 10 a decrease in the dynamic elastic
moduli and strength of the rock. A reduction in £ in the
igneous HDR is usually the indicator of altered or naturally
fractured zone, which may be desirable for hydroshearing
stimulation. Reduced E in sedimentary HDR is rather undesir-
able as it leads to a reduction the fracture lengths and overall
tendency to produce less-developed fracture networks,

For over 30 years, several EGS projects have been de-
veloped in Western Europe (Batchelor, 1987, Wallroth et
al., 1999: Blicher et al., 2016; Kukkonen and Pentti, 2021 )
Most of them started as research projects, but only a few have
reached the stage of application in the energy sector Due
to their research purpose, these projects are usually well de-
scribed in the literature. The published data generally concern
the results of stimulation and well tests, seismic monitoring,
and 1o a lesser extent, information from laboratory core mea-
surements, including petrophysical and geomechanical studies.
In most projects, laboratory geomechanical ultrasonic tests
were not performed at all or their results were not published.
Therefore, in this paper, we compared our new results with
published data, being awane, that differences in methodology

may generate difficulties in the compansons.

All lithological types examined in this study can be clas-
sified as petrothermal formations (Fig. 60 The Karkonosze
Mits, granites ane characterized by lower permeability than the
Soultz granite, for which the average permeability obtained
from modeling, based on well logging, ranges from 0.1 1o
1.0 mD. In both cases, depth variability is visible, depending
on the mineral composition and the development of natural
fractures. The sandstones of the Mogilno-bodé Trough ane
characterized by permeability in the range of approx. 0.01-0.1
mD and an average porosity of 0.055, which cormesponds to
the lower limit of the permeability range amnd averape porosity
of sandstones of the German Basin, presented in literature
(Moeck, 20014; Sowizdzat et al, 2022). Rhyolite samples,
regirdless of their porosity show permeability below 0.001
mb which is slightly lower than effusive the rocks from the
Groll Schinebeck area (Sowizdzat et al,, 2022).

Comparing the Kerkonosze granites in terms of mineral
composition with their Western Ewropean counterpans is
difficult due to the large variation in mineral composition
within a single formation. Although the main granite body
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measured samples.

in Soultz is characterized by a low clay content (Table 54,
in Suppementary file), some of its zones are highly modified.
For example, in the GPK1 well in Soultz, several zones of
anomalous mineral composition were identified, e, clay-
rich fractured and allered zooes of increased polassium, or
leucogranitic dikes with elevaled uranium and potassium con-
tent (Sausse, 2002; Sausse el al., 2006). Zones of increased
clay mineral content comresponding (o fractured zones can be
prospective for conductivity in EGS. In the conditions of the
Karkonosze Mountains, it can be assumed that zones of a
similar pature may be promising. Samples taken from a depth
of 138.0-144.0 m, in which a greater number of fractures and
greater alteration were found, contained an increased amount
of clay minerals, especially kaolinite, illite, and chlorite, These
samples are characlenzed also by significantly lower wave
velocities-reflecting lower mechanical strength. Such zones,
which can occur al greater depths with higher (emperatures,
may form conducting arteries afler hydraulic stimulation.
Similarly 1o granites from Karkonosze Mis, examined
sandstones from Mogilno-EodE Trough and rhyolite from
Gorzow Block sre difficult 1o compare directly. EGS's in
sedimentary and volcanic rocks are a minority. and the only
projects in BEurope in this type of formations are Genesys
in Hannover and Groff Schinebeck near Berlin (Tischner
gt al, 2013; Blocher et al., 20060 While in Genesys the
target formation was Middle Bumsandstein (Volprichausen
sequence), in the GroB Schinebeck project, the target is
Upperfl.ower Rothiegend (Dethlingen formation). The for-
mation in GroB Schinebeck can be freated analogously 1o

the Rotliegend in the Goredw Block. Data on the mineral
composition of volcanites from the GT GrSK well in the Grof
Schinebeck area are limited, but they are generally refermed
0 as andesites in which permeability is mainly relaied 0
natural fractures (Zimmermann el al, 2000). They consist
mainly of quartz and plagioclase, with small amounts of mica,
carbonates, and chlorite (Table 54, in Suppementary file).

The sedimentary cover in Dethlingen is represented by
well-sorted, medium- to fine-grained, poorly cemented sand-
stones (Zimmermann et al., 2010). Regional data for this
formation characterize it as having a medium-high quartz
content and significant carbonate content, while K-feldspar
and plagioclase are in the minority (McCann, 1998) (Table
54, in Supplementary file). No information was found on the
average coilenl of clay minerals. Compared to these rocks,
the examined sandstones from Mogilno-Lodi# Trough contain
lower amounts of guarte and carbonates, bt an increased
content of feldspar. The content of clay minerals does not
exceed several percent

The mineral content of considered formations allows the
determination of Bl values of .96, 0.86 and 0.68-0.96 for
granites, sandstones and rhyolites respectively. BI of compa-
rable Western European formations, caleulated on the basis on
data available in literature (Table 54, in Supplementary file)
and using the method proposed by Jin et al. (20142, 2004h)
are 0,99, 0.94 and 0.94 for Soultr granites, GroB Schisnebeck
sandstones amd volcanites, respectively. This means that all ex-
amined rocks are characterized by slightly lower susceptibility
for HF operations (less development of the inducted fractures
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neitwork and greater tendency fo creale double wing fraciures)
especially in the fracture initiation stage.

The mechanical parameters of ftarget zones in EGS, as
ome of the most important information requited for designing
hydraulic stimulation. are reported in many works including
(Zimmermann et al,, 3010; Meller and Ledésent, 2017; Vil-
leneuve et al., 2008). Typically. these data come from dipole
sonic logging (Mullen and Roundtree, 2007 ) or less often from
laboratory stress-strain core testing. On the other hand, wave
velocity data, especially from laboratory core measurements
under reservoir conditions, are often unavailable. Although
this type of information is not necessary il logging data are
available, such tests provide precise data at smaller scales,
but when combined with petrophysics, petrography, and other
data from large data sel, can provide reliable and useful
information.

Ulrasonic testing of granite from the Karkonosze Mis,
revealed a significant difference in velocities between samples
from the shallower and deeper intervals. While samples taken
from the 138.0-144.0 m interval, significantly aliered, fractured
and with an elevated clay minerals coment, show velocities
on average of 4700 and 2,600 m's for the P- and S-wave
respectively, the samples taken from the deeper, less altered
and fractured interval. Le.. 1535.0-184.00 m, show velocities of
5,500 and 3,100 mv's, respectively. The velocities of the deeper
samples comespond to their higher dynamic moduli (£ up
o 67 GPa) (Table 53, in Suppementary file). This interval
is probably characterized by higher strength, and therefone
the fracturing pressure could be higher there. The £ valoes
for Soultz granite are in the range of 40-80 GPa for fresh
intact rock, but in the fractured rones they can be much lower
(Meller and Ledésert, 2017; Villeneuve et al., 2018). Hot dry
granites from other EGS are characierized by very diverse £
and v e.g.. from 15-33 GPa and 0.12-0.22 in Fenton Hill; by
65 GPa and 0.25 in Habanero, 40-56 GPa and 0.23-0.33 in
Qiabugia, to 73.7 GPa and 0.22 in FORGE Utah (Moska et
al., 2021).

Data presented for granite not related 1w HDOR arcas ane
variable, Domede et al. (20019) in comparison of mechanical
properties for several dozen types of graniies showed, that
the range of P-wave velocity is from 2,260 1o 6,690 m/s,
while the range of £ and v is 12.9-85.0 GPa and (1.14-0.36,
with a mean value of 47 GPa and 0.25, respectively. Bourbié
el al. (1987) suggested, that P- and S-wave velocities for
granite are in the range of 4. 500-6.000 and 2,500-3.300 m/s,
respectively, with a density of 2.5-2.7 glom?, and v between
0.18 and .33, Plewa and Plewa (1992) reported dynamic
E and v parameters of 54.5 GPa and 0.20, respectively. for
dry biotite granite. Domonik (2011) showed a relatively low
variability of the static £ for granite from the Streegom massil
{Poland), depending on the depth and the associated pressune.
While in surface conditions, the average static £ modulus was
calculated 1o be approximately 65 GPa, at a depth of about
3500.0 m, this average modulus was close w0 75 GPa In
these studies. static v was found to range from (.15 1w 035,
regardless of depth and pressure.

The wave velocities for the sandstones from the Mogilno-
Lodi Trough showed strong variahility with depth. probably
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due to the mineral composition, while the relatively low v
is related o the measurement under unsaturated conditions.
Diespite significant discrepancies in moduli between sampling
intervals, the average £ (11-18 GPa) of these sandstones is
much lower compared to the data presented for the GroB
Schiinebeck site (55 GPa), while v reaches similar valoes
(0.18-0.20) (Tables 53 amd 55, in Supplementary file). The
sandstones of the Genesys Hannower project also had signif-
icantly higher E (45-65 GPa) and similar v (0.18-0.22) (Tis-
chner et al., 2003). This results in lower fracturing pressure,
increased fracture width and reduced length, in the case of
rocks of the Mogilno-Lidé Trough. compared to sandsiones
from the above-mentioned sites under similar stress conditions.

The examined rhyolites from the Gorsdw Block are char-
acterized by variable velocities depending on the sampling
well Samples from the GW-2 well showed lower velocities
{on average 3800 2200 mvs for the P- and S-waves
respectively), while samples from the J-4 well had velocities
on average 4,100 and 2 400 m's for respected waves, with high
varighility between individual samples. The average values
obtained for £ (29-35 GPa for GW-2 and J-1. respectively),
ane lower than those presented for the GroB Schinebeck sile
(55 GPa), while the v ((.23-0.27} is elevated (Tables 53 and
53, in Supplementary file). The dynamic elastic data presented
for the rhyolite from the FORGE site (Utah, USA) show high
variability of the E and v parameters (21-67 GPa and 0.19-
0.39, respectively) (Bauer et al, 2007L

The Bl runge based on the £ 0 v mtio is 49.9-68.4 for
granites, 42.0-44.6 for sandstones and 41.3-53.7 for thyolites,
depending on the wellbore and sampling depth. However,
the average values for comparable sedimentary and voleanic
formations, based on the data presented in the lterature (Table
55. in Supplementary file), concerning GroB Schiinebeck for-
mations and calculated wsing the method proposed by Rickman
el al. (2008) are TE.O and T4.5, respectively. It should be
noted that the mentioned litersture probably repons £ w v
values obtained from static testing or well logging, The Bl
values obtained for all formations considered in this study,
using both mincral-based and E-v ratio methods, are in the
middle or upper limils of the ranges which means that these
rocks may generally be susceptible o fracture propagation.
The mincral-based Bl calculation method proposed by Jin et
al. (2014, 201 4b) gives the highest Bl results due 1o inclusion
of a large number of brittke minerals versus ductile minerals.
However. the remaining tested methods (Jarvie et al., 2007
Wang and Gale, 2009) give very similar results. In the case of
methods based on the £ 1w v ratio, the differences in resulis
depending on the method used are insignificant. It should
be noted, however, that the reference values in the method
proposed by (Rickman et al, 2008) were modificd due 1o
match the purameters of measured semples. [t b5 imporiant
o note that the calculated BI should rather be reated as the
BI for the intact rock body, despite the presence of natural
fractures and alteration in some samples,

In light of the ahove, in the case of HDR formations, the
method of Bl interpretation may be useful but also contro-
versial. Since BI's were originally intended for evaluation of
sedimentary rocks, especially shale gas deposits, in the case of
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HDR, its application without imerpretive modifications scems
inappropriate. In shale rocks, the increase of permeability
during hydraulic stimulation occers through the process of hy-
draulic fracturing (pure opening mode-creating new fractures
in the tensile mode) or hydraolic jacking (reopening preexist-
ing fractures in tensile mode) Generally, in these models, a
high content of britthe minerals (e.g., quarte) and low content
of plastic minerals (clavs), favor the formation of an exlensive
fracture network, increasing the stimulated reservoir volume
and, consequently, the volume of the reservoir hydraulically
connecled o the well.

Therefore, in simple terms, the greater the Bl (calculated
based on mineral content or elastic parameters) the greater
the likelibood of obiaining an extensive fracture network
and greater gas Aowback. In EGS the goal is to create a
connection between two or mone wells, however. too extensive
fracture petwork. or more precisely oo high conductivity, may
lead to undesirable thermal shon circuiting, which leads to a
decrease of iemperature in the production well. In typical HDR
formations (granites, volcanites), the main role in stimulaiion
is played by the hydroshearing mechanism (inducing slip
and dilatation of natural fractures in shear mode). Maturally
fractured intervals are stimulated first, and new fractures are
even created, which act as conneciors between other natural
fractures. Maturally fractured. altered intervals are penerally
characterized by a lower uniaxial compressive strength and a
significanily lower £ (Table 85, in Supplementary file). These
propertics can significantly reduce mineral and geomechanical
Bl as a result of the elevated clay content and reduced E,
respectively.

Therefore, it should be considered whether Bl should
be interpreted differently in HDR formations stimulated by
the hydroshearing mechanism than in the rocks 1o which it
was originally adapted and applied. In granites, rhyolites, or
andesites, the lowest values of the E and the increased content
of plastic minerals (and thus the lowest BI compared to rest
of considered interval) may indicale prospective zones for
hydroshearing stimulation. On the other hand, in less natu-
rally fractured sedimentary HDR, much more similar 1o the
formation for which Bl was originally intended and applied,
the highest values may be considered more favorable.

Laboratory ultrasonic measurements can provide useful,
complementary data for well logging or, in the absence of
logging data and a large number of iested samples over wide
depth interval, can be used as input to HF operation design
software. The tests showed that elastic parameters of granites
and sandstones were guasi-stabilized above the effective axial
pressure of 25 MPa in tiaxial ests. Although the tests were
performed up o a confining pressure of 55 MPa it can bhe
assumed, kased on the litersture (Bourbié et al., 1987), that a
further increase in confining pressure should result in moduli
changes, which could be insignificant in HF design. In the case
of the tested rhyolites from J-4 well, a decrease in the P-wave
velocity above 35 MPa axial pressure was observed, which can
be associated with the previously mentioned microcracking
of the matrix, which may be equivalent to the beginning of
sample disintegration.

Testing under dry conditions seems appropriate for fow-
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porous and permeable HDR. however, it can be mentioned
that even in the case of low porosity and stress-resistant rock
skitleton of the sample. ssturation may lead (0 some increase
in the moduli, due w the increase in P-wave velocity. In
turn, a change in lemperature by 100 °C causes a change in
the P-wave velocity by less than 5% (Bourbié et al., 1987),
which makes it possible 10 consider performing tests at lower
lemperatunes, withoul a significant impact on the moduli.

S50 far no EGS project has been initiated in this par
of Ewrope. Therefore, the results obained of the dynamic
elastic moduli i relation 10 the petrophysical and petrographisc
parnmeters, especially for the granite from the Karkonosase
Mis. and the sandstone from the Mogilno-LodE Trough, due
o large the number of samples examined, could be used o a
preliminary design an HF operation under expected conditions
in these areas. Such a study, combined with the simulation of
flow between wells, depending on the asswmed rock features,
stresses, and parameters of fracking operation. as well as eval-
uation of the potential for thermal energy extraction from these
areas. would be an important step towards the development
of enhanced geothermal systems, following the example of
Western European countries,

4. Conclusions

1y Newly obtamed data imdicate that petrophysical param-
elers determining the HF operations in three prospec-
tive HDR formations in Central Eorope: granites from
the Karkonosze Mis., sandstones of the Mogilno-Eodé
Trough and rhyolites rom the Gorsdw Block, have sim-
ilar values 1o those in rocks in active HDR sites: Soultz
granites, sandstones of the German Basin and effusive
rocks from the GroB Schinebeck area. respectively.

2} The intact granites Karkonosze Mis. are similar in terms
of mineral composition and susceptibility to [racturing (o
the corresponding Soultz formation. The elevated average
clay comtent of the Mogilno-Lodé Trough compared 1o
the Grod Schinebeck area leads o & decrease in mineral-
BI. which facilitates the formation of dooble wing frac-
mres. The Bl of the Gorzdw Block rhyolites is strongly
dependent on the sampling location due varability of
the mineral composition and development of natural
fractures.

3) The abiered granites, with well-developed natural frac-
twres, and increased clay content, show a significantly
lower mean £ compared to less altered ones. The dynamic
clastic moduli of the sandstones show strong variability
with depth, due to the differential cementation amd devel-
opment of natural fractures. Nevertheless, the Bl values
bused on the E to v ratio are much lower compared 1o
the sedimentary rocks of the GroB Schinebeck, which
means less favorable conditions for the development of a
multi-fraciure network. On the other hand, lower B of the
tested rhyolites compared to the comesponding formation
in German Basin suggests a higher susceptibility 1o frack-
ing due (0 a better developed natural fracture network.

4) Mineral, and elastic moduli-based BI are useful in in-
terpreting susceptibility 1o HE. In sedimentary rocks with
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inergranular porosity, higher Bl indicates preater suscep-
tibility 1o HF, but in igneous rocks with fracture porosity,
low Bl indicates zones of alieration and fractures thal ane
desirable for hydroshearing stimulation.
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(a) (b) (c) (d)
Fig. S1. Rock samples: (a) Sandstone from Mogilno-LédZ Trough area, (b) granite from
Karkonosze Mountains, (c) and (d) rhyolite from Gorzéw Block ((c) is GW-2 well and (d) is J-4

well). Scale in centimeters.

Table S1. Permeability, porosity and density of the samples.

Type of the .
I Statitical Permzaliliy Grakin density Hulk demsity Effective
rockfmariber of o Rt i} (e iglem*) patasity (%)
B nanis Mintmum < 1] 2607 2517 .50
Girunite/18 Mountains Macimim 0518 2643 2621 3.436
CP-1 well N
‘h"“"“ Standard , ;300,094 26220004 2 5KM0,029 152910862
wialiodn
] el e ]
Magiloo-EidE Minkmaum 01,0008 2640 Tl 2.720
Sundstonef 36 Trough FT-1 Maximum i1, 1646 2710 2502 7668
well
Average/Standard , 40 (139 267H001S 252500043 S 56371400
deviation
Minbmum < {001 1.595 2415 55923
) i ock
Riwalire/d E:,"z “::i Maimu 0021 1635 2467 7673
Average/Standarnd - & 4 -
Aeiting 01, (040, 0017 26210011 2 H3000E 6,772M.678
Misimum < 000l 2520 2454 0370
Rhyalite/11 f’;’f;,", Bk oo 11085 2606 2570 3,393
;:'.'f"}’m“""" (.009/0.024 25570033 2507146 1959/, 914
WISl

127



Zatacznik: Artykut 11T

Table 52. Mineral composition of the measured samples.

o Granite, Sand_:smm. Rhwvalite, Rhyolite,
Mineral Statistical Karkonosze Mogilno-LodE  Gorzdw, Gorssw Block,
paramcters Mountains, Trough, PT-1 Block, GW-2 3-4 well (%)
CP-1 well (%) well (%) well (%)
Minimum 8.3 14.5 3.1 18.5
Quanz Maximuam 156 TL4 J1.8 29.2
Average 31 524 35 224
Mimimum A= (L5401 - _E
Calcite/Dolomite Maximaum w3 13.005.4 o I
Avorage -f- g2 -f- -
Minimum XI55 (L&i- 41.1- 4113
Oyrthoclase/ Microcline Maximum 21,1245 1680 41.2- 272
Average 149190 9.7/ 1. -f24.0
Mimimum 286 10.2 16.5 14.5
Albire Maximam 354 18.3 168 229
Average EXN 14.0 167 17.9
Minimum 0.7 1 0E 1.9
Biotite Maximum 18 0.3 1.0 43
Avcrage i) 0.2 0% 28
Minimum 0.7/3AR2G 0L.51 306 S2THT AR46
Eaolinita/IllitefChlorite  Maximum 1643107 Q.73 NI1LT -3.0/0.8 J8/-33.0
Average [ 1/56 2514034 J1O0L8 ARI6T
Minimum -f- “f- 02 -1
Magnetite/Hematite Maximum o 4 0nis S1.7
Average -f- -l- 3 -na
Minirmum -J4-1- J4-4- o-d- LLOB.32.4
Clinopyroksene/Pyropef
Antigorite/Lawsonite Maximum el - il - 260861124
Avcrage offefef= o=l o f=f= LT0.8M10.524
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Table S3. Summary of the dvnamic elastic parameters of the measured samples. Minimm,
maximmm, and average values are presented for 55 MPa axial pressure in triaxial condition tests,

where radial pressure is within the range 15-55 MPa.

Area, Samplin Statistical Velocity (mfs) :
g & m;'] s i Vei¥y v F (G KiGPa)  GIGR) N
P-wave S-wawe
— Minimum 4,470 2,255 LT0 024 4.6 310 130 5
133.0- Maximum 4,767 2708 |98 033 496 LT N | 20.0 5
Kiurkonosre 1440 o d
Mlmmians Ve, g
s dn_hﬂmﬂf‘s"“ 466710376 2550719415 1EVO11 028004 S31528 1WLIT 169252 3
gramite
e Minimum 5381 2471 175 026 570 431 a6 7
1'?13'::_ Maximam 5527 3,188 105 031 613 536 266 b
]
d“m"“"" SSIVESEl  LI0MI032S LTRMOT 027002 639028 464330 28162 T
T Minimum 3 %05 2003 17 M 74 196 106 3
33480 Maximam 3826 2316 L&3 029 300 214 121 3
i 33564 .
Rlock. ﬂ*;’:f_‘;s“""” IFAEE0 2IS9S06E L TEOWS 02TM0C 2867109 205071 113058 3
rhyolie
1ia Minirmm 3,520 1,920 1.55 015 213 161 a0
3,264.0- Maxbmsm 4,958 3192 208 035 0.0 9.4 26,2 6
33710
:::::fw 41455515 2ADAAYIEG | TATLIE 023007 I5M1169 2658 145547 6
- Minirmum 2646 1,454 1.52 0.12 154 &l 6.2
- 39125 Maximum 2,080 1879 17 04 214 09 Wi 6
wilne- 39770
Lidd AvermpefStandand
Tr devistion 2TS0 L8 L2741 AVDOT AT 1T TES TANOE 6
sandstone
= Minimum 1,826 1,186 152 012 76 39 a2 6
4,180 5 Maximam 2192 1426 167 (Tha) 114 62 540 6
SX0h Average/Stndard
iris 204413856 127W1I238 L6006 018004 %6149 SO069 40073 6
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Table S4. Mineral composition of reservoir rocks from selected EGS sites in Europe,

Groll Schimpebeck

. - Cirnlh Schivneheck Girolt Schiincheck aren
R 4 -~ £t (Regenspurg et al., 2006) AMcCann, 1964}

itz 2h4 1640 -5 T-TE3
Plagioclase 4 D goclase) it =30 1.7-7.5
K-leldspar (E.] Mo datu Mo duta < 0
DBiotieiMicn B4 < 1 {Mlica) < | {Mica) N data
Carbonate <1l8=18 < 10 {Calcite) -3 (Cabeite) < 133
Chlomme/Clay < 1 ez I < 1D N data
Sericin Up b several % (Mlie) Mo dow ™o dnmn Wi adain
Pyrokens 4.5 {Amphibole) Mo dan Mo daen Mar ddatn

Epidose < 1 Mo dntn Mo datn M ddntn
sempcs” £ p i"-l::«ummmdrim i <133
Hematilte Mo data < 10 ] M adata

Motes: Drta from Souloe-sows-Forfs concemn composation of the main rock body. The composition of fracured and alensd sones is songly
maudified, especially by the dissohnion of quany and the increase in the amoum of cloy minerls.
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Table S5. Companson of selected rectonic and geomechanical parameters from Western European

EGS sites and prospective EGS areas in Central Europe.

Target zone depth im)

SR, wock hemperaur Sv. S, Sy Py (MPa) Vi, Vi (mi) E (GPak; v
type (“C¥stress regime
Estimated E for pure
granite ai the rget
_ Vp, 4390.5200, for  ponc-up to 80 GPa, in
Ar 200 m: Sy s = :
. usl S :a.uccs:m; 5, Somme-gruised. zones of incremsed
Bt i-os Fritia 3, 2000 200/ h'_lmd.l s 206; By is 225 hm-mncwm hydraulic conductivity, and
e ey normmul mnd strike-ship aloalied. Haaud an bearing granie from clay content, may be
{Baujerd et al.. 2017) e foin Saint Pierre Bois significantly lower. (Meller
ol ot ot 2017) Gy (Kushoir et and Ledésert, 2017}, from
¥ al, 2018) 1-2 for fractored pones up
40 GPa for imtact rock
{ Villenewve et al, 2015)
Estimated E for pur
granitc al the trget
AL22000m: Sy s Vp 439005200, for  700P 1o 80 GPain
S48 S >or< gy 8y coane-gramed, biotiie- A 2
Souliz-sous-Forts  SorOIUNNMIEd. L 006 pe2a s, muscovike-bearing | orvahe conductivity, and
(France), granite | P caleulated, based on granite from Saint e ]
Baujurd ¢t al., 20017) i i p Bois significantly lower. (Melker
Lengliné et al. (2017)  (Kushnir et al. 2018) f'.‘f};*mm s
=i FONCs I.‘:I
40 GPa for intact rock
{Villeneuve e al, 20181
4,100.0014% Sy is 100, Sy is
Groll Schioneheck Morrmal-stnke-shp TH-100, 5 s 55 E & 55 vis 020
(Cermany ), Sy = 0535y, (Mocck et al, 2009}, Mo dats available . v
veilemine S<OT8_100-5  Pris 449 st 42200 m (Fmmsivmnn, o oL 2000)
(Mocck et ol 2000) {Huenges et al,, 2007)
4, 100.0/149¢ Sy i 100, 5y s
Groll Schitnebeck Mormal-sinke-shp TE-100, 5, s 53 EisSS vin 018
(G rmany ), Sy = 0.55- 5, (Mocck et al, 20090,  No data available :zi';m' s oL 0}
nedimentary Sp<OT8—100.5  Pris 44942200 m S
Mocck et al, 2009) {Huenges et al., 2007)
Depending on the
4,000.0/ 1657 depth of the sampling ~ Depending on the
Kurkonosre MNormal-strike slip Based om average rock  and individual sample  sampling depth and
Mountains Region  (Jarosidsks, 2005; density 5y 96 conditbons: Vi s indriduzal sample
(Poland), (gramite)  Fuochiewics et {Jarosinski, 2005) 4470-5.628, Vi is conditions: E is 34,6-67 3,
ul.. 2007 2254-1,1B8 (this v s 0.24-0033 (thas stady )
study)
Depending on the well
4,300,001 600 )
Guesiw Block Nomal-strike il Bascd on average rock = Gepth of samples  Dopending on the well
{Poland), volcanite  (Jarosifiski, 2005; density Sy collected: Vp i sampling depth: E is
iehyolite) Zuchiewicz et (Jarosifski, 2005) 3802-4.958, V5 s 73-2.3600, v is
al. 00T , 1.920-3,191 (this 0.15-0.35 (thix study)
% pour e
Depending on the _
Mogiine-L.édé s.i:mu-t.ﬁw.[y'iﬁs-_ dtpﬁ nl' the sampling D:pn_llm[ on the
Trough (Poland), ISIﬁuI'Nl:lﬂl-ﬂ.rﬁ.:mp Budnn_lh:mrq: and individual sample  sampling depth and
soll {]am_uu_tl, 2005, rock density S conditions: Vp s indvidual sam)
(sl I.E Luchewicr ot {Jarosinsks, 2005) 1.826-2.989, Vy is conditsons: E 1= 7.5-21.5,
ol 2007) 1146 LET ithis vis 012-0024 (this study)
study )
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Abstract: This study evaluates the potential of enhanced geothermal systems (EGSs) in
Poland, focusing on formations composed by igneous rocks, such as crystalline rocks of
the Karkonosze pluton and volcanic rocks of the Gorzéw Block. A total of 57 rock samples,
including granites and rhyolites from these formations, were analyzed for their thermal
and geochemical properties to assess their suitability for EGS development. The results
highlight the importance of thermal parameters, such as conductivity and diffusivity, in
optimizing geothermal exploitation. The measurements reveal that Karkonosae granite
exhibits high thermal diffusivity and conductivity, making it a prime candidate for heat
extraction. Although the Goredw Block rhvolites show slightly lower values, their high
initial temperatures still promise long-term geothermal viability. Geochemical modelling
indicates that mineral precipitation that causes permeability damage is unlikely in these
reservoirs. Imstead, minor increases in porosity due to mineral dissolution can reduce
hydraulic resistance, potentially affecting the performance of the system.

Kevwords: geothermics; EGS: HDR: granite; rhvolite; Karkonosze: Gorzdw block; thermal
parameters; geochemical modelling

1. Introduction

Among renewable energy sources, the so-called enhanced geothermal systems (EGSs)
have great potential and ane based on the petrothermal energy of hot rocks located at great
depths. Crystalline rocks, such as granite and graniodiorites, characterized by low porosity
and permeability, are the largest reservoirs of thermal energy that can be exploited using
this technology [1-3]. Site selection is typically, but not exclusively, based on an analysis
of the thermal gradient, thermal conductivity, and rock composition in a given area. The
depth of these systems is in the range of 2000-6000 m.

The (EGS) concept refers to engineered geothermal systems where the permeability of
hot rock has been artificially increased to allow fluid circulation, while hot dry rock (HDR)
techmology is specifically targeted at impermeable, high-temperature rocks without natural
fluid paths. Mot all EGS designs ane himited to HDE conditions and may also include
naturally permeable hot rocks. The primary difference is that HDR focuses on completely
dry, impermeable rocks, while EGS covers a wider range of geological conditions. The need
to artificially create hydraulic conductivity between the injection and production wells
in the rock mass is a significant difference between conventional geothermal enengy and
EGS-type geothermal energy [4-6].

In most HDE projects worldwide, reservodr rocks are igneous rocks, mainly granites.
Systems that use the energy of hot, drv sedimentary rocks are less common.

Erergies 2025, 15, &76
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Artykul IV: Potencjalne systemy geotermalne w zachodniej Polsce —
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Efficient heat extraction from hot rock formations can be achieved when reservoir rocks
possess minimal porosity and permeability along with maximum thermal conductivity:

Thermal parameters of rock formations are of fundamental importance for HDR
projects [7] and have, therefore, been the subject of numerous studies worldwide,
e.g., [5-13]. Some examples of determining thermal parameters for structures in Poland
were presented by Bujakowski et al. [14] for granites, and for sedimentary rocks by Sow-
izdizal and Kaczmarezyk [15] and Labus et al. [16].

The objective of our research was to evaluate the fundamental thermal properties
of igneous rocks, including their diffusivity and effusivity, representing selected struc-
tures of the geothermal potential of Poland, and to investigate changes in temperature
and the range of cooling distance of the formation during heat exploitation. Based on
the resulls of experimental and modelling works, performed by Wijcicki et al. [17] and
Bujakowski et al [14], two prospective areas were selected, located in the westemn part of
Poland. The Karkonosze pluton is a geothermal system with potentially favorable condi-
tions for the use of HDR and /or EGS technologies, mainly due to the lithological nature
of the granite formations of which it consists, which are most susceptible to fracturing
processes, The second region considered in this publication is the Gorzdw block, which,
as a result of modelling conducted by Wajcicki et al. [17], was classified as prospective
in terms of HDR technology. The north-western and western parts of the Gorzdw Block
{Debno region) are particularly attractive in this context, owing to the regionally elevated
temperatures and the significant thickness of volcanic formations, These findings contribute
to a greater understanding of geothermal potential in Poland and offer a foundation for
future exploration and development of HDR technologies in similar geological settings.
However, based on the available information, a research gap was identified in determining
diffusivity and effusivity as key properties influencing temperature changes and the degree
of formation cooling, as well as in assessing geochemical reactions within potential EGS
systems in the analyzed formations during geothermal heat exploitation.,

To obtain geothermal heat from low-permeability HDR systems, a cool working fluid
is injected into the geothermal reservoir, which flows through a network of natural and
induced fractures, absorbing heat from contact with the reservoir rock, and then, after
extraction to the surface, recovers its energy. Interaction of the working fluid with the
rock can lead to the dissolution or precipitation of minerals, which can modify the original
porosity and permeability of the fracture system. This is one of the key phenomena
that determines the efficiency of the geothermal energy extraction process. To assess
the possibility of potential geochemical reactions in the EGS collectors selected in this
study, geochemical modelling was performed, taking into account the rock petrography
and the different reactivity of the injected working fluid. Research in this area has not
been performed in Poland before, but it can help to determine the appropriate operating
parameters for the optimal use of available geothermal energy resources in potential
EGS systems.

2. Geological Setting
2.1, Research Area

The prospective EGS areas in Poland, taking into account the density of the heat flow
of the Earth, are the Karkonosze Mountains, Gorzow Block, Mogilno-Léd# Trough, Seczecin
Trough, and Upper Silesian Block [5,16]. In this study, igneous rocks occurring in bwo of
the abovementioned areas were examined: (1) the Karkonosze granitoid pluton and (2) the
Gorzow Block (Figure 1a,b).
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Figure 1. Simplified maps of the geologle provinces (a) and heat flow (b) in Poland (based on [18,19]).
Symbaols indicate drill wells.

2.1.1. Karkonosze Mountains

The Karkonosze pluton, described in detail by Cloos [20] is part of the Sudetes
{Figure lab). Igneous rocks (mainly granites) outcrop the surface, forming part of the
Karkonosze ridge. The surface area of Karkonosze Mts. within the borders of Poland, it is
ca. 185 km?, with an estimated depth exceeding 10 km [14]. The granitoid intrusive rocks
are dated as Carboniferous (Pennsylvanian) and upraised during the Variscian orogenic
cycle. The granite of the Karkonosze Mountains is cut by numerous Variscan veins of
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pegmatite, aplite, microdiorite, and lamprophyre. The Karkonosze block is also rich in
fractures that formed in the Neogene period, probably reaching considerable depths of
about 10-20 km [21],

They are thought to be the primary pathways for heat transfer from the Earth’s depths
In this region, a considerable amount of heat is also produced through the radicactive
decay of specific rock-forming minerals. Research by Bujakowski et al. [14] reveals that
the average radiogenic heat production in the granites of the Karkonosze Mountains is
significant, reaching approximately 6 uW /m?*.

The geothermal gradient in this region is approximately 4 “C per 100 m, with tempera-
tures reaching wp bo 165 °C at a depth of 4000 m below ground kevel.

Within the Karkonosze massif, three lithological types of granite have been distin-
guished. These types exhibit a variety of grain sizes and mineral compositions [22]. The
maost common is the porphyritic coarse- and medium-grained granite with an uneven
grain size. The large potassium feldspar crystals are surrounded by plagioclase, making
Karkonosze granite similar to rapakivi granites. A notable characteristic of this tvpe is the
presence of numerous biotite schliers and mafic enclaves. The second form is the medium-
grained, so-called range granite, which does not contain homblende or dark biotite schliers.
The least numerous are the granophyre granites (aplogranites), which occur mainly on the
north-eastern periphery of the massif,

The total porosity in the upper part (up to 100 m BGL) of the Karkonosze pluton, within
the lower section of the coarse-grained granite, ranges from 3.94% to 0.86%, while in the
lower part (100-200 m) of the medium-grained granites, it ranges from 1.2% to 0.47% [14].
Thermal conductivity was found to increase with depth, exceeding 3 W/ mK below 180 m,
and the average value of 3.5 W/mkK was assumed by Bujakowski et al. [14] to create the
structural-thermal model of the Karkonosze pluton,

2.1.2. Gorzow Block

The Gorzéw Block (Figure 1a,b) is located about 100 km east of the GroB Schinebeck
region (near Berlin, Germany), where a research project on the use of heat from veleanic
rocks has been conducted since 2006, The geological structure in this region is similar to
that of the Gorzdw Block. The reservoir rocks there are mainly voleanic rocks (rhyolites
and andesites), occurring in the lower part of the reservoir. Sedimentary rocks (clastic and
with poor reservoir properties) are found in the upper section of the reservoir [23]. In this
structure, the geothermal gradient ranges from 3.5 to 4.0 °C per 100 m, with lemperatures
reaching up to 150 “C [24,25].

The Gorzéw Block, being an eastern extension of the Grog Schinebeck reservoir,
is built of Permian volecanic rocks, located below 4300 m, with a temperature of about
160 *C. The rock complex is heterogeneous. [t is composed mainly of extrusive rocks,
such as trachvandesites, andesites, rhyodacites and dacites, sporadic rhvolites, and basalts.
Voleanoclastic breceias and tuffs oceur in subordinate amounts.

3. Materials and Methods
3.1. Samples

The analyzed geological structures are located at depths greater than 4000 m and
are characterized by typical HDR petrophysical parameters, including low porosity and
permeability. Since the structures located at depths below 4000 m were not accessible by
drilling, rock samples representing shallower depths in existing wells wene used in this
work. The Karkonosze granitoid was taken from the CP-1 well and represents grev-pink
granite with medium to coarse crystals, cracked in places, with pegmatite veins. Samples of
volcanic rocks representing the Gorzdw Block were collected from the GW-2 and |-4 wells.
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They are red-pink rhyolite (GW-2) and brownish rhyolite (-4) with while caleite veins, The
locations of the drillings are shown in Figure 1, basic data on the samples are included
in Table 1, and the sample photographs (examples) are provided in Figune 2,

Table 1. Basic data on the samples.

Depth Intervals  Temperature Number

Well m) 0 o Sumpler Stratigraphy Litology
Karkonosze Mis.
137.80-138.06
140,10-140.23
143.80-14393 e
L o 15450-154.76 165 k- Pennsylvan Granite
181L.80-182.06
183.60-183.84
Gorzow Block
GW-2 AMR.0-3356.0 130 [ Rotliegend  Rhyolite
H 3264.0-3277.0 130 m Raotliegend Rhyolite

L
g 1

| Y Y COY N O [ |
23 458T7T58BNON

i Flllll'l.l
2 3 4 5 6 7 8 3N IZNAUG

A

;J::Jl:
a T

Figure L Bock samples: (a) granite from the Karkonosse Mountains (borehole CP-1) and (b,c) rhyolite
from Gorzdw Block (boreholes GW-2 and [-4, respectively). Scale in centimeters,

3.2. Research Methods
321 Determination of the Mineral Composition

The mineral composition was determined using the X-ray method, with the use of a
Bruker D2 Phaser Advance spectrometer. The measurement parameters were as follows:
CuKa lamp, voltage 30 KV, curnent 10 mA, 20° — 627, and step 0.020%. HighScore Plus v5.2
software was used for semi-quantitative analysis, using the Rietveld method [26].

31.2.2 Determination of Petrophysical Parameters

The value of the effective porosity coefficient of rocks was determined based on
measurements with the use of an HGP-100 helium porosimeter and a mercury balance. The
determination of pore volume consists of expanding a given volume of helium (according,
to Boyle's law) into the pore space and observing the pressure drop. Helium pencirates all
pore spaces that are accessible to flow, i.e., all interconnected pores. Porosity calculations
based on this measurement allow researchers to determine the effective porosity. On the
basis of the porosity measurements, the density {grain density and bulk density) of the
sample was determined.
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3.2.3. Thermal Measurements and Calculations

Thermal parameters, including thermal conductivity and diffusivity, are essential
data for determining heat flow, evaluating the thermal regime, and identifying geothermal
systems [9,27].

Thermal conductivity (A or k) measures a material’s ability to conduct heat (). [t i=
expressed by the following formula [25]:

Qd

- -

where () represents the amount of heat [J]. ! is the thickness of the material, representing
the distance between the surfaces with different temperatures Tg and Ty, (To > T1) [m], t is
time [s], and s is the area [m?].

Thermal effusivity, or responsivity (e), indicates a material’s ability to exchange heat
with its surroundings, either storing or dissipating heat [29]. It is defined as follows:

e = \/pcpk @
where £ is thermal effusivity [W-s" m 2 K], p is material density [kg m ], ¢ is s ¢
heat capacity [|-kg ! K], and k is the thermal conductivity coefficient [W-m~'K-!).

Thermal diffusivity (a}, also referred to as the temperature compensation coefficient,
represents how swiftly a material responds to temperature changes. It quantifies the rate
of temperature variation within a unit volume of material due to heat transfer per unit
time across an object with a unit area, unit thickness, and a unit temperature difference
between its surfaces. Simply put, thermal diffusivity is the ratio of thermal conductivity
to volumetric heat capacity. The connection between thermal diffusivity and thermal
conductivity is expressed as follows:

k

= — (3)
Pip
The n!lah'mship between thermal dil"Eushrit}l' and EH‘I.IEi\?i‘.‘:,." 18 described as follows:
K
- 4

The thermal conductivity and effusivity were determined using the C-Therm TCi
thermal analyzer. The other parameters were caleulated on the basis of the aforementioned
parameters. The measurement method is deseribed by Di Seipio [7] and Labus et al. [16].

To assess the impact of the determined thermal parameters on rock behavior during
the potential exploitation of geothermal heat, analytical calculations were carried out based
on the methodology outlined by Labus et al. [16]. This approach enabled the determination
of emperature evolution and the depth of heat penetration into the formation as it cools
during operation. The formation model was simplified to a one-dimensional half-domain,
extending infinitely in one direction (2 — =o) (Figure 3).

The temperature drop at distance = from the boundary, after a decrease from the
initial temperature, can be calculated using the analvtical solution derived from the heat
conduction formula, as in the following Formula (5) [30]:

T(t2) =Ti+(To—Ta) frfr(ﬁ%) 5)
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where Titz) represents the temperature [*C] at time § [s] and distance z [m] from the
half-domain boundary, T is the initial temperature ["C|, Ty is the surface temperature at
time ¢ = 0 [°C], a is the thermal diffusivity [m?/s], and erfc represents the complementary
error function.

Figure 3. Heat conduction in a one-dimensional half-domain; §—heat flux (modified after [16]).

For the described 1D half-domain, the temperature drop (T(t,z)) at a distance (z) from
the boundary, related to the heat outflow (g), can be calculated using the following formulas

T(tz)-Ta _ ( z ]
Ti-Ta mt Viat ™
kTo=-Ti)
§= ' mal @
leading to the following solution:
oz v/ mat z
Titz) T|+( 3 )ﬂff(—m) (8)

where § is heat flux density [W-m=2], erf is the error function, and the other symbols are as
defined in Formula (5).

3.2.4. Geochemical Modelling

To assess potential geochemical interactions and their impact on the analyzed EGS
collectors, geochemical modelling was carried out using the React program, which is part
of the Geochemist’s Workbench 11 simulator [31]

It was assumed that the injected working fluid would be raw water with low mineral-
ization and a temperature of 40 “C (Table 2). For each of the collector rocks, two cases were
analyzed: water with a pH of 7.5, and water of the same compaosition, energized with CO;
to a fugacity level of 100 bar, to avoid mineral precipitation. The latter case also allows for
an approximate analysis of the phenomena that could oecur in the collector, in the case of
€Oy being added to it as a working fluid, in the presence of certain amounts of formation
water The water reacts with the rock for 20 days, as it Alows through a network of fractures,
and during this time it heats up from 40 °C to the formation temperature (Table 3).

Table Z. Primary composition of water,

TEC rH Concentrations (mg/kg)
i o~ - s0¢  HCOO, Ga®' Mg®  Na® K AP SOy R
150 10 0 15 1 73 5 0l 15 01
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Table 3, Formation temperature, mineral composition, reaction rates, and specific surface of minerals
used in the modelling. Mineral formulas are provided in Appendix A

Sample
Reaction Rate kag
Temperature Cr-1 GW-2 J-4 Caign Specific
°C) 165 135 135 Surface
iem®/g)
Mineral Composition Neultral Acid
(% vol) Mechanism Mechanism
Quartz 200 W7 oo 398 « 10 398 x 10 10
K-feldspar 347 421 213 s@x10¥ sk 10
Albite 337 168 4 275« 107 690 x 10713 10
Biotite ik i 0.0 281 = 10°W 144 x 10~ W 10
Enstatite 0 0 27 955 x 10-M 955 x 10 M 10
Antigorite 1 0 00 8.3 400 = 10°Y 200 x 100 10
Lawsonite ¥ (T 0o 2.0 759 x10°H 316 x 108 10
Kaolinite g (0 3.8 661 % 1018 490 x 101 150
Mite 4.1 18 0.0 166 x 10-W7 1.66 x 10-F 150
Clinochlore-144 5.0 ik 44 302 x 1007 7.76 x 1018 150
Calcite 0 00 21 1.55 x 101 501 = 107 10
Hematite T .0 0.8 251 x 10~ 407 x 10°4 100
Magnetile T 0.2 0.0 1.66 x 1015 257 x 1013 10
Phlogopite T 0 4 400 1007 400 = 107V 10

2 hased on lizardite: ¥ based on anorthile.

The mineralogical composition of the rocks was analyzed using XRD diffractometry
and then converted to volume fractions (Table 3); it was assumed that all rocks were
characterized by 20% fracture porosity. The reactions are simulated in a model with a
volume of minerals equal to 12,500 cm’, in which 10,000 cm” is occupied by minerals and
the remaining part is the pore space through which the working fluid can flow,

The following simplified equation for the kinetics of dissolution/ crystallization [32]
was used in the calculations;

fi = Askr(1 = Qu/K) )

where 1y is the reaction rate (Jmol-s—]; dissolution—r;, > 0, precipitation—y < 0), As is the
minerals surface area [cm?], ky is the rate constant [mol-con~ 25~ 1] at temperature T, (4 is
the activity product [-], and K is the equilibrium reaction for the dissolution reaction [-].

The reaction rates of the mineral phases depend on the pH at the HDR site. Con-
sequently, different kinetic rate constants are applied for reaction mechanisms ocourring
under acidic and neutral conditions {e.g. [33]). In the cases analvzed in this study, for
raw water, neutral conditions were assumed, and acidic conditions were only assumed for
COr-energized water.

Kinetic rate constants for minerals participating in the simulated reactions were
taken from the literature (e.g., [34]) and recalculated for the formation temperature;
the specific surfaces were assumed approximately, based on the results of previous
work {e.g.. [35]) (Table 3). Since antigorite and lawsonite were not included in the ther-
modynamic database used in the simulations—thermo. tdat—for modelling purposes, they
were replaced by their proxies, Le., lizardite and anorthite.

4. Results and Discussion
4.1. Mineral Composition

The igneous rocks of the Karkonosze pluton were characterized using the results
of XRD analyses for six samples from the CP-1 well, from a depth of 138 m to 184 m.
These samples are granites (Figure 2a), in which feldspar plays the dominant role in
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mineral composition, including albite (28.6-35.4%), as well as orthoclase and microcline
(8.5-21.1% and 15.5-24.5%, respectively). The average quartz content is 23%, while biotite,
illite, kaolinite, and chlorite occur in small amounts (Table 4).

Table 4. Mineral composition of the samples from individual wells,

Granile, "s Rhyolite, % Rhyolite, ™

Mineral 6 Samples) (2 Samplesh (3 Samples)
CP-1 Gw.2 I=4

Quartz 183-28.6 71-38 185-20.2
Orthoclase 8.5-21.1 411412
Microcline 155-245 - 213272
Albite 286-354 165168 14.5-22.9
Bictite 07-28 0.8-1.0 1.9-43
Kaolinite 0.7=1.6 - 38
ke 3843 27-30
Chilorile 20-10.7 L7-08 46330
Magnetite . 0.2-03 -
Hematite - - 01-1.7
Clinopyroxens - - L1=26
Py rope : 2 08
Anigorite - - 13-26.1
Lawsonike - - 14

The volcanic rocks of the Gorzdw Block have been classified as rhyolites [6]. They
are composed mainly of quartz (37.1-37.8% in samples from GW-2 and 18.5-29.2%
in borehole |-4), and K-feldspar. In the case of GW-2, it is represented by orthoclase
{about 41%), while GW-4 rhyolite from borehole |-4 contains microcline (average 24%).
Both types of thyolite contain albite, a member of the plagioclase series. Clay minerals also
occur in rhyolites, and several accessory minerals have been identified in samples from the
J-4 well, such as clinopyroxene, pyrope, antigorite, and lawsonite.

4.2, Rock Porosity and Density

The studied geological formations are characterized by low effective porosity (Table 5).
Bulk densities correspond to the values described for the equivalent rock formations (see
.8, [36,37]). The determined petrophysical parameters allow all the rocks studied to be
classified as petrothermal formations [6]. The skeletal density of Karkonosze granite is in
the range of2.61-2.64 g/cm”, while that of the rhyolites of the Gorzéw Block is in the range
of 252-264 g/cm’.

The skeletal density of Karkonosze granite is in the range of 2.61-2.64 g..-"cm". while
that of the rhyolites of the Gorzéw Block is in the range of 2.52-2.64 g/cm”. The average
value of the bulk density is the highest for granites (2.59) and lower for rhyolites. In the
case of rhyolites from the GW-2 borehole, it is, on average, 2.45, while from the |4 borehole,
the bulk density is 2.52 g/ em®.
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4.3. Thermal Properties

The range of variability for selected thermal parameters of the tested samples is presented
in Table 5 and Figure 4. The lowest thermal conductivity (k) s characteristic of rhyolites from
the [-4 well, ie., in the range from 265 to 2.84 W/m-K For samples from the GW-2 well, these
values ame in the range of 275 o 3.2 W/ m-K. The hiEhEﬁt values were observed for gm':le-ﬁ
from the CP-1 well, in the range from 3.41 to 3,98 W /m:-K. Similar dependenciee—i pocur for effu-
sivity, which are in the following ranges: 2298-2391, 2345-2554, and 2652-2903 Wshs/ m? /K,
respectively for samples from the [-4, GW-2, and CP-1 wells. The average specific heat for the
entire volume of the rock is 810 | /kg K for granites, 838 | /kg K for rhyolites from the GP-2
well, and 775 | /kg K for rhyolites from the [-4 well
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Figure 4. Range of variability for: (a) effective porosity, (b) skeletal density, (c) bulk density of rocks,
{d} thermal conductivity coefficient, (e) thermal effusivity, (f) diffusivity, (g) skeletal heat capacity,
(h} bulk heat capacity. Explanations: red—granite, Karkonosete Mountains (CP-1), purple—rhyolite,
Gorzdw Block (GW-2), and orange—rhyolite, Goredw Block (J-4L
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Figure 5 presents graphs of the relationships for selected petrophysical and thermal
parameters of the tested samples, divided into three groups. The study of the relationship
between thermal parameters and petrophysical ones has shown that the dominant influence
on the differentiation of the former is exerted by rock features, such as density and porosity.
Analysis of the relationships between the basic petrophysical and thermal parameters
F!rfnmmd for I:hes.nmPhi anal}rzed allows us bo state that the bulk heat r_apm!y of the rock
(C,) is negatively correlated with density and positively with porosity. This relationship
is easily explained by the relatively low value of the specific heat for quartz, namely
741 |/ kg-K, compared to the value of 1005 |/kg-K for air filling the pores of dry rock.
Assuming that the rock was saturated with formation water of a seawater composition of
Cp—3850 ] /kg-K, the observed correlations could be even more significant.
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Figure 5. Graphic relations between thermal and petrophysical properties: (a) specific bulk rock
heat capacity and bulk density; (b) skeleton heat capacity and skeleton density; (¢) bulk rock heat
capacity and thermal conductivity factor; (d) skeleton heat capacity and thermal conductivity factor
Explanations: red—granite, Karkonosre Mountains (CP-1), purple—rhyolite, Goreow Block (GW-2),
and orange—rhyolite, Goredw Block (J-4)

The analysis of the parameter dependencies performed for 22 analyzed samples, for
which the pore space characteristics were known, allows us to state that effusivity, thermal
conductivity (k). and diffusivity are positively correlated with porosity for the analyzed
rocks; therefore, in this case too, the explanation lies in the high value of the specific heat
of air (filling the pores) compared to the specific heat of the rock skeleton, composed to a
large extent of quartz.

Rocks with high or low thermal conductivity are always characterized by correspond-
ingly high or low diffusivity values, as described for other examples [16]. It can, therefore,
be concluded that the higher the k value of the rock (indicating greater energy extraction
from the thermal source), the faster the absorbed energy is dissipated.
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4.4. Evolution of Formation Temperature and Depth of Thermal Penetration

Heat conduction calculations in a semi-infinite body under a specified heat flux were
carried out using the values of a (average diffusivity), k (thermal conductivity), and Ti
{average temperature) for the given formation (Table 5). These calculations facilitated a
comparison of the behavior of different geologic formations under the same heat extraction
conditions, with a heat flux of q= —1 W/m*. After 30 years of simulated heal production,
rhyolites from the Gorzdw Block, which had the lowest initial temperature, maintained a
final temperature of no less than 108 °C and 106 °C. The resulting temperature decreases
and thermal penetration depth at the domain boundary due to heat extraction for all
studied formations are shown in Table 6 and visualized in Figure 6.

Table 6. Temperature drop and heat penetration depth for 1, 10, and 30 years of simulated heat extraction.

Temperabure Diop: Penetration Depth

Basrehoke Lienlogic Province

I"Ck [m]
1 Year 10 Years M) Years
CP-1 Karkonosse Mis xn 11; 83 Ik 160
H : : :
GW-2 Corndw Block 4; 21 %75 22 143
4 421 474 4142
o P _-_.__..-""-rr_-_-'_ 162 14% ¢ P 1v
o -"""f ,.-r"’..’..’
: / ----- cP-1- 107
/ — Py - 30Y
- GW-2 - 1Y
e GW-2 - 10V
— -
F 1 toel sonee | b
e =
1 /,-f' Mf 106 €
i b - 18
: wrne joll - LN
/ —— - - 30¥
o 20 a0 &0 BD 100 120 140 160
z[m]

Figure 6. Temperature change T(t,2) depending on time and depth. Explanations: CP-1, GW-Z, and
JHA—names of the drilling wells; ime: 1¥—1 year, 10V—110 vears, and 30Y—30 vears.

The greatest thermal penetration depth is observed in geologic formations with
the highest average diffusivity and thermal conductivity, such as the granites from
the Karkonosze pluton, while the smallest is seen in rhyolites from the Goradw Block
(borehole |-4). After one year of cooling, the penetration depths are approximately 22 m
and 21 m, respectively, and after 30 vears, they reach 160 m and 142 m (Figure 6, Table 6).

The temperature drop is least significant in the Karkonosze pluton, which has the
highest thermal conductivity (k) and diffusivity (o) values (Figure 6, Table ). It is important
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to note that the Gorzdw Block formations exhibit a relatively significant temperature drop,
due to their lower & and k values. However, because of the formation’s initially high
temperature, this drop does not deplete the geothermal resources, nor does it negatively
impact the possibility of continued exploitation, even over the long term. After 30 years of
simulated heat extraction, the temperature remains at 106 “C and 108 °C, indicating that
long-term exploitation is still feasible,

4.5, Geochemical Interactions

The reaction paths and amounts of reacting minerals for GW-2 and CP-1 are similar
During the reaction with raw water, K-feldspar, albite, illite and quartz decompose, while
kaolinite and chlorites (clinochlore) precipitate (Table 7, Figure 7a,b). Due to the larger vol-
ume of dissolved minerals over crystallizing ones, porosity increases by 0,014 to 0.022 for
GW-2 and CP-1, respectively. The pH drops slightly from 7.5 to 7.1 (Figure 2).

Table 7. Minerals responsible for porosity change.

Kaw Waler Ciy-Energized Fluid
Dissalution Precipitation Dissolution Precipitation
-p < Clinchluee Kefeldspar Kaclinite
Albite Kaolinite Albite Quartz
K-feldspar r
a ; Clinochlorne K-ieldspar Ny
CW-2 Tikite ; Kanlinite
Albibe Kaolinite Aldbite
Clinochlone
’ it o
Frstatibe E Calcite
=] " Antigorite ¥ Kol
Anorthite Caleite K k:lcllp.'l.r
Kaolinite

In the reaction with the CO-energized fluid, K-feldspar and albite are dissolved;
the product is kaolinite. In this case, the quantity of reactants and reaction products is
approximately three orders of magnitude greater than for raw water, and the increase in
porosity is only slightly higher, reaching 0,016 and 0.023, while the pH of energized fluid
rizes from 3.5 to over 4

The sample from the |-4 borehole, in contrast to the others, contains minerals with high
meaction rates, such as calcite, enstatite, and anorthite, In reaction with raw water, enstatite and
anorthite dissolve, while kaolinite, calcite, illite, and chlorite precipitate (Table 7, Figure 7c).
Porosity increases by 0.013 and the final pH value reaches 7.8 (Figure 5).

Contact with the CO;-energized fluid causes the rapid decomposition of calcite, which
then undergoes partial recrystallization, and K-feldspar also decomposes, resulting in the
precipitation of kaolinite, The quantity of reactants and reaction products is two orders of
magnitude higher than that of raw water, porosity increases by 0,016, and the pH of the
energized Auid stabiliees at 4.8,

Modelling the geochemical reaction path can provide a preliminary estimate of the
probability and quantity of mineral deposits in the fracture network of the geothermal
reservoirs that are beina considered. In the nnal}-'?.ed cases, the Permen'bil.it!.r dnmaﬁe caused
'by mineral Prec'ipitah'nn is u:llil:el‘:,r. On the contrary, the observed increase in Pnﬂr.'ll:y
may induce a decrease in hydraulic resistance and trigger an excessive flow rate, which,
consequently, compromises the performance of the EGS,
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Figure 7. Changes in the mineral composition of roecks in contact with raw water: {a) sample GW-2, (b) sample CP-1, (c) sample -4, and COy-energized fluid:

() sample GW-2, () sample CP-1, (f) sample J-4 (positive values indicate precipitation; negative values indicate dissolution).
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Figure 8. Changes in formation porosity and fluid pH due to contact of rocks with raw water:
(a) sample GW-Z, (b) sample CP-1, (¢} sample -4, and COz-energized Auid: (d) sample GW-2,
(e} sample CP-1, {f} sample -4

5. Discussion

In recent years, there has been a noticeable increase in interest in the use of energy
from enhanced geothermal system (EGS) collectors in Poland. This trend is largely driven
by strict EU greenhouse gas regulations and the need to reduce the country’s dependence
on fossil fuels. Geothermal energy from EGS systems, including HDR, is emerging as
a promising alterative. The successful implementation of EGS technology in western
Europe has sparked scientific and economic discussions on the potential feasibility and
profitability of adopting similar systems in the specific geological and market conditions
of Poland.

In our research, wie focused on geological formations formed of igneous rocks, includ-
ing crystalline rocks of the Karkonosee pluton and volcanic rocks of the Goredw Block,
An important aspect of selecting these locations was the analysis of the heat flow density
distribution in Poland [17,19).

An important factor in evaluating geothermal systems is the relationship between the
porosity and permeability of the rocks. Generally, both permeability and porosity decrease
with depth due to high static stresses and advanced diagenesis. Therefore, when assessing
a potential geothermal system, the depth of the system should be considered, as it can
significantly impact the long-term effectiveness of the system [38]. Based on previous
studies [6], the authors classified the formations considered in this article as prospective
petrothermal EGS formations.

Considering the thermal parameters determined here, it should be noted that thermal
conductivity i) Pﬂeiiﬁvcl_'\-' correlates with diffusivity, As a result, it can be concluded that
the higher the k value of the rock (indicating more enengy can be extracted from the heat
source), the faster the absorbed energy is dissipated, and the energy is replenished from
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maore distant parts of the collector due to the high diffusivity. This is supported by the
evolution of temperature T(Lz) with depth, as shown in Figune 6. In this sense, the most
favorable parameters are those of the rocks belonging to the Karkonosze pluton.

Although a slightly higher temperature drop was estimated for the other rocks (Table 5),
which is associabed with their relatively low diffusivity and thermal conductivity, the high
initial h:rnp-eralumuf these formations makes the pt:reicsil'lilit],.' of obtaining heat from them
feasible even in the long term. For optimal geothermal system performance, it is desirable
for the rocks to have high effusivity, diffusivity, heat capacity, and thermal conductivity.
From this perspective, the rocks in the formations we studied possess the appropriate
paramters, especially when considering their deposit temperatunes.

From the perspective of hydraulic fracturing technologies, which are employved for
heat recovery from HDR systems, e, hot, dry, and poorly permeable rocks, the thermal
parameters of rocks, including thermal conductivity and thermal diffusivity, are crucial to
ensure efficient heat transfer betw een the formation and the working fluid.

To validate the thermal parameters obtained in this study, we compane them with
literature data. Typically, rocks show an increase in thermal conductivity with increasing
pore water content and increasing pressure, which in turmn depends on the depth and
compaction-related decrease in porosity (e.g., [2940]) On the other hand, thermal con-
ductivity decreases with increasing temperature, which is usually positively correlated
with depth, and microstructural changes, such as the appearance of microcracks and grain
shifts, can reduce the heat transfer efficiency [41]. The thermal parameters we calculated
are within the ranges given in the literature, at least in terms of the most popular parameter,
which is the thermal conductivity. Other parameters, such as effusivity and diffusivity, ane
rarely determined. For example, for East and Central China granites, the mean thermal con-
ductivity is in the range of 24-3.1 W/(m-K) [42], while DiScipio et al. [7] provide thermal
conductivity values for dry granites from Calabria (Italy) of 1.3-3.5 W/ (m K). These values
are lowver than those obtained in this study for Karkonosze granites: 3.41-3.98 W/ im-K)
Lim et al. [43] measured the conductivity of rhyolite from South Korea as: 387 W/ (m-K),
while Ahmed et al. [41] and Kay et al. [$4] established the thermal conductivity at room
temperature in the range from 2.5 to 3.3 W/ (m-K). These results are applied to samples with
low porosity and high density, which favor higher conductivity values, This is consistent
with our results, which are in the range of 2.65-3.22 W/ (m-K).

6. Conclusions

The novelty of this work is that it presents rarely determined rock parameters, such
as diffusivity and effusivity, which are important for assessing the thermal equilibrium
of geologic formations in the conditions of operation of geothermal systems in Poland,
Moreover, for the first time, an assessment of the geochemical interactions of the working
fluid with rock in potential EGS systems in the Karkonosze pluton and volcanic rocks of
the Goredw Block was made.

(1)  The study conducted provided data on the thermal parameters of igneous rocks from
two formations, namely the Karkonosze plul:nn and the Goredw Block, both of which
are considened potential candidates for EGS development.

(2) The low porosity and permeability values of the rocks categorize all the studied
formations as potentially favorable for the development of petrothermal EGS,

(3)  Karkonosze granite is characterized by the highest diffl.lﬁi!.'il}r, which means that
during potential exploitation it can quickly regain thermal equilibrium.

(4)  Geochemical reaction modelling has shown that permeability damage due to mineral
precipitation is unlikely. On the contrary, due to the dissolution of some rock components,
porosity may mcrease, which ultimately leads to a reduction in collector efficiency.
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(5)  Rescarch on rocks from deep wells has revealed that the rocks of the Karkonosee
pluton exhibit the most favorable parameters for energy extraction from EGS in
Poland. While the rhyolites of the Gorzow Block have slightly lower diffusivity and
thermal conductivity, their high initial temperature makes them a promising option

for heat utilization, even over the long term.
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Nomenclature

EGSs  Enhanced geothermal systems

HDE  Hot dry rock

Thermal diffusivity (m® /)

Specific heat capacity of bulk rock (J/kgK)
Specific heat capacity of rock skeleton (]/kgk)
Thermal effusivity (Wsta/m K}

Thermal conductivity coefficient (W /mK)
Thickness of the material {m)

Material bulk density (g/cm™)

Material skeletal density (g/cm™)

Porosity (-}

Heat flux (W/m?)

Samiple surface anea im?)

Tirmwe (s}

Heat quantity {J}

Temperature at the surface at time { = 0 (*C)
Average formation temperatune (*C)
Reaction rate (mol /s)

Mineral's surface area {cm?),

Rate constant {mol/cm? s} at the temperature T
Activity product (-)

Equilibrium reaction for the dissolution {-)

J-E ST EAR A R e T

Appendix A

Table A1. Mineral phases participating in the analyzed reactions.
Mineral Phase Formula
Albite NaAlSizOg
Anhydrite Cas0y,
Anaite KFea AlSipOh{ OH);
Anorthite CaAlSiz0y
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Table Al. Comt.
Mineral Mhase Formula
Antigorite MgaiSirOg s1OHb,
Calcite CaC Oy
Clinochlon: Mlgs Al SOl OH
Enstatite Mg,
Hematite ey
Mite: Ko s Mgn 22 Al 35i0sOhalOH)
K-feldspar KAlSis0x
Kalinite AlLSi:O510H),
Magnetite Feay
Phlogopite KAIM g SivOhpDFH
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Abstract: In hot drv rocks (HDHRs), hvdraulic fracturing is necessary to create enhanced
geothermal systems (EGSs) and optimize flow rates between injection and production
wells. The geometry of the induced fracture is related to numerous factors, including rock
mirchanical properties, especially Young's modulus and Poisson’s ratio. In this paper, we
show the influence of Young's and Poisson’s parameters on fracture geometry in selected
HDR-type prospective aneas in Poland. Parameters were determined in the laboratory
based on drill core samples from granite and sandstone formations using both dynamic
and static methods. The nsults obtained reveal strong differences between dynamic and
static values in granite and less diverse results in sandstone. Based on these data, numerical
simulations of fracture geometry were carmied out, taking into account the variability in the
rocks’ elastic parameters. Sensitivity analysis showed that refatively high diversity in the
elastic parameters led to a relatively slight impact on the fracture geometry of the tested
formations. The influence of Young's modulus did not exceed 6.5% of the reference hali-
lenigth and width values for sandstone and 7.3% of the hall-length for granite. Variability
in the fracture width was significant in granite formation and amounted to 46.4%. The
influence of Poisson’s ratio was marginal in both lested types of rocks. The research results,
which have not been reported previously, can be considered for the design of hydraulic
fracturing operations in enhanoed geothermal systems in Polamnd.

Keywords: hot dry rock; HDR; enhanced geothermal systems; EGS; rock elastic parameters;
hydraulic fracturing: laboratory measurements; fractune modeling

1. Introduction

Hot dry rocks (HDRs) are one of the most promising sources of clean, renewable
energy production. Utilizing this potential may meet energy needs for many decades [1).
To extract heat from deep formations with low porosity and low permeability, it is necessary
to improve the hydraulic conductivity in reservoirs [2]. Due to the use of stimulation
methods to increase conductivity in rocks, these types of systems ane called enhanced
geothermal systems (EGSs). In EGSs, connecting two or mone wells at the depth of the
target zone allows one to create an underground heat exchangen, where the process fluid
{meost often water) circulates in the loop through the formation between injection and
production wells. The fluid s beated ina conduchion process and then releases enengy
at the surface as steam, driving electric generators. Depending on the temperature at the
surface, electricity is generated in binary or dinect systems. The most widely used method
of HDR stimulation is hydraulic fracturing (HF), which allows engineers to create new
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or reopen pre-existing fractures both near and far from the wellbore [3-5]. In contrast to
other reservoir stimulation methods, HF enables a permanent connection between wells
spaced hundreds of meters apart in the target zone. Since the 19705, many EGS projects in
which the main method of rock stimulation was tensile fracturing or hydroshearing have
been developed, eg., Fenton Hill in the USA [6,7], Rosemanowes in the UK [3], Ogachi in
Japan [£], Habanero in Australia [9], projects in Bhine Graben in Western Europe [10-14],
and Phoang in Korea [15]. In these projects, HF operations were carried out in both igneous
and sedimentary strata, using different types of fracking fluid, proppants, and diversified
types of pumping schedules. Inother regions, including Poland, extensive work is curmently
underway to identify and evaluate prospective areas for EGSs [ 16-15].

The geometry of the fracture network that makes up the HDR geothermal system
is influenced by many factors, including the stress state, development of the planes of
discontinuity, and petrophysical parameters of the target zone. Our study investigates how
rock elastic parameters influence fracture geometry at selected prospective EGS sites in
Poland, It presents preliminary recommendations for HF operations in these formations.
The data, which include the impact of Young's modulus and Poisson’s ratio on fracture
dimensions along with a sensitivity analysis, are novel and have not been published
previously. To aclueve this goal, we selected bwo petrothermal formations in Poland:
altered granite from the Karkonosze Mountains and sandstone from the Mogilno-Lad2
Trough. Core samples were collected from wellbores in both regions for analysis,

Results of the laboratory petrophysical and petrographical analyses of these samples
in dry conditions were presented in a previous study [15]. In this paper, we combine
these data with new results from subsequent laboratory ultrasonic tests on brine-saturated
samples and strength tests of dry samples. Using FracPro software (version 10,13.6.0), we
analyze the impact of rock elastic parameters on fracture half-length, height, and widith as
well as conductivity in the considered formations and present preliminary guidelines for
their enhancement through HF operations.

2. Geomechanical Issues of Hydraulic Fracturing in Hot Dry Formations
EGS reservoirs can be broadly classified into two main types based on the stimulation
concept [19]: (1) relatively intact reservoirs with extremely low matrix permeability and
poory conductive natural fractures and (2) reservoirs where conductivity is primarily
enhanced by shear failure and slippage along pre-existing natural fractures, In the first
type reservoirs, HF operations are predominantly controlled by in situ stress conditions
and, to a lesser extent, petrophysical and rock mechanical paramoeters. In these settings,
the minimum principal stress largely dictates the initiation and prupagal.i.un direction of
fractures [2,11]. Under common stress regimes such as extensional or strike-slip, vertical
fractures are primarily formed (Figure 1). Fracturing in this case is governed by a tensile
mechanism, which demands high injection pressures and the use of proppants. While
this produces a simpler fractune nebwork, it results ina reduced contact area bebween the
rock and wellbore, thereby limiting system efficiency [19]. The second type of reservoir is
dominated by shear-driven fracturing mechanisms (hyvdroshearing), where stimulation
pressures are typically lower (below the minimum principal stress) and proppant is often
unnecessary. This is due to the self-propping behavior of reactivated natural fractures.
These shear-activated fractures provide greater contact area, resulting in more efficient
pgeothermal energy extraction. However, in some other EGSs, both natural and induced
fractures created in both pure tensile and hydroshearing mechanisms can play a role,
with induced fractures acting as connectors bebwern natural ones [20]. The interaction
maode between natural and induced fractures is mainly controlled by the confining stress,
approaching angle, mechanical properties of natural fractures, injection rate, and fuid
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viscosity [21]. The injection of relatively cool treatment Auid into a hot reservoir can also
induce thermally driven fractures, typically oriented perpendicular to hydraulic fractures
induced by stress reduction. While this mechanism has not been direetly observed in the
field, it has been confirmed through laboratory-scale experimental studies [19].

a

Te ni im

memmnny
.

Compressional :
0,>0,>0, !

Extensional

0>0,>0),
Strike-slip

02020,

Figure 1. Simplified model of hydraulic fracture geometry depending on the tectonic regime. In
the extensional and strike-slip regimes, vertical fractures are formed, whereas in the compressional
regime, horizontal fractures dominate. sy—vertical principals stress, ry—maximum horizontal
stress, oy —minimum horizontal stress (based on [22])

The geological factors that influence the geometry of the induced fracture also include
rock permeability /leakoff coefficient as well as the elastic properties of the target zone and
the formations above and below it. The elastic parameters of the rock describe the behavior
of the material, including its susceptibility to deformation and failure under applied stress
of a certain magnitude. Main elastic rock parameters that must be known to design an HF
system are Young's modulus (E) and Poisson’s ratio (v). E defines how much energy is
required to complete the displacement, which is consistent with the classical concept of
linear elastic fracture mechanics. According to classic fracture mechanics, as E increases,
the length and height of the fracture increase, while width decreases. The net pressure
{fracturing and closure differential pressure ratio) also increases. Rocks with a large
require more energy bo experience displacement. In these formations, fractures tend to be
relatively narrow;, and the rock is referred to as “hard” [23]. The E value of a rock {"!,rl:lni.t:..'lligfr
increases with decreasing values of discontinuity and weakness planes and with increasing
water saturation. ¢ determines the ability of rocks to fail under stress [24]. In practice, the
influence of v is lower than that of E. In formations with low v values, the unfavorable
Penelmﬁnn of proppant grains into the fracture walls (embedment phennnwnun] increases,
leading to a decrease in conductivity [25,26]. Other elastic parameters, ie., bulk (K) and
shear modulus (G), are derivatives that can be calculated from E and r. Their influence
on the fracture geometry results from the influence of E and ©; thus, they are usually not
directly used for HF design.

2.1. Laboratory Reck Elastic Parameter Determination

Mechanical properties play one of the most crucial roles in HF operations but also have
an impact on many other aspects, especially on wellbore stability, compression/ tension
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capacity, and the general safety of underground structures in exploration areas [27]. Two
laboratory methods of rock mechanical parameter determination are commonly used:
destructive and non-destructive. In the destructive method, parameters are caleulated from
stress-to-strain relation in the sample during uniaxial or triaxial static loading experiments.
The deformation is recorded until the sample breaks, and the parameters obtained are
called static. The static Young's modulus {Eyy) defines the linear relationship between
applied stress - and strain ¢ on the load axis (1) [23],

Eusa =0/t 1)

whereas the static Poisson's ratio vy ) describes the negative ratio of transverse strain

(Erransperse) to-axial strain (£, (2) [23].
TUerar = = Eppamsverse S Eaxini (2)

In the non-destructive methoed, mechanical properties are measured indirectly based
on the relationship between the velocity of elastic waves (longitudinal and shear) and the
bulk density of the measured sample (3) and (4) [25]

1/2 = (Vs/Vp)?

Ot = (Ve Vo)t @)
vp? =
Ryl @

where E 4, —dynamic Young's modulus, Pa; Vp—P-wave velocity, m/s; Ve—S-wave ve-
locity, my/s; Uy—dynamic Poisson’s ratio, dimensionless; p—bulk density, g.-"cmj. The
advantage of this type of testing is that the dynamic elastic parameters determined in
reserveir conditions, i.e, the measurement of a saturated core sample at reservoir temper-
ature, taking into account the influence of the effective pressure, can be correlated with
the acoustic logging data. Since the samples are not destroyed during testing, they can be
measured multiple times, which allows for testing before and after exposure to unfavorable
environmental conditions, for example CO; [29,30]. E-to-v relations, both dynamic and
static, are also used to caleulate the rock brittlencss index (Bl) parameter used to estimate
susceptibility to fracking, mostly in natural gas reservoirs [24,31], and also may indicate
prospective inbervals in HDRs [18],

2.2. Relation Between Dynamsic and Static Moduli

The discrepancy between static and dynamic rock mechanical parameters has been
the subject of research for many years [27,32,33]. In most published papers, researchers
indicate that Eyy, is larger than Ly, wheneas the nelationship between 7, and Tuq is
not 5o obvious. Eyy, is typically one to two times greater than the corresponding static
value [34]. However, in weak or fractured rocks, such as coal, the Ep /Eyy ratio can
significantly exceed two [35], Furthermore, Bukowska et al. [36] showed that Eygm for very
weak fractured coals can be several times greater than Eu, whereas Uy 15 comparable
t0 Uggr. The observed variations between static and dynamic parameters are explained by
complex external and internal factors like stress—strain conditions, temperature, sample
mineral composition, presence of fractures or cracks, type of pore fluid, and rock anisotropy:
With respect to these factors, the existence of microfractures and pores in the rock is
described as the main cause of these differences. Correlations between dynamic and
static parameters are usually deseribed by several types of empirical equations. The most
commonly used are linear regression-based (Eqar = aEy + ) and power-law-based
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{Etar = wEﬁm}. For igneous and metamorphic rocks, the optimal relationship is the power-
law correlation. On the other hand, for sedimentary rocks, linear and nonlinear logarithmic
correlations give better results [27).

HDEs are usually igneous or less often tight sedimentary rocks. In general, intact
unaltered granite formations are characterized by significantly high E values, up to 80
GPa [37,38]. However, as the number of planes of discontinuity in the rock increases, lower
E values and higher discrepancies between dynamic and static values are expected [39]. Ig-
neous rocks are good examples of diversity in static and dynamic elastic moduli depending
on rock alteration. In the study conducted by Lama and Vutukun [40], in intact unaltered
granite, Ez, and E; were similar and in the range of 65.0-70.0 GPa, whereas in slightly
altered granite, both Ep; and Eggr decreased rapidly, and the average E ., was three times
higher than E, (about 15.0-5.0 GPa for dynamic and static, respectively).

2.3. Modeling Hydraulic Fracture Geometry

The numerical modeling of synthetic EGSs is a strategy that allows for testing different
operational approaches before implementation in the field [2]. In scientific and field prac-
tice, several ty pes of models are used, differing in terms of the set of required input data and
associated numerical solutions and providing different types of output data depending on
the specific needs. A 2D-plane strain approximation (Khristianovich-Geertsma-De Klerk)
or 3D 'Pl.ru'lar fracture model with fixed height QF'E.-rlcins—Kem—degren} cannot take into
account, among others, the impact of natural planes of weakness or the reorientation of frac-
tures under the influence of field stresses. More advanced models (planar shear decoupled,
planar elastically coupled) consider stress shadow effects and predefined fracture barri-
ers. High-resolution fracture models (discrete fracture network, synthetic rock mass, and
bonded particle models) are suitable for modeling non-planar and complex fractures when
detailed petrophysical and geomechanical data are available, whereas continuum models
are advantageous in simulating large-scale problems [£1]. For modeling HF operations
in HDRs, both 3D planar fracture models [10,11,42,43] and more advanced models, ¢.g.,
multiple, cluster and discrete fracture models [2,44], thermo-hydro-mechanical damage
models [45-47], and coupled thermo-poroelastic finite element models [45], have been used
so far. Recently, advanced models integrating thermal, hydraulic, mechanical, chemical,
and wellbore dynamics effects have been developed to evaluate, among others, various
fracture network scenarios and consequently predict heat extraction performance [49].

3. Materials and Methods
3.1. Research Area

For this study, two potential EGS locations in Poland were defined, differing in terms
of lithology and petrophysical properties: low-porosity and permeable sandstones from the
Mogilno-Léd2 Trough and granites from the Karkonosze Mountains area. The core samples
were collected from two boreholes: Piotrkéw Trybunalski IG-1 (PT-1) (sandstones) and
Crerwony Potok PIG-1 (CP-1) (granites). Following the method suggested by ISEM [50],
eylindrical samples with a diameter of 2.54 em (1 inch) and a length of 5.08 cm (2 inches)
weere cut in the vertical direction (along the borehole axis).

3.2, Determination of Dymamic Elastic Parameters

Dvnamic elastic parameters were determined using the Acoustic Velocity System
AVS-700 produced by Vinci (Nanterre, France). Before testing, the samples were fully
saturated with 2% KCl brine in a vacuum container for 24 h. The samples were tested at
140 °C under triaxial conditions, with the hydrostatic confining pressure increasing from
ambient pressure to 550 bar. The pore pressure in the samples was maintained at up to
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20 bar throughout the tests; therefore, with increasing confining pressure, the effective
pressure also increased. The methodology of determining the dynamic elastic parameters
for dry samples, as well as a detailed description of the device and sample preparation, is
presented by Moska et al. [158],

3.3, Determination of Static Elastic Parameters

Stress—strain experiments were carried out on an MTS-810 universal testing machine
(MTS Systems, Eden Prairie, MN, USA). Sixteen core samples were tested under conven-
tional triaxial conditions based on ISEM recommendations [50]. The aim was to determine
the stress-strain characteristics of the sample during uniform loading until failure. E.y
was measured based on precritical stress-strain characteristics as a tangent of the straight
line slope to the strain axis. This straight line is a linear approximation of the failure curve
in the precritical part of the stress—strain curve. The tests were carried out at ambient
temperature and a radial pressure of 150 or 300 bar. Initially, it was assumed that En
would be compared with Eg,, at both pressures separately; however, due to the small
number of samples and the average difference between the confining, pressures in Eqn of
14% for granites and 9.5% for sandstones, it was decided o combine the results from both
confining pressures and compare them with the corresponding E g, Due to the limitations
of the pressure chamber, the values of Pyw were determined only under uniaxial conditions
{additional eight samples) using transverse extensometer set and were compared to Udyn
measured in triaxial tests.

3.4 Numerical Modeling of Fracture Geometry

Planar 3D fracture geometry was simulated using Carboceramics FracPro software
{version 10L13.6.0). The chosen model was the default model in the software (3D shear
decoupled), which calculates the fracture growth with the composite layering effect. An
important feature of the used model is that it does not take into account the presence of
natural planes of discontinuity (natural fractures, cracks of fault planes), which may be
prospective zones for hydraulic stimulation, especially in igneous HDRs. In other words,
the model assumes the propagation of the newly induced fracture in an intact rock layer.
As a result, the model also does not include the effect of the mixed stimulation mechanism
or the related connection of natural fractures with induced fractures [20,21]. These simplifi-
cations in the use of the model were adopted due to the lack of available data, especially
information on the presence of natural fracture zones in the analyzed locations, and because
of discontinuities on a macro scale. Therefore, the results obtained for igneous rocks are
intended to show how the geometry of the induced fracture changes depending on the
variability in the elastic parameters of the intact rock laver. To better reflect the desirable
natural fracture zones in the igneous formation, in the pay zone, slightly increased porosity
and permeability were assumed with respect to adjacent zones. Due to the mentioned
features of the used model, especially in the igneous formation, the showed results should
be considered preliminary information on the variability in the geometry of the induced
fracture as a function of elastic parameters. More precise results can be obtained by model-
ing natural fractures and their interactions with induced ones. A broader set of input data
would enable the use of specialized thermal-hydraulic-mechanical simulators, leading to
more accurate and reliable results. In practice, an analysis of the treatment parameters and
reservoir responses is performed after each HF simulation. The conclusions allow one to
improve the calibration of the assumed model and the design of the next treatment.

The first step in the modeling process is to define the general geological conditions
in the considered locations, as well as the assumptions for the HF operation. These as-
sumptions were based on the HF effects obtained in previously conducted ECS projects in
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Western Europe, in particular those in Bhine Graben (Soultz-sous-Foréts, Landau, Ritter-
shoffen} and Gro Schinebeck [11,43,51,52]. Based on above-mentioned literature data, the
depth, thickness, and lithological profile in selected locations were defined. The porosity
and permeability coefficients, as well as elastic parameters, of the target zone rocks were
adnpted from Iabnrnlsoly tests on the core mmplles [1&], while for the m'erl:rins rocks, the
literature values for the relevant lithological types were assumed. The vertical principal
stress oy was calculated based on the assumed average density of the overburden. Ana-
lyzed fracture dimensions were defined as follows: fracture half-length: radial distance
from the wellbore to the outer tip of a fracture, fracture height: vertical distance of the
fracture, fracture width: opening width of the fracture along the normal direction, propped
half-length /height: length /height of the propped part of the fracture.

3.4.1. Mogilno-Lodz Trough Area, Sandstone Formation

The lithological model for the sandstone formation was based on the simplified model
of the Piotrkow Trybunalski 1G-1 well. The pay zone in the Rotliegend sandstone was
assumed to exist at a depth of 4030 to 4101 m. Due to the incomplete information on the
construction of the wellbore, in the model, we used the selected data from the Gt GrSK
405 wellbore in the Grog Schiinebeck EGS project |12, as well as construction data from
other wellbores in the Rotliegend formation in Poland. Figure 2 shows a schematic view of
the wellbore construction, including the depths and diameters of the tubing and casing.
The design of the well construction, including casing and tubing, was adapted to the ranges
of formation pressure, ensuring safe operation (400 and below 600 bar for reservoir and
maximum wellhead pressure, respectively). The perforation was assumed from 4060 to
4080 m in the Rotliegend formation.

The principal petrophysical parameters of the pay zone and the adjacent over- and
underlying zones (40 and 88 m thick, respectively) were taken from laboratory core sample
measurements presented by Moska etal. [18]. The pay zone was characterized by slightly
higher porosity and permeability relative to adjacent zones. For the elastic modulus
sensitivity analysis, it was assumed that the applied E and v in the pay zone ranged from
the lowest to the highest, including the average, values oblained for this formation in the
dynamic laboratory tests presented by Moska et al. [18] and static tests described in this
study. The range of considered £ values was from 14.8 GPa (minimum value obtained
in static tests) to 31.4 GPa {maximum obtained in dynamic tests for saturated samples).
The hypothetical elevated value for hard sandstone (50,0 GPa) was also added to show
the influence the higher E. The reference point (100%) for E was assumed to be 19.2 GPa
The remaining petrophysical parameters of the model, including v, were not changed. v
was assumed as the average value from dynamie tests for dry samples and was equal to
0.19. The range of © in sensitivity analysis ranged from 0.12 to 0.22 (values obtained in the
performed tests) and additionally included hypothetically elevated values of 0.30 and 0.35,
wherein E was fived as the average value from the dynamic tests of the dry samples and
equaled 19.2 GPa.

The pumping schedule was designed based on information available in the litera-
ture [11,12,43]. It was divided into 10 steps. In the first step, 30 Ib,/ 1000 gal linear polymer
fluid (so called pad) was pumped. This concentration of the fluid provides enough viscosity
to open and propagate the fracture under the assumed conditions. In the second step, fluid
with the same polymer concentration was used in addition to 100-mesh quartz sand. The
addition of very-small-grain sand allows for the widening of perforation holes and reduces
the fluid flow resistance in the near-wellbore zone, In the next steps, the transport of the
proppant to the created fracture was scheduled. For this purpose, high-viscosity fluids
based on cross-linked polymer bonds, are usually used. This allows for the transport of a
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proppant of relatively high strength and density deep into the created fracture. In these
steps, 30 1b /1000 gal cross-linked polymer fluid with 20/40 high-strength ceramic proppant
was used. Typically, during HF operations, proppant injection begins from the lowest
concentrations and gradually increases during the process. This technique allows for more
efficient propping. The pumping rate depends on the type of liquid and the concentration
of proppant. The rates were assumed to be 20 m* /min in the pad, 3.0 m" /min in the clean
perforation step, and 4.0 m’ / min in the slurry steps. The proppant concentration increased
between the first and last slurry steps from 150 to 800 kg/m”. The model net pressure for
the last frac step was 49.5 bar. Details of the pumping schedule in the Mogilno-Lodz area
are shown in Fisure 3
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Figure 2. Schematic view of the borehole tubing, casing, perforation, and lithology profiles of the
Muogilno-Ladi and Karkonosee Mountains area models.
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Figure 3. Design of the treatment schedule of the hydraulic fracturing operation in the Mogilno-Lod# anea,
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3.4.2 Karkonosze Mountains, Granite Formation

In the Karkonosze Mountains area, the lithology is confirmed from drilling data only
to a depth of about 2000 m [53]. Below this depth, only assumptions based on the literature
are possible, For the purposes of this work, we assumed that the lithological profile consists
of granitoid pluton along its entire considered depth. The pay zone was placed at a depth
of 4020 to 4180 m (160 m thick). The perforation was assumed to be at a depth of 4100 to
4112 m.

Similarly to the case of the considered sandstone formation, the pay zone parame-
ters were assumed based on laboratory core sample measurements presented by Moska
et al [158] and from this study, whereas the parameters of the overburden were taken from
the software database. We assumed that the pay zone is characterized by increased poros-
ity (2.5%) and permeability (0.5 mD) with respect to adjacent zones (0.79% and 0.001%,
respectively) to reflect the desirable tightened natural fracture zone of higher alteration.

The applied E and v values in the pay zone were assumed to include the lowest, aver-
age, and highest values obtained for the formation in dynamic laboratory tests presented
by Moska et al [15] and static tests described in this study. The considered E ranged from
16.75 GPa (average value obtained in static tests for naturally fractured samples) to 62.9 GPa
{average from dynamic tests for dry intact samples); 80 GPa, a value for intact granite
obtained from the literature [37 35]; and several intermediate values. The reference point
(100%) for E was assumed to be 62.9 GPa, while v was fixed at the average value obtained
from dynamic tests (0.28). The range of U in sensitivity analyses was from 0.07 (minimum
obtained in static tests) to 0.37 (hy potethical elevated value), including intermediate values
obtained in the static and dynamic tests, wherein E was fixed as the average value from
dynamic tests for naturally fractured samples and equaled 43.8 GPa. It was assumed that
the reference point for o (100%:) was 0.28.

The pumping schedule was divided into 16 steps. In steps 1-10, 20 Ib/1000 gal of
slickwater fluid was used to open the formation. This type of fluid is characterized by a
viscosity slightly higher than that of water because of a very low polymer concentration,
enough to create and propagate the fracture. Furthermore, the friction-reducing additive
reduces the flow resistance, which is especially important at high pumping pressures. In
the simulation performed, we decided to use 40/70-mesh ceramic proppant during three
stages in the final part of the treatment. The low viscosity of the liquid enables the transport
of the low-density and small-grain-size proppant. The detailed pumping schedule for the
Karkonosze Mountains area is shown in Figure 4.
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Figure 4. Design of the hydraulic fracturing operation in the Karkonosze Mountains area.
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4. Results

Figure 5 shows a comparison of dynamic and static E and o parameters for dry samples
from the Mogilno-Lodz Trough (sandstone) and Karkonosze Mountains (granite).
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Figure 5. Comparison of the average static and dynamic Young's modull and Poisson’s ratios of dry
rock samples from selected prospective HDR areas in Poland. Dyvnamic parameters were published
by Moska et al. [15].

The average Lay values of the granite samples (16-25 GPa) were relatively low
compared to the literature data [37,38] and confirmed the behavior observed for altered
granite [40]. Altered granites with more developed natural fracture networks, collected
from a shallower interval (138-144), exhibit lower L,z than deeper ones, which can also be
explained by the elevated amount of clay minerals in the mineral composition (chlorite,
kaolinite, illite) [18]. The Dy, of granites from deeper intervals is slightly lower; however,
it should be remembered that o, was measured in uniaxial conditions, which influenced
the results. According to Logd and Viasdrhelyi |[54], for hard intact rocks, it can be expected
that Ty will increase with increasing confining pressure, Sandstone samples collected
from both intervals present average Eqq values in the range of 17.9-18.2 GPa and U
values of 0.12-0.13, which correspond to values for mediume-strength sandstones in the
literature, e.g,, [55,56].

Granite samples showed a strong variability in elastic parameters depending on the
measurement method {Figuri.- 5), The average E 4, was more than twice the static value in
both intervals, whereas 4, was about four times greater than the static one measured in
uniaxial conditions in the case of samples collected from a 155-185 m depth interval. On the
other hand, the E values of the sandstones were comparable regardless of the measurement
method (in the range of 9.6-18.1 GPa for both methods), and the ¢ ratios were h'lEher in the
dynamic method. Differences between Ejy,, and Ly in granite samples can result from
alteration, similar to the results presented in literature [40], and /or from the presence of
microcracks in the samples, which do not cause elastic wave attenuation but significantly
reduce the strength of the sample during static tests, Figure 6 shows the correlation between
dynamic and static E for measured samples. Despite the small amount of data due to the
small number of undamaged samples that could be directly compared with each other, the
correlation is good for both sandstone (R? = 0.84) and granite (R = 0.89), For both data sets,
the linear trend line gives the best R? coefficient, although the literature indicates the best
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matching of the power-law correlation for igneous rocks [27]. A flatter trend line of granite
samples compared to the sandstone one indicates that the increase in .F_'d.w in granites is
not highly reflected in Eqg growth. This can result from the presence of microcracks and
microfractures that cause a reduction in the strength of the samples in static tests,

30
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Figure &. Relationship between the static and dynamic Young's moduli of granite from the Karkonosze
Mountains and sandstone from the Mogilno-Lode Trough. Eesults for dry samples tested under
triaxial conditions. Dynamic parameters were published by Moska et al. [15].

It is also important to note that differences in testing temperature between ultrasonic
measurements (conducted at 140 °C) and strength tests (conducted at ambient temperature )
can influence the results. In general, elevated temperatures lead to thermal cracking in
rocks due to differential thermal expansion between mineral grains, resulting in a reduction
in the static Young's modulus of E.;. However, in low-porosity rocks such as granite,
the P-wave velocity typically decreases by less than 5% for a temperature increase of
approximately 100 “C [57]. The rate of decrease in Eyy with temperature is generally
higher than that of the dynamic modulus (E ;) [55]. Nevertheless, within the temperature
range from ambient to about 150 °C, changes in mechanical properties reported in the
literature usually remain within a few percent of their reference values, depending on rock
type [59,60]. Therefore, it can be assumed that the variation in testing temperature in this
study should have only a minor effect on the results,

HDREs are usually described as formations that contain litthe or no water. Howewver,
the presence of water in the pore space or fractures significantly influences the elastic
parameters, especially E, which is presented in Figures 7 and & Both in granite and
samdstone samples, P-wave velocities increase in saturated samples because the K modulus
of the water is higher than the gas modulus [57]. The S-wave velocities increase slightly
as a result of the increase in bulk density. This relation results in a significant increase in
Ejyn in both types of samples, though it is especially noticeable in weak sandstones. The
saturation of the sandstone samples also results in a significant increase in deformation in
the directions perpendicular to the direction of loading, The influence of water saturation
on fracture propagation is described in the discussion section.
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Figure 7. A comparison of wave velocities of dry (from [18]) and fully saturated (this study) gramite
from the Karkonosze Mountains and sandstone from the Mogilno-Eéd# Trough in triaxial tests.
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Figure & A comparison of dynamic Young's moduli and dynamic Poisson’s ratios of dry (from [15])
and fully saturated (this study) granite from the Karkonosze Mountains and sandstone from the
Mogilno-Lodz Trough in triaxial tests,

The sensitivity analysis for Mogilno-Ladz HDRs showed that an increase in E in the
target zone from 14.8 to 50.0 GPa leads to an increase in fracture height by 3.0 m, a decrease
in half-length also by 3.0 m, and a decrease in width by 0.09 em (Figure 9). Similar-scale
variability was observed for the propped fracture half-length and propped height. The
average fracture conductivity increased by 65 mDm and the average surface pressure by
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24 bar, while the embedment phenomenon decreased from 0,031 to 0,011 em (Figure 10).
The variability in E in the range mentioned above had the greatest impact on average
fracture conductivity (increase from —4.3 to +8.4%) in relation to the value corresponding
to the average E (Figure 11). A lower impact was observed for the half-length, height, and
width (decrease from +3.3 to —1.6%, increase from —1.2 to 2.5%, and decrease from 0.7 to
—57%, respectively). Therefore, the increase in E in the considered range caused a change
in the half-length, height, width, and conductivity of the fracture to 4.9%, 3.7%, 6.4%, and
12.7%, respectively, which can be seen in Figure 11, Variability in fracture geometry with
increasing Young's modulus in the pay zone of the Mogilno-Lédz HDR area can be seen in
Figure 12,
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Figure . Variability in the selected fracture geometry parameters as a function of Young's modulus
in the Mogilno-Lodi sandstone formation.
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Figure 10. Variability in fracture conductivity, average surface pressure, and embedment as a function
of Young's modulus in the Mogilno-Ladz sandstone formation.
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Figure 11. Influence of Young's modulus on hydraulic fracture characteristics in the Mogilno-Lidz
sandstone formation.
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Figure 1. Variability in fracture geometry with increasing Young's modulus in the pay zone
of the Mogilno-Lod: HDR area.  Fracture shape colors correspond to the following values:
green—minimum Eqx, vellow—average E . navy blue—maximum Ejyy for brine-saturated sam-
ple, red—hypothetical E for hard sandstone rock above values obtained in the tests (for comparision.

The sensitivity analysis of v for the considered formation shows that at a fixed average
E of 19.2 GPa, the variability in v from 0.1 to 0.35 did not affect the fracture length, height.
or width and had a negligible impact on the propped length and height. The impact on the
fracture conductivity did not exceed 2.5%. The proppant concentration in the fracture for
the average values of £ and v are shown in Figure 13, The proppant is concentrated in the
middle and lower part of the fracture due to the settling proppant transport type.

Sensitivity analysis on the granite from the Karkonosze Mountains showed that an
increase in E in the pay zone from 16.7 to 80.0 GPa did not influence the height of the
fracture. The fracture half-length decreased from 345 to 334 m (11 m decrease), while the
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width decreased from 0L82 to 0.55 cm {0.27 em decrease). However, the propped hali-length
increased from 307 to 320 m (13 m), and the propped height also increased from 142 to
153 m (11 m) (Figure 14). The impact on fracture conductivity was not clear in this case.
Conductivity increased at low E values and stabilized with a tendency to slightly decrease
below 34.6 GPa (Figure 15). However, it is important to mention that in the real formation
conditions, conductivity may be varied due to interactions between natural and induced
fractures [21], which cannot be simulated in FracPro. Therefore, the variability in fractune
half—bngtl'i, Prﬂpped half—length, and Fmpped |'E!IK}I|: did not exceed 7.3% of the assumed
reference values {F'l.ﬁ'u:m 165). The variability in fracture width was much more significant
{from about +41.4% for the lowest assumed E to about —5% for the highest). The embedment
phenomenon occurred only in the lowest E values and reached a maximum of 0.013 cm for
the lowest assumed E. Variability in fracture geometry with increasing Young's modulus in
the pay zone of the Karkonosze Mountains HDR area can be seen in Figure 17,

L Propermes AV Prolis Contanirainn of Froppant m Facks jsgmd)

Figure 13, Fracture geometry and visualezation of the proppant concentration for a hydraulic fracturing
operation in the Mogilno-5d# sandstone formation, assuming mean values of E and © in the pay zone.
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Figure 14. Vanability in the selected fracture geometry parameters as a function of Young's modulus
in the Karkonosse Mountains granite formation.
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Figure 15. Variability in the fracture conductivity and average surface pressure as a function of
Young's modulus in the Karkonosze Mountains granite formation.
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Figure 16. Influence of Young's modulus on hydraulic fracture characteristics in the Karkonosze
Mountains granite formation

The influence of 7 on the fracture dimensions in the granite formation was much less
significant than that of E, especially in the case of half-length and height. The variation
in o from (.7 to 0.37 led to a change in the half-length and height of the propped fracture
in the range below 2.6%. The fracture half-length changed in the range of below 1%,
whereas fracture width varied more significantly (7.9%). Embedment was not observed.
The influence on the fracture conductivity was unclear, but, in general, it was stable for
the entire range of 0 analyzed. The proppant concentration in the fracture for the average
values of E and v are shown in Figure 18,

169



Zatacznik: Artykut V

Enerygres 2025, 18, 18659 7 of 25
Fracture width, cm Fraciure hall-length, m
- 275 300 325 350

——— ——dfngy,,
LT 1
“ego,
[ [t Fii E
Young's modulus, GPa: 7 =
— 000 -E"
629
— R
— |
167 I
W g
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Figure 18. Fracture geometry and visualization of proppant concentration for an HF operation in the
Karkonosze Mountains granite formation, assuming average values of E and ¢ in the pay zone.

5. Discussion

Mo studies have been published to date on the influence of rock elastic parameters on
fracture geometry in European HDRs, but data from other locations and rock formations are
available. Lei et al. [2] discuss the influence of £ and v on the fracture aperture and area in
igneous formations. The results show that the fracture aperture decreases significantly with
increasing E. Within the tested parameter range of HDEs in the Gnnghi- Basin (Morthwest
China), a Ehange- in E relative to the average value alters the fracture aperture by 23-52%,
(decrease with increasing E). The effects of v on the fracture aperture are minor; it does
not change the fracture aperture by more than 6% in the ranges of the tested parameters.
Fracture area increases by a maximum of approximately 15% with an increase in E and
insignificantly with a change in . Modeling for shale rocks shows that the lower the v or E
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obtained, the less the fracture length propagates, while the fracture width increases [61].
Similar results are shown by Survadinata et al. [62]. Osman and Bilgesu [63] stated that high
E values generate shorter and smaller bi-wing fractures in shales, whereas the length of the
discrete fracture network increases. Bastos Fernandes et al. [64] pointed out that the higher
the E value in shales, the more complicated the fracture networks around the wellbore
and the more shear failures observed in natural fractures. When E is relatively small, the
width of the fracture decreases a little, while the length slowly increases. Inereasing £
above 30 GPa leads to dominating shear failure in natural fractures and causes a decrease
in fracture length and an increase in width. On the other hand, high v inhibits the growth
of shear fractures. As ¢ grows, the fracture length also grows, and its width decreases,
Furthermore, E also decreases as the number of thermal cycling increases in EGSs due to the
transformation of microfractures into langer ones [65]. With respect to the above-mentioned
data, Lei et al. [2] also pointed out that compared to the influences of the in situ stress and
the level of natural fracture development, the reservoir properties had a minor effect on the
results of the HF treatment.

In the case of the Mogilno-Lodz HDRs, an increase in E caused a change in fracture
half-length, height, and width of 4.9% (decrease), 3.7% (increase), and 6.4% (decrease),
respectively, which is noticeably lower compared to the data presented by Lei et al. [2].
Differences in the scale of E's influence can be explained by the different types of rock being
compared: low-strength sandstone on one side and granite of relatively higher strength
where the fractures propagate more easily on the other side. On the other hand, the results
obtained confirmed that the influence of v on the fracture geometry is minor. Therefore,
the variability in E over a relatively wide range leads to change in the fracture geometry
parameters, at most by 6.4%, whereas the influence of ¢ can be considered insignificant.
The results indicate that despite the variability in rock elastic parameters depending on the
used research method and water saturation, in the analyzed sandstone formation, these
differences do not strongly affect the final fracture geometry. The directions of correlation
(positive or negative) between fracture parameters and rock elastic parameters are shown
in Table 1.

Table 1. Correlations of fracture parameters and elastic rock parameters. The symbols “—* and “+"
denote negative and positive cormelations, respectively.

Sandstone, Mogilno-Lodz Trough Granite, Karkonosze Mountains
Induced Fracture Parameters
Young's Modulus Poisson's Ratio Young's Modulus Poisson's Ratio
Half-length - Mo influence - -
Propped half-length - - + Not clear
Height + Mo influence Mo influence No influence
Propped height - - - Mot clear
Width - Mo influence - -
Conductivity + Not clear Not clear Not clear
Surface pressune - - - +
Embedment - Mo influence - Mo influence

In the Karkonosze Mountains granite formation, the increase in E leads to a decrease
in width by 46.6%, similar to the data presented by Lei et al. [2], as well as decrease in
half-length (3.3%) and does not affect the height of the fracture. However, the propped half-
length and propped height increased with E (4.1% and 7.3%, respectively); thus, increasing
E in general leads to a decrease in the unpropped part of the fracture. [t is important to
note that embedment phenomena were expected for £ values less than 346 GPa only and
reached the maximum obtained value of 0.013 cm for the lowest tested E. Therefore, in the
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tested granite, embedment is only significant in highly altered and fractured parts of the
formation characterized by reduced strength.

The variability in half-length and height, both propped and total, due to v change
is minor (does not exceed 2,5%), which confirms the literature results [2]. Similar to the
Mogilno-Ladz formation, significant variability in elastic parameters was observed for the
Karkonosze granites in geomechanical tests, depending on the method used; however,
in this case, the large range of E changes leads to relatively small variability in fracture
half-length and height but noticeable variability in width. Additional research should be
carried out to determine if a significant decrease in fracture width with increasing E also
oceurs in the case of larger initial fracture width.

[n most of the EGS studies conducted so far, the target zones were igneous formations
for which available data for projects in sedimentary strata are limited. The modeling resulls
for the Mogilno-Lod# area indicate that by assuming relatively similar parameters of the
fracturing operation to those of the GroB Schinebeck project, in particular the flow rates,
fluid volumes, and pumping schedule, relatively similar results can be obtained (Table 2).
The average fracture length in the Mogilno-Lédz HDR, taking into account average obtained
E and v in the target zone, is 1.0 to 4.0 m lower than that in a "IT.H.'HI'IE Pruj;.\:l from 2007
in Groé Schinebeck, while the fracture height is noticeably lower. However, the width
at the Polish prospective site is almost three times greater (1.4 cm compared to 0.53 cm).
These differences may appear due to both the pumping parameters, which were comparable
but not identical, and also the petrophysical and geomechanical parameters of the target
zone. The greater length and height of the fracture and its lower width correspond to the
higher brittleness index of the sandstone formation at the German site (Figure 19). Therefore,
assuming a greater distance between injection and production wells, allowing for higher
installation efficiency, formations with higher E values are desirable at the Polish site, In
the case of sedimentary HDRs, a certain amount of initial water saturation could be also
beneficial in order to obtain longer fractures; however, a significant brine inflow can also lead
to productivity reduction due to scaling | 12] and corrosion issues. The low v in the formation
also leads to increased embedment phenomena that can reduce fracture conductivity [26],
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Figure 19. Comparison of mineral and rock mechanics-based brittleness indices of prospective
formations in Poland and cormesponding rocks in currently operated EGS projects in Western Europe.
Based on |16,18].
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Table L Comparison of selected data from hydraulic fracturing operations in Grof Schénebeck |12]
and Mogilno-Lod# sedimentary HDR numencal modeling {this study).

GroBSchinebeck Grof Schinebeck Crof Schinebeck Mogilno-Ladz
E GrSk 3f90 GiGrSk 405 A 120 GiGrSk405A (20 Sedimentary HDR
Tieaitnent Paismiates Vertical Well Horizontall Well Horizontal Well Numerical Model,
(2002) (2007) (2007} Vertical Well
GCel/Proppant Gel/Proppant GelProppant GelfProppant
Frac I Fracl Frac Il Frac
Duration, h o3 15 2 16
Frac interval, m 41404200 2044208 41184122 40604080
Completion Open hole Perforated liner Perforated liner Perforated liner
Masx. flow rate, m*/h 138 240 210 240
Cumulative volume, m® 107 280 30 317
Max. head pressure, bar 452 350 400 533
Gel type HTU/ brine Cross-linked Cross-linked Cross-linked
I.'-'mFPan.I.‘ type Carbo-Lt High strength High strength CarboHSP
Mesh size 20/40 20/40 20/40 20/40
Proppant mass, kg 8796 5,000 113,000 103,497
Fracture dimensions
Half-length, m 2 57 b 61
Height, m 72 115 a5 &1
Width, em .16 0.53 .53 1.4 {average)

Data concerning the geometry of stimulated natural fractures in European igneous
EGS formations are difficult to access. Considering the low reservoir in Soultz, the distance
between the bottoms of the wells sugpgests that the natural fracture must be conductive
for a distance of at least about 600 m; therefore, it probably has to be stimulated for such
a distance. In Landau, the distance between the bottoms of the wells is even greater
and reaches 1200 m. The results of the simulations presented in this paper cannot be
directly comparned with these EGSs because the software used does not take into account
the propagation of stimulated natural fractures. Reduced elastic rock parameters and
increased permeability and porosity in the pay zone in the presented model constitute only
an approximation of the assumed situation in the formation; thus, the presented resulls
may therefore be an indication of how the geometry of the induced fracture depends on
the variability in elastic parameters. Natural fractures may have significant initial natural
conductivity, and stimulation leads to further improvement of the flow (e.g., the GPE3
well in Soultz). The Karkonosze Mountains EGS in this study can be considered a massive
stimulation model containing over 10,000 m” of fluid in total (Table 3). The obtained fracture
half-length would allow for keeping the distance between the bottoms of the wells at about
S00-600 m assuming the connection of the fractures in the target zone after treatments in
both injection and production wells. Greater fracture length in the model corresponds to
lower width, which in tum is related to lower conductivity.

Lei et al. [2] indicated that the variation in the stress magnitude with depth as well
as stress difference significantly affected the geometry of the hydraulic fracture network.
Therefore, the choice of HF technology, including the by pe of fluid, proppant, and other
parameters, depends on the in situ stresses and also on natural fracture development in
the reservoir, as well as petrophysical parameters, i.e, E, v, porosity, and permeability.
Unfortunately, concerning the analyzed HDR areas in Central Europe, there are no available
data on the natural fractures in the reservoir or on detailed stress patterns. Obtaining
these data is critical before designing an HF treatment. Despite incomplete data from the
considened formations, and with respect to published data from Western European EGSs, it
can be assumed that in the part of the formation containing intact rock or poorly developed

173



Energies 2025, 18, 2868

Zatacznik: Artykut V

2ol 25

natural fractures, gel-proppant fracturing or hybrid treatment would be applicable, while in
the well-developed natural fracture network part of the reservoir, massive water fracturing
would yield better results.

Table 3. Comparison of selected data from hydraulic fracturing operations in Soulte-sous-Foréts and
Landau [52] and Karkonosze Mountains igneous HDR numerical modeling (this study).

Karkonosze
Mountains lgneous
Treatment Soultz GPK2 Soultz GPK4 Landau GtLa2 Landaw GtLa2 HDR Numerical
Parameter Model, Vertical Well
Massive Low-Rate Hydraulic High-Rate ; .
Fracturing Injection Stimulation Stimulation Nikuiid Foncturong
Duration, h 144 &4 few hours few hours 55
M“;If;; _ 180 108 up to 310 up to 684 252
SO 23,400 9300 4060 6600 10,041
Max, net
pressure, bar 150 170 100 100 kv
Fluid type Fresh water Fresh water Fresh water Fresh water Slickwater
Proppant type - - - - High strength
Mesh
size / proppant = = - 40704 135,000
mass, kg

The design of every HF operation in EGSs should be preceded by comprehensive
well-logging data, including the stress state, presence, direction, and conductivity of natural
fractures; mineral content; and elastic parameters. The research results presented in this
paper indicate that while the elastic parameters of reservoir formations are important for
stimulation design, they do not significantly influence the geometry of fractures as modeled
in this study. From a geomechanical perspective, in sedimentary formations, the most
promising larget zones appear to be layers characterized by relatively high E and low v
values, which correspond to a high brittleness index. In such rocks, the fracture network
after HF operation should be more extensive, the impact of the embedment should be
lower, and there should also be a lower likelihood of the unfavorable occurrence of clay
minerals, which makes them the most promising. Because high-strength, high-density
proppant is required in such deep formations, cross-linked fluids would be appropriate.
Curnently operating EGSs in igneous rocks in Western Europe indicate that natural fracture
zones stimulated by a hydroshearing mechanism are a potential target. In this type of
formation, it is essential to understand the orientation and propagation of natural fractures;
their lengths, natural conductivities, water inflows; and the interactions between natural
and induced fractures. Fractured zones typically exhibit significantly lower E values than
intact rock, amd this is why such sections can be considered as prospective to stimulation
by a hydroshearing mode. The wells drilled should intersect in the direction of the natural
fractures so that after stimulation, the optimal workflow can be achicved. Since igneous
formations are conducive to self-propping fractures, where the use of proppant is not
necessary. The optimum fracturing fluid in this case could be fresh water or a friction-
reducer-based proppant.

6. Conclusions
This article discusses for the first time the design of a geothermal collector in prospec-
tive hot dry rocks in Poland using the hydraulic fracturing method. For the first time,
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a comparison of dynamic and static rock mechanics test results in hot dry rocks is also
presented, as well as a sensitivity analysis showing the influence of rock elastic parameters
on fracture geometry in two different lithologies.

(1) Rock mechanics tests reveal large differences between the dynamic and static Young's
modulus and the Poisson's ratio in granite formations from the Karkonosze Moun-
taing, wheneas these parameters in the sandstones of the Mogilno-Lod2 Trough, espe-
cially the Young's modulus, show less variation. For both lithology types, the best fit is
given by a linear trend {R? from 0.84 to 0.89 for sandstones and granites, respectively).

{2) The saturation of the samples with brine causes a significant increase in the dynamic
Young's modulus compared to that of dry samples in both formations.

(3)  Sensitivity analysis for Mogilno-Lodé sandstone shows that the increase in Young's
modulus from 14.8 to a 50.0 GPa leads to a decrease in the half-length of the fracture
by 4.9% and in the width by 6.4%, as well as an increase in the height by 3.7% and in
the conductivity by 12.7%. Varability in Poisson's ratio (in the tested range from 0.1
to 0.35) leads to negligible changes in the propped fracture half-length and height, in
the range below 1.6%.

{4)  In the case of the Karkonosze Mountains granite formation, the increase in Young's
modulus from 16.7 to a 80.0 GPa leads to decrease in half-length by 3.3% and in
width by 46.4%, with an increase in propped half-length and height (4.1% and 7.3%,
respectively). No influence is observed on the height of the fracture. Variability in
Poisson’s ratio (in tested range from 0.7 to 0.37) leads to a negligible change the fracture
half-length in the range below 1%, whereas fracture width varies more significanthy
(decreases by 7.9%).

(3) Performing sensitivity analysis allows to determine that a relatively great variation
in Young's modulus and Poisson’s ratio leads to relatively little impact on fracture
half-length and height in both of the hot dry formations tested. A stronger effect is
observed only for fracture width in the granite formation.

(6)  The results of the Mogilno-LodZ hot dry rock model indicate that using similar fractur-
ing operation parameters to those used in the Grog Schiinebeck project, similar fracture
geometry results can be obtained. However, in the case of the Karkonosze Mountains
area, the obtained results should be considered a preliminary approximation due to
software limitations, especially the disregarding of natural fracture stimulation.
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E/Eqn _i"fdj- Young's modulus in general / static/ dynamic, Fa
T/ Vo /Ty Poisson ratio in general/static/ dynamic, dimensionless

K Bulk modulus, Pa

G Shear modulus, Pa

¢ Stress, Pa

€ Strain, m/m

"y Vertical principal stress, Pa

Iy Maximum horizontal stress, Pa
) Minimum horizontal stress, Pa
P Bulk density, g/cm®

¥p Compressional wave velocity, m/s
Vs Shear wave velocity, m/s

Bl Brittleness index, "
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