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Kzynerds: The Milan Metropolitan Area iz one of the most densely populared regions in Italy and Eorope and, consequenty,

i ale thermal potencizl haz an extremely high thermal power demand. In this smdy a regional seale asseszment of te potental of 2
mwmm_ zhallosw slluvial aquifer to host low enthalpy geothermal systems is presented The smdy area lies on 2 layered
Dot Hp‘;;‘“" phrearie amquifer complex and presents advanageous hydrogeological characteriztics that make low enthalpy
LElan i i geothermal supply an amyactve heanng/cooling solution from 2 carbon footprint and an economical point of

view. In thiz context different analyteal zolufons were used to estimate the thermal potential of closed- and
open-loop syziems bazed on the distmibuton of hydraulic and thermal parameters of thee shallow aguifers. The
thermal potential of clozed-ldop systems (ground-coupled heat pumps - GCHFY was estimated through the
ASHEAF analytical equation considering the hydramlie and thermal parameters of the ground the groumdwater
emperamre, and the characteristics of the system. The thermsal potential of open-loop sveremes (groundwaer
heat pumps - GWHP) was estimated by conzidering the local regulation on the sbstracton and the conservation
of the quantty and the qualicy of te groondwater as well a5 prevening exceszive groundwater Ghle drawdown
or rizing and thermal short-circuit The results were compared with heat demand rares of the buildings in the
mumicipalites of the zmdy area and, fnally, the mest profiehie shallow geothermal system configuration =
ihiscuszed.

1. Introduction bolers and air-coupled heat pimmpe (Semer =t 21, 201 0). Morsover, low

enthalpy geothermal zvstems have proved to be the best cost-effective

The Ewropean commiiment on climate changs mitigaton and
decarbomizstion focuzes on ambibous and promsing goals zuch as [1]
reaching a share of at least 32 % of renewable enerey by 2030 (Europes
Commizzion, 201 5) and [2] reducmg sreenhouse g2 emissions to 80-05
3 below 1990 lewels by 2050 (European Clmmate Foundstion, 207 0).
Low enthalpy shallow geothermsl energy 1z considered = valid slterns-
five to common carbon-bassd heating/cochng techmiques (g fozzil
fuel burpers, sir-coupled heat piompe) {Land and Bovd, 2016). Even
though shallow geothermal systems requuire elecimicrty to extract heat
from the ground, a sigmificantly lower amount of electrical power 1=
required and Iower volumes of greenhouss gases (GHGE) are ematied if
compared to conventional beating ‘conling syetems (Blum et el | 20100
It has been demonstrated that the use of geotherms] energy in conmmon
resideniial and commereial buldings in Europe can reduce the emmz=zion
of GHGz, such sz CO-, betveren 31 % and 88 % (depending on the source
of the supplied clecincity and the efficiency of the mstallation)
compered to conventional hesfing systems such 2z oil and ga= fired
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conditioming solution for 2 wide range of buldings, notwithstandimg
the high 1mbal myvestmenk costs (S=if =8 21 201 5]).

Low enthalpy shallowy geothermal sywbems can be subdivided mto
w0 mein catepories:

#» Ground-coupled heat pumps (GCHP-Clozed-Loop): the hest
transfer flind ciroalates in s loop placed in the ground with which 1
has no direct contact The heat transfer wath the ground ocours
through the piping material

= Groundwater heat pumps (GWHP—-Open-Loop): the hest 12 carried
directly with the groundwater by passme divectly through the heat
exchanger. After the hest exchange the water 1z given back to the
asquifer or to surface water bodies

In Italy, the low-enthalpy seothermal energy anmus] produchon
(2756 GWh m 2017 (GSE, 2018)]) stll accounts for only 0.4 % of the
total thermsl emergy production =nd represents sbout 2% of the
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renevwable thermal energy production (GEE, 20128). However, a contin-
uously mereasing trend has been obzerved sinee 201 2 (-8 % m 5 vears)
[GEE 2015), and a strong rise of about 300 % 1= expected withim 2030
{Urdore Geotermica Tistisna 2017)

The most severs obstacles to the use of geothermial heat pumps are
the high 1mtial mvesiment cost due to the dnlling and mstallation
procedures, and the high cost of domestie electnaty (0.21 €/5Wh)
compered to methane (008 £/4Wh) (EURDSTAT, 2019). To account for
these economme homtations the Iialian public suthontes miroduced a
tax relief up to 65 %6 of the mvestment amount for energy-renovation of
exsang hnldings [(ENEA. 2008} Moreowver, the Iitahisn energy regula-
tion on new uldings (D Lgr 25/20] 1} states that at least 50 9 of the
thermal ensrgy used for space heating and coohng {and for hot water
supply} muast come from renewsble sources.

Another common obstacle 1= the lack of knowledse of the potential of
thiz hesting ‘cooling techmque and sbout the sites where they can be
more sfficiently and essily mstalled. One of the best mdicators of
geothermal efficiency snd sutsbihity 1z the seothermal potentizl. Even
though it 1z not umguely defined {Bayer =t 2l | 2019}, the geothermal
potential depicts the capahility to exchange hest with the ground or the
groundwater.

Bayer et al (2009) reviewed the most relevant works on the
geothermal potentizl aszessment introducing the distincebon between
the theoretical potentia] (1o the total energy skored in & reservoir or the
ameount of exwchangeable heat bazed onby on the hydrogeclogicsl and
thermal properbies of the explostable aguifers} and the techmicsl po-
tential (1. the fracton of the theorstical potenisal that can be used by a
certain techmology). In practice only 2 frecton of the theorefics]l po-
tential can be sxploited depending on techrical restrictions and on the
exizting regulstions about the conservation of the groundwater re-
sourees, &nd the profection of the thermal status of the aguifers. In this
context, a comprehensive ssseszment of the thermal potential taking
o account the hydvogeological and thermal zettings (1e. the hydranhe
and thermal propertiez of each unit and the prezent thermal regime],
and the restrictons mmposed by local regulations, 1= needed to define the
effective techmieal potential.

Many authors mapped the technical seothermal potential of GCHP:
and GWHPs by combiming climatic and ﬂh:ru'].u—gcnlclg:tcai mformation
through theoreticsl phyzical equations {Garcis 2015; Zhm
et al, 2011) or empiricsl equabions (Boticher et =1, 201 9; Casssso and
Sethy, 2016; Galgaro =t =1, 2015 Vies et al, 2018) and devived
techno-sconomue indicators such as the mestment cost and payback
times (Perego et al | 20719) AE the exfy scale Eptmg ot 2l (2018) and
Mupeller =t 5l [2018) svahisted the smommt of extractsble h=at throagh
mumerieal modehng techraques. Thess methods ars very precize tools
for city-zeale geothermsl potenial assessment and thermal management
of local aguifers but are computationally expensive for regionsl-zeale
geotherms! mapping.

The objectve of thiz study 13 to characterzs the low enthaipy
geothermal potential for closed- and open-loop svstems for an inten-
mively urbanized snd industrialized portion of the Po plain {northern
Italy} by inlang geolozical and hydrogeclogical mformation to chmabe
data. and to dizeuss the potential of this fast-growing anea to fulfill the
extensive heating ‘coohng demand as well a5 to define which 15 the best
technology according to the hydrogeological framework and hest de-
mand seenarios.

In thiz context; a GIS-based procedurs was applisd according to the
following steps: (1) collection and homogenization of strafigraphic in-
formation as from borehole logz, (11) a=signment of hydraulic and ther-
mal properties to the hthologieal wmits, (1) estimate of the squvalent
properites for different depth intervals, {(iv) mapping of hydrogeologicsl
perameters and aguifer tempersture, (v} application of anslyvtical
equations to denve the techmical thermsl potential, and [vi} diseussion
of the resuléz by comparnme the actusl thermal energy demand of the
mumcipalites m the study ares.

Fl et =l

[X]
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3, Study area

The study area 1z located in the northern porfion of the Po plain
(northern Haly) and iz bounded by the Adda Ticmo snd Po mvers
eastward, southwsrd and westward, respectively, and by the alpime
foothills to the north (Fiz 1) The area covers 3,827 km™ and iz on= of
the most densely populated (5,351,148 mhsehitants} and mdustrialized
regions in Italy (mesn population density: 1398 inhebitants Jon®, max
6,836 inhabitants lan” in the oty of Milan) (ISTAT, 2015). Thizarca has
a grest potentisl for shallow geothermal Erpln!tatuu due to itz advan-
tageous hyvdrogeological scthings (g the equvalent honzontsl hy-
draulic conductvity of the phreatic squifer ranges betwveen 510 = and
1*10 2 m/z and the average saturated thickness iz about 40m) and due
to the ligh heating /eonling demand.

21, Climare

The climate of the stody area 13 oversll homogeneous smes the
elevation ranges between 40 and 400'm 251 According to the Koppen-
Geiger classificstion (Rubel =t 2l | 20]7) the chimate regime falle be-
tween the Cfa (1.e. warm-temperate, himid with hot summers) and Csb
classes [Le warm-temperate with warm and dry simmmers), and iE 12
typically comtinental with moderately cold winters and hot mugsy
sunymers. The mesn anms]l precipitation varies between 800 and
1000 mem 57 [ARPA Lombardiz . 201070,

According to the meteorological records of the last 20 pears, the
mean anmual sir tempersiure 1z sbout 14.2 *C with & mimimum mean
daily temperature of -5.4 °C and = mesamum mezn daily temperature of
431 *C (ARPA Lombardiz, 0019) These values are approxmsately con-
stant mn the whole study ares, even if warmer conditions can be foomd in
the Milan urban area due to the heat 1zland effect (Pichuiern et gl | 2012}
Thaz phenomenon iz reflected by 2 mean snms] sir temperatore of sboot
15.7 *Crecorded by the meteorological monitoring stabon loested in the
center of Milan (ARPA Lombardha, 2019) that 1z 2°C lngher than the
nearest availlable air temperature measurement outside the city (zec also
Fig. 6]

Due to the mild continentsl cimate, the bmldings in the sdy area
need both heating and cooling. The amownt of thermsl enerey requred
for heating or cooling depends on the degres days. Degree dayvs were
estimated a5 the difference between the air tempersture and the refer-
ence indoor tempersture below (or shove} which & butlding will require
active beating (or cooling). Anmmal hesting degree days ramge between
1200 and 2300, whereaz cooling degree days range from 400 bo 800 (zee
also Section 3.1 3}

2.2 Geology and Fydrogeology

The northern poriion of the Po plain formis the foreland basm of the
Alpimes collizional belt hosting a sequence of deposits up to 200 m thick
charactrnized by desp manne sediments, covered by fhrvioglacal ze-
guences relative to the onset of major glacstions and by the pro-
gradation of laterally extensive alluvial sediments coming from the Alps
(Gar=anb =t a2l 20] 1; ISPRA and Rezione Lombardis, 20]16; R
Lombardis snd ENI Dhvizion Azip

The vanous depositions] svents from early Pleistocens accoumt for
the creabon of thres maim deposmbonsl zsquences (Fiz 21 winch
correspond to as many aguifer complexess (from top to botboem):

(I} Unconfined aqufer {Aquifer Groop A, Regione Lombardia and
EN] Division Agip, 2002): mainly consistz of gravel with a sandy miatrie.
The agumfer, 20-50m thiek, overlavs a clayvey silty reponsl sgmtard
(0.45 Aa) which shows a good conbimnty south of Milsn, and disappears
moving northward. () Sem-confined squifer {Aquifer Group B,
Regicne rihim snd ENI Divizion Agip, 2002 consists of ssnds angd
zandy gravels wath 5 thickness i the range between 50 m and 100 m.
The lower porfion of the aquifer consists of elay and =ilt layers; and
locally of conglomerstic umits (Le. Ceppo formation). . The major

EEIOTHE
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Fg. 1. Map of the smdy area showing the dizmmibution of the shallow depozits and the hydrological network. (For interpresation of the references to colour in the
figures, the reader is referred to the web version of thiz article)
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Flg. 2. Simplified cross-section profle showing the boundary surfaces berween the three main regional aquifers in the smdy area, from fop & bottom: phreatic (A],
zemi-confined (B) and confined (O

Fleiztorens glaciations m the Alps produced 8 widespresd sequence clay and milt umits with sendy lensss representing the lower Pliocene
boundsry in the basin at 0.57 Ma. (II) Deep confined aguifer {Aquifer continental-marne and meandering river plain facies. The aguifer base
Group C, Regione Lombardis snd ENI Division Azip. 2003} consists of (1.4 Ma} conzists of Fhiocens marine deposits,
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The occurrence of lowlsnd springs (ealled "Fontamls” - Figs. | and 2}
15 obesrved across the entire Po Plam (E-W. for sbout 800 km) m a 20-
km-wade belt Thess springs of phreatic water hawve been explained by
the changes (from N to 5) in bath the ground surface slope gradient and
the sediment gram s=e between the coarse-grained deposits of the high
plam aod finer deposits of the low plamn (D= Loca =t 2l | 20714)%

23 Low enthalpy geotherrnal exploiration m the study area

In 2010 the total mmmber of mstalled GCHP: m the study ares was
1.166 {2,321 borcholes in total] with a total power of 42 and 33 MW for
beating =nd cocling, respectively. The mesn pewer for a single system i=
about 40KW for hestmp and 43 KW for cooling, and the average bore-
hole length is shout 105 m, rangme from 28 to 200m (Fig 3). These data
were collected from the regional closed-loop system dstsbasze active
smee 2006 (geothermsl systems before that peried are not included in
thi= anabvsiz) {Rezione Lombardis, 2050=).

On the other hand, information sbout GWHPz are sparse and
incomplets dues to the fragmentation of local envirommental manage-
ment authorifies. In this work we report only the 893 geothermal wells
mstalled i the Milan metropolitan ares {(Citks Metropolitans di 3ilanc,
201 %) that extract water from the shallow aquifer (agmfer “A™ in Secton

A Y
i

Even if the datasets are not comparable, we can observe (Fiz 1) that
open-loop syvstems tend o comcentrate within the Milan city ares where
large power systemes are more frequently metalled. In fact, thiz soluton
iz generally more atiractive (and sometime: the only feasible after a
cost-benefit analyziz) for large zystems due to the higher costz of
mstallstion sand mamtensnes. On the other hand, clossd-loop systems
are typicelly mnstalled for smaller power solutions such as residentisl
buwldings. For this reason, 1 the northemn porton of the study ares,
where the populshion denmity 1= higher with respect to the southem pert,
the momber of GCHP: 1= higher.

(Gecehermins 90 (2001} 101999

3. Materials and methods=

The spateal distnbution of thermsl and hydrogeological parameters
iz ezsenfial to aszsezz the potenhsl of zhallow geothermsl syztems.
Depending on the adopted technology, ie GCHP or GWHP, the
geothermsl potenhtial was obtamed by means of different snalyiical
methods.

Far GCHP systems we implemented the ASHRAE (Esvansugh and
Pafferty, 2014) anahrbeal equation for grommd heat exchanger borehole
length sizing This method 1z based on the prneiple that the heat transfer
rate to/from the ground iz directly proportionsl to the borehole length
and the tempersture drop, and it i= myversely propertional to the overall
remiztance of the ground snd borebole materials.

Asmumimg that the heating load is equsl to the coohng load, the
thermal potenfial of closed-loop systems iz @iven by the followmg
equation (= detailed deseription of the terms of the equation 1= provided
in the supplementary materials and Tabi= 0)

{': Ae: 'f:' +Hie

ge 2 Bpo 4+ 5 2 (Bo 4 PLF £ R + Fo 2 Ry =

Piane =

where

g 1z the net anmmsl heat tranefer rate from /%o the sround obtained by
conzidenng the equvalent full-load howrs (EFLH) for heatng and
cooling opersfing mode.

[:1 -EJFH) * EFLH; — (1 +&§.E) + EFIH
ET60

R. thermasl resiztance of the borehole ining and srout (mEW)

PLF part-load factor (0.3 for common worlang tme)

F_ short-cirouit heat loss factor between extraction and remjecton
wellz

¢ undizturbed ground tempersture ("C)

r average tempersture betswesn the carner fhud entering and lesaving
the heat pump ("C)

¢ long-term ground tempersture penzlty cauted by ground heat

(c)
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Fig. 3. Statsties of the installed closed-loop systems m the sudy area az on 2019 {2} amount of syztems per langth class, (5) amouns of systems per size class versu:
the average installed power, (¢} amount of svetems per power class for heating and cooling modalicy.
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iransfer imbalances {"C)

R R, B, equivalent thermal resistance of the growmd to long-term,
monthly and shori-term heat pulszz obtained through the Carslaw and
Jazger cyhindrical heat source scl‘utim m-:ﬂiﬁc:l to account for Qme-
varving heat polees (Hsvansugh and Rafferty, 2014)

If we azsume no sigraficant mhalsm:: betveeen hesting and cooling
operating hours (Le the amount of heat exirected from the sround
during the heating sesszon iz egusl to heat injected mto the ground

during the cooling season, & =0} Eq. (1) can be rewritten in a simplified
(non-donumant) form:

I, —
FProm = { ") (3

CRe + PLF # Rym + Fac % Ryn)

whers the term G0 1= eqoal to (1-1./C0P.) m the heating mode and
(1 +1/C0OF.) in the cooling mode, rezspectively. Thus, by fixing the
svztem flind temperature (7)., the durstion of the heat pulzes, and the
correction factors (Fr;, PLF), Poogp depends essentially on the ground/
groundwater termpersture and the thermal diffusiaty of the ground.

While closed-loop dimensioning 1=z generally performed with stan-
dardized t=chmguez, the open-loop thermal potential mostly dependz on
the hydrodvnamic perameters of the aquifer and the thermal diffustty
iz lezs relevant In fack, the heat exchange potential of 3 GWHP system is
strictly  correlated to the smount of wster withdrswable from the
agquifer, sccording to hydrogeological and regulatory constraints:

The relstion sdopted to estimste the open-loop thermsl potential
depends om how much heat can be exchanged by a given water volume
that paszes through the heat exchanger and 1z expreszed az follow:

FPowe = et O AT (4)

where

£, ., Sperific volumetric heat capacity of water { =4.18 MI/m7K)

@ Flow rate (/5]

AT Temperature differeniee betweesn abstraction and imechion wells
(K}

Thus, Py depends ezzentially on the aguifer exploitsbility, 1.0 on
the ransmizsivity, on the eosbhng regulstory thresholds sbout the
abstraction snd reimechon of waber, and on the allowsble thermal
perturbation.

3.1. Dat collection
The thermal potential of GCHPs and GWHP: depends on continuous

Table 1

Gecehermins 90 (2001} 101999

waniables (Ege. (1] and (4] that can be easzily mapped for the enhire stady
ares throngh the misrpolation of pomt mfcsmation The regiomal
stratigraphic database (Bezions Lombardis - CASFITA, 2019) eollects
the barehole logs availsble for the Lomberdy-Po Plain area The dsta-
base contmins mformation regarding the positon, the elevabiom, the
depth snd the hihologieal description of the layers crossed by each
borehole. In thiz study 8,854 logs were collected and stored Inoa
georefereneed databaze Then, by adopting the hierarchicsl clazsifics-
tion of hithofscies snd hydrofacies (De Caro ot sl | 20207, hydranhe and
thermal parameters (Table 1) wers assmigned to each hthofsciss as
follows.

s Hydraulic conductivity and porosity: for the iumconfined aguifer
were asmpned to each hthofsees umst by analyzing the grain mze
diztbubion and by adopiing vanous empincal correlations between
specific gram size curve coctficents and the eguivalent hydranbe
parameters (D= Czro et al | 2020). Hydreaulic perameters of the
sermm-contined aguifer umts were szzsigned from the analyzis of
pumping test dats provided by the local water supply ageney (D

cb=l 020}

& Thermal conductivity and =pecific volumetric heat capaecity:
were assigned from the hterature (D5 S1mo of 51, 201 4; VDI 4640,
2001} to sach single grain size unmit {1e. gravel, sand, =it and clay)
The equvalent thermasl parameters of compozed units wers obtained
by the weighted averagse of sach grain-size anit component accord-
ing to itz relative weight proporion. The relative proportsons were
assigned according to the Iteban soal classificatton standard
commuonly used in borehole strafigraphic logsing deseriphons (A &
L, 1963). In particular, in & multiple term wnit, the first term repre-
=ents the most abundsnt gram size class, then specific forms are uzed
to distnguizh if the sbundance of sdditional terms ranges between
50 % and 25 %, 25 % and 10 % or 10 % =nd 5 % of the total weight

AT

The adopted hydrostratigraphic conceptual model (Fig 2} 1= fully
explained in D Caro et el (2020), and will no longer be discussed in thas
work The boundsry surface betweesn the phrestic and the zemi-confined
aquufer and the bottom boundary surface of the semmi-confined aquifer
were obtained from D¢ Caro (201581 Piczometric head levels of the
enbire shudy srea as well =z the digital elevaton model {DEM eell size
5 % 5m), were obtaoned from the regionsl geologics! datehase (Fesione
Lombardis, 20195).

Hydranlic and thermal parameters azsigned to each lithofaries unit. K hodranbic condoetvicy, A thermal conduenvity for dry and wet soils, 5V specific volumemic heat
eapacity’ for dry and wet zoil=. Codifieaton: G= Gravel, 5=5and, M = 5Silc €= Clay, Cg = Conglomerate 52 = Sandstone and P =Peat.

Aquifer Gravel-Sandy Aquifexs Emﬂ..r&z.wd..-\qmtu: Sn\{‘n—Rnrka.u-dA.qu:fﬂ:
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3.1.1. Thermol and hydraudie parometers

Eguivalent thermal parameters were obfamed for four refsrence
borehole length scenarios (50, 100, 150 and 200m below the ground
surface] by computing the weighted average of cach umit along the
borzhole and by talang into accoumnt the presences of water (Fiz. 4). For
each depth scensrio only the siratigraphic logs reaching the referencs
lemgth {with a 20 % tolerance) were selected. The number of borcholes
uzed to mterpolate the parameters in each zeenario swas: 4603, 2058,
1302 and 627 respectvely for the 50, 100, 150 and 200m reference
depth miervals.

Then, by mmterpolating vis ordinary kriging the eguivalent thermal
parameters of sach borehole we obtained the thermal conductivity and
volumetae hest capacity maps for each depth scensrio fe.z_ Fiz. Saand b
show the aquvaelent values for the 100 m refsrence borshole length).

The equivalent horizomtal hydraulic conductivity was calculated at
each borehole location only for the mmeonfined aquifer {Fiz 4] and, by
mulnpbing by the zaturated thickness (which 12 generally lower than
100 m); the transmm=mvity of the phreatic squfer (Fiz. S5c and d} was
obtained.

The areas conmdered for the thermsl (Fig 5a and b} and hydranlic
parsmeters [Fiz. Scoand 4} differ in extent bacayse to the north of the
dashed bine ("aguitsrd boundary™) the shallow phreatic aguifer 1= not
fully separated from the decper aguifers (as evidenced alzo by the cross-
section im Fig 2} Thus, the regionshz=stion of the aqmfer transmmssivty
vahies 15 not applied bepause the thickmess and the extenzion (but al=o
the hydraulic properiies) of the shallow aguifer vary sigmficantly at
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Fig. 4. Schematic reprecenmation of the procedure for the caleculation of
equivalent thermal and hydraulic parameters.
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locsal-zcale, and the sgmfer parameters canmot be related to those zouth
of the "squitard boundary™ hne

3.1.2 Groundwater temperanire

The undersround temperatire 1= one of the most difficult parameters
to aszess m regional-scale peothermal potenbial sfondies sinee 1t 12
controlled by various local-scale phenomens, such as (T} the thickness of
the imeaturated zone that dempens the temperature fluctnations coming
from the surface, (1T} the sroundwater flow velomty that doses the heat
transport m adverbve-dommated aqufers, () the prezence of surface
water bodies and the degres of mteraction with the groundwater, (IV)
the pereentage of sealed/cemented ground, (V) the presence of under-
ground struchores infrastructires (e 7. tinnels) or deep foundstions and
(VI) the u=s= of low-enthalpy seothermal wells (Epting and Huggen-
berger, 2013; Koyl et al, 2015).

In regionzl seale geothermsl potenfial stndies zome authors conzid-
ered the mean srmwal mderground tempershre equal to the mean
snmmsl-ar temperaturs (Viest ot 3l 2018), while others related the
underground temperature to other vanables such as the altitude or the
Istitude (Gelgam tal
200.4).

Since m the study area only 32 sir temperatore momtonng stafions
are avallable (Fiz 6a), we collected water tempersiure data from phvaie-
chemical datazets provided by local and regronal water supply agencies,
fromn Thermal Response Tests vahies reported i the regional clozed-loop
svestemn database (Reziome Lombardiz, 20]0a) and from mulb-temporal
vertical temperature profiles collected for the shallow agoifer with a
mulb-meter probe. After homogenization and quality cheek (only those
points with at leaszt four measuremnents st different times of the vear
were considered ) the datasets wers merged 1nto a single spatisl dstshase
to obtain the mean annusl groundwater temperatore. 750 trmperature
dats representabive of the phreabie and the semi-confined shallow
aqufers were ussd snd interpolated 1 the study avea through ordmary
kriging (Fiz. 6b). The mesn anmueal s temperature snd the mean anmaal
temperatore of the shallow groundwater are well correlated n the study
ares {Fiz e and d). The most relevant devistion 1= obeerved 1o the
northern portion of the shrdy 2rea and downwards the Milan city zrea In
the first cass, the groundwater temperature 13 lower than the air tem-
peratore due to the grester depth of the water tsble whereas, in the
zecond ease, the proundwsater temperature 15 higher due to the propa-
gation of the heat 1sland effect towsrds the mam flow dirsction (1
parallel to the section line A-A” I Fiz 6B

2015; Perego ot al | 2010 Sizgnorelh and Hohl

31.3. chmane dom

The smount of thermal energy required to hest/eool mdoor spaces
depends on the external air temperature and the thermal msnlation
characterizties of each building,. In thiz study we collected mean hourly
air temperature data from 69 ran gauge stabions (32 mside the shady
area) avalable for the last three vesrs (201 7-2010).

One of the most common simplified methods to estimate bailding
energy consomphion is to derive the equivalent fll-load operating howrs
(EFLH) from climabic data. The EFLHz desernbe the mumber of hours a
coolmg or heating system needs to operate at full load to consume the
total annual required amount of energy as expressed by the follovang
cquation:

T RN

EFLH = =
IT_—L - T_,.,'l

)
where

hDDs are the hourly degree days obtained as the differsnce bebtween
the mean hourly sir temperature and the references ndoor temperature
{ T} for cooling mede and, viee versa, for heating mode. According to
Banks (20092 Tor was st to 18.3 “C for heating and 23.8" for cooling,
respectively;

Tus 12 the project peak tempersture and vwas asnimed asthe 1st and
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the 99th percentiles of the mean hourly air tempersture frequency co-
mmlative distnbution for hestmg and cooling mode, rezpectively
[ASHRAE, 2000).

To obtam the snmusl EFLH, the sum {considening only positve
wvahiez} of the hourly degree days over an entive year (8760 h m total}
waas divided by T — T

Fiz. 7 shows the spatial distribution of the EFLH: obtzined for
heating and cooling. We can obzerve that, due to the heat 1sland effect,
1 the MMilan city arcs the nmumber of EFLHz= for cooling 1= higher than
amywhere elze mn the study srea and. comversely, the mmmber of EFLH=
for heating 1= the lowest

4, Clogsed-loop zeothermal potential

Sinee GCHPs do not require the abetrachon of groundwater and the
main imting factor 15 the techno-cconomme feasibility, the spanal dis-
mbution of the technicsl thermsl potential 1= pivotal to their develop-
ment. Some restrichons to the mstallation of GCHP= exast if there is the
possibility to connect the aguifers exploited for dunlong water with-
drawal with more contaminated shallow aguifers (Bucbhy =t =l 20067
Thiz c=n be prevented by a properly grouted zection along the aquitard
that alzo provides & good thermal contact if a high thermal conducthvaty
grout 12 used. According to the regional geothermal regulation (Fegiones
Lombardia, 207107, the installation of a GCHP system in the study area 1=
allowed without restrictions up to [50m in depth while deeper in-
stallshons are subjected to-an anthorzation procedure and the aszess-
ment of the thermal tmpact of the svstem 1= required. Furthermore, for
the mstallation of GCHPs with a thermal power greater than S0EW the

Thermal Responss Test iz also requured.

Apcording to the regional closed-loop system dstabaze (Fiz 3] a
lemgth of 100m was considered as the most kely exploitation seenario.
The thermal potentisl was calenlated m non-dominent mode (Eg. (37}, L
= by assuming no imbelance between cooling and hesting loads and no
sigmificant differences between the smownt of heat extracted from the
ground during the heating sezson and the hest imjected mto the ground
during the coohng season. Then, the result was compared with the
thermally unbalanced potentizl obtzined by means of Eq. (1) consid-
ering 50 years” hfebime and the operative equivalent full-load howrs for
heating and cooling =2 described sbove. The parameters adopted in Eq.
(1} &nd {3) are hsted m Table 2

Fiz. & shows the closed-loop geothermal potentizl for a 100-meters-
length GCHP. Non-dominsnt thermsal potentizl ranges between 35 and
67 Wym of installed borehole but, conmidermg the operstive EFLH=
[(Fiz 7 it can decrease up to 12 % and increase up to 16 % for heating
and cooling mode, respectively. We can observe that GCHPs are more
efficient in the zouthern portion of the study area where the water table
1z cloger to the surface. To the north we csn obzerve greater potenbial
valaes in the eastern sector due to the presence of shallower conglom-
eratic units (=g the "“Ceppo” formsfion), that are generslly more
conductive than looze deposits. The thermsl potential in the Milan city
ares decreszes sigmificantly switching from heating to-cooling modsahty
aza rezult of the heat 1sland effect.

5. Open-loop geothermal potential

The open-loop geothermal potential depends essembally on the
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amount of water that can be extracted and re-injected from/into

the

aquifer or dizpossd in 2 surface water body. This smount depends firstly

on the aguifer characterizhics, such a= the ransmizmivity, but also on
rezulations sbout the uze and the conzervation of the quantity and

the
the

guality of the groundwater resources. Following the steps proposed by
Bottcher et 2l {20]9), we adopted the following threzsholds bazed on
loca]l regulatory restrichons and common groundwater conservation

primeiples:

1 Macdmum recommended drawdown (Q:): was impossd to avoid

excezzive consumpion of the groundwater resourees. According to
Bezzlzues-courtade et al (20107 well dynanme piezometric level
zhould not be Iower than one-third of the ssturated thickness of the

phreatic aqufer and the drawdown must not exceed a threshold
value Drawdown thresholds are ales important to prevent soil s=t-
tlements m wrban areaz. For this reason, m additon to the one-thord
rile we set a manmm well lowermg threshold of 10m. This value
represents the mean histories]l groundwater lewel recorded o the
Milan eity during the” 70z due to the remarkable depresszion cone
caused by mmtenzive sromndwater withdrawals {Crosts and Die Caro,
01 E). If the shallow deposits in the Milan ity srea heve undergone
consolidstion due to the pore pressure lowenng m the past decades,
the swrounding lezs uwrbamzed areas have not expenenced zuch =
phenomenon. For thiz reason, the ]0-meters-threshold must be
cross-checked with site-specific assessments 1n the areas where the
difference between the present snd the historical groundwater levels
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Table 2
Creerview of the parameters nsed for the caleulation of GCHP thermal potengal:
Paramst=r Description it Valoe
L Undirmirbed zround tempemanme *C Raster map {
Fig. £h)
& Tuz:.puau:r:ﬂru]mﬁ of the carrier " -.l{hean'mg"_l:
fuid 325 (rooling)
& Temperature penaley remilding from °C a5
imbalanceg hesween the hear
remaved and injected in heating and
coaling mode (EFLH,/FPLH. »2)
FEFLH EFLH- Equivalent full-load haurs h Faster map
Fig. 7)
-
Agr Therm=al :mﬂ.un:i.ri.tyuf:hggruu: :‘I{ 2
B
.8 Borehole sxremal diamerer m 0L07S
4 Fipes dizmerer m 0016
n Yhrmber of pipes 4
mF Emlnnd:f_a:m:' fmurﬁng_m‘{'l 0.3
Ersmmngh ned Bafferry 301 4)
Eherr cireuir hear Lo facror (one T
Fe tithe i SRTiRS, Qo Mt 105
a.o5i f sl
Thermal reciztancs of the g:mm.l!
cabculnced far the long-term {2}, mE,” !
mrethly (m} and short-teom (&t) W
Fez A hear pulzes
B 5 Eguivalenr thesmal conductivioy of Wy Faster map (
the ground mE Fiz- Sa)

< . . Jr Raster
g, Eguivalent volomesric heat capacicr n;:K Fig Eh}m t

1z mgmificently lower than 10m. Those areas are pomnted out In

LLE

i

2 Maximum allowable rising (G ): was impozed to 2void an excezsive
Tize of the groundwater level that rmght result in basements or sur-
face flooding. According to typical underground besement depths,
the level of the groundwater should not overcome at lesst three
meters below the ground surface. In some portions of the study sres,
the water table 1z 5o close to the murface (lesz then 2m) that the re-
miection of water must be carefully planmed. If the disposal in sur-
faee water bodies k= not schievable some “low-impact” re-imjection
techniques cam be adopted zuch a2 a group of remjection wells
mnstead of a single well or dramage trenches.

The maxmum fow rate to avoid exesssive nsing snd drawdown was
derived through the Cooper & Jacob equation:

= ___4_‘-. I.bﬁ__ |'.|5,:|
Iog(2,25757) )

3 Thermal breskthrough constraint () the reimection of water
downstream or upstream to the abstraction well canzsz & thermsl
alirration plume. Not properiy sized geothermal well Selds can un-
dergo thermal recycling processes 1if the thermsl alteration plume
propagates back towsards the shetrachon well, reducing the effi-
ciency of the system (Banle. 20000}, Depending on the discharge of
the syztem, the mimimum myecton/extraction well distancs can be
csimated according to Eq. (7)) (Banls, 20000; Lippman, 1980). By
zetting the refersnee space length to 2 typieal value (according to
(Bezione Lombardia, 201 9:) L = 100m) we can obiain the meximmmm
allowable flow rate to prevent the thermal breakthrough between a
100-meters-spaced well doubl=t

mxl=T =i

1,96 (7)
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4 Temperature difference constraint: according to the local regula-

tion on the use of shallow sroundwsater resources (Regions Lom-
2017} the maxmum tempersiure changs bebwesn the
shstraction =nd imechon wells was st to 53°C DMoreover, the
maamum reinjecton temperatore iz restrcted to 21 “C

Fiz. 2 shows the maxumum recommended flow rate according to the
drawdown and nsing constraints and the relative mins distance
betvoren the exiraction and mection well obtained by substinting the
maxamum flow rate m Eq. | 7). The ares considered for the matallation of
GWHFs (Figs. @ and 11) differs in extent from that of GCHPs (Fiz. 2] a=
explained In Sechon 3.1.1. The installation of GWHPz north of the
dashed hne 1z sall possible but to sssesz the thermal potential loeal -
vestigations are necessary.

The Milan metropoliten ares iz the most whenized portion of the
zhudy area In this region many mdustral activihies have flowrished sinee
the =arly 60 2 leading to mmtenss sroumdwater exploitation up to the sarly
90 z. If dunng the mdustrial penod the water table was lowered by up to
maore than 15 m, nowadsys most of the achvities have been relocated
and the groundwafer rebound phenomenon has been obeerved 1n many
piezometric tme seres (Crocts and De Caro, 2018). By comparnng the
hiztorical prezometric dats available for the study ares we esomated the
maxnmum groundwater fluctnstion sz the difference between the pre-
zemt level and the lowest recorded hastorzesl level (Fiz 10). Where the
historical grovmdwater floctustons are lower than 10m we suggest
considenng if soll settlements caused by the lowermg of the ground-
water table can damsge surface Infrastuctares.

The effectve open-loop geothermal potenbzl {Powsy [W]) was
derved by combining the maomum flow rate obtamed from Egz. (6]
and (7 considenng two operative configurations:

& Re-imjection of wastewater: Poygp = o0, AT min{Qu. Q. Q) {8)
» Surface dizposal: Foyme = cop, AT Qs (8

The parameters sdopted in Eq. 6, 7, 8 and © are summasnzed in
Tshbl= 3.

The open-ioop geothermal pobential fvath and without remngection) 12
presented in Fiz. 11. We can observe that to the south of the Iowland
zpring belt, due to the proxmity of the water table to the surfaee, the
thermsl potentiz]l 1= strongly bmited by the groundwater nzng
constrammt snd, generally, the thermal potential 1z higher if only the
shstracton of groundwater iz considered. The dispozal of wastewsterz in
surface water bodies (e.g. canals rivers_ lekes) 15 posnible if they border
(or flow very clozs to) the metallation site property boamdanes, which 1=
mnbkely m urben sreas and frequently restricted. Neveriheless, the
Milan area 1= charactenized by the presence of a dense network of
chemnels (Nawvighi} and others of minor order {ses Fiz 1] that could
conshtute mspecific cazsc 8 way of dispoemng the thermsily altsred
WastEWaterE.

6. Discussion

A regions! geothermal potential mapping sims to promote sustam-
shle planning =nd design of shallow geothermal systems such sz GCHP:
and GWHPs. In this work we azseszed the capabihity of the stody area to
host different low enthalpy: seothermal systems. Therefore under
diffrrent assumpiions, specific heat exchanege rates were denved by
combining the spatisl distnbuhon of hydraulic and therms] parameters
of the mderground and the sgmfer charactenizhes (g the trans-
tmizsivity) with the groundwater tempersiure snd some regulatory
restrictions.

During the last years in Europe many efforts were made to derive the
geothermal poteniial in densely populated area= such az the metropal-
1tan area of Barcelons (Garciz-Gil et al | 2015), the ety of Basel (Epiing

et al | 2018} and Mumch (Boticher =t sl , 2019). m Alpine regions
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{Caszsso et al | 20 7; Gepmssoand Sethy, 2016 Viem et el | 201 8) but also underground data and real operagve conditons (e the “techmeal po-

at the seale of entive Europe (Bertrrmamm =t sl | 201 5). Generally, the tentisl™ (Bayer et 2l 201 9] This izsue iz well addressed in the work by
mam challenge iz to obtam the cHectve potentzsl basing em snalyzing snd merging different datasets (e stratigraghic mformabion,

10
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Table 3
Crwverview of the parameters nsed to derive the thermal potential of GWHPs.
Paramerer Diescripton Umit Viloe
T Tramsmissivity of the chaliowr s Faster map |
aquifer Fig 5d)
B Saturzeed thicknesz of the m PBaster map |
shallowr aquifer Fig.
e Abstrartion  Max allowahle dawdawm m it ;_ﬂ:lﬂm}
Injection Wax alovezble rizing m z-hesdm
L Tintomsce hetecn shutaciion 100
. E:_mﬁgmx m: OE doplyeer.. | 7310
T Well radius m 0.5
5 Srorage coeffident | 0.2
Valumetic heat capacity of i ek
Bty P LAy e 10*
Pegulstory threshold on
AT = = 5
temperature parnurhation

groundwsater tempersture dats and climatic condifions}. The resnlfs
obtained mn thi= study are consistent with those obtsoned from varnous
studies in other European cities and demonsirate the ugh potential of a
highly conduchyve slhwasl sguifer, espeeially if the thermal energy de-
mand iz very high.

Nevertheless, the outcome of thiz work: should not be conzidered as a
zpecific dezizn rule for the mnstallation of geothermal systems but could
be significant for regional energy planning and stakeholders. The ther
mal potential maps are therefore the prebmimary step for further local
aszeszments and in-sin officiency tests that better charactemze the
effectve heat exchange rate under real design conditions.

6.]. GComponzon with other methods

A general azzeszment of the low enthalpy geothermal potentislin thas
area was provided by the local environmenta]l suthonty (FEogions

11

Lombardi=, 201 9¢) for the only closed-loop configuration. Thas evalus-
the German guidelines (VDI 4640, 2001} on the spatial disinbution of
zhallow looze deposiiz and ocutcrope denived from the regional zcale
geological map. The German guidelines are based on empurical corre-
lations bebween real extraction ratez and lithologies st the development
zites and are commonly adopted by GCHP imnstallers &= a “rile of thamb™
but have some hrmitations. Firstly, the groamd and groundwater tem-
perature that affects the efficency of the system are not conaidered.
the resl operating hours per vear are not consdered . Lastly, the exiztng
potential msp 1@ based only on the shallow deposits and ocubcrops
whereas also the vertical vanabihty should be considered to predics the
overzll thermal response of deep borehaols hest exchangers. In thas study
we overcome thess lomitstions by mmtegratimg hvdranlic and thermal
parameters and temperature data into the analyiical squation propossd
by Eavanaush and Bafferty (2004}

Az regards the open-loop configuration there are no thermsl poten-
tial stodies m thiz ares duoe to the ghly fragmented regulation on the
uze of groundwater for thermal pwposss. The authors thonk that ts
lack has strongly hindered the development of thiz technology in the

ztudy srea.
6.2 Conmderations on the use of GCHP or GWHP

The best choice between GCHP: and GWHPs, from an energy-
efficiency and economical pomt of wiew, may depend on several a=-
pects, among these: [1] the posmbabity to withdraw/remject water from /
into the aguifers; [2] the space availability to place the extraction and
imjection wells far enongh to prevent thermal short-cireniting; [3] the
prevention of local excesmve groundwaber fluctistions and soil sube-
denee that can damage struchores and mfrastrochures (Stenffer =2 =l
201 3} Apart from these technical irmtations, one of the most iImportant
deading factors iz the required thermal load. Generally, for large plants
it 1= preferable to demide for an open-loop svstem, whereas= for smaller
one= both sohutions are sntable. This 1= due to the high transmssiaty of
the agquifers in the stody arsa thet can provide a wide range of flow rates
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Fig. 11. Mape showing the spatal dismbution of the GWHP thermal potential for the only-abesmartion (2) and the re-injection operative mods (bl

fior a zingle well (this mle could not be valid in different hydrogeological
settingz). On the confrary, the raho bebween the thermsl load and the
required GCHP length iz generally constant leading to unprofitable
drilhng costs for grest energy demand projects. In Fiz 12 the required
GCHF length and the number of geothermal wells for two thermal load
seenarios are compared. Fiz 1 2= shows the minimmom length required by
a GCHP syvstemn to zafisfy a 45 KW thermsl load, whereas Fiz 1 2b shows
the mumber of geothermal wells required to zatisfy 3 10 MW thermal
load assuming that each well 1z working at 1tz haghest flow rate potential
The contour lines in each representafion displsy & comparizon with the
other methodology. We can obssrve that for 8 45kW thermal load the
total GCHP length ranges between 750 and 1000 m (between 7 and 10
100-meters-length GCHPs) whersas the same load could be satisfied by a
GWHP system using af most 1% of it maxarom potential On the con-
trary to fulfill 2 10AW heat demand up to 10 sbstraction wellz might e
neceszary for the study area. Thiz grest smount of energy could be
satizfied with an estimated averaze number of about 2000 100-meter-
s-length GCHPs. Thiz solution 15 unreshizhie or hardly fessible both for
the required space and the total drillmg coctz. In fact, from a loesl cost
analysiz, considenng about 50-60 €/m for dnlling and setting up a
GCHP system, snd 200-=-300 €/m for 3 GWHP system, I the first see-
nario both technologies zre profitsble whereas mn the second zcenano

the GCHF configurstion 1= unprofitable.
6.3. Thermal potennial and cify-soale heat demand

The study area covers one of the most densely populated regionszin
Italy and Furope and thiz 15 reflected by an mtenze thermal energy de-
mand for hesting and cooling purposss. A counterchecl: of the potential
of the study area to host shallow low-enthalpy geothermsl systems was
made by comparing the calculated thermal potential with the actual
thermal energy demsnd based on the energy weed in 2019 by conven-
tional systems (eg. gaz/oil’coal burming systems, sir-coupled hest
pumpes ) in cach rmmicipality (Begione Lomberdia 200 2d). The average
actual thetmal demand of each municipality was compared with the
thermal potential of & 100-meters-length GCHP (Fiz. 13aand b} whereas
the maximum actizal thermal demand was compared with the thermal
poteniial of GWHPz systems (Fiz 13c and d).

Wi can observe that the average thermal demand in the study area
can almast everywhers be zatisfied by = number of GCHFPz between 4
=nd 20 {Fiz. 13b). This solution 1= attractive from an mobal rrestment
cozt point of view and can be adopisd in the whole study area wathount
restricions. The ensrgy demand of big buildings or enfive city distnets
{ropplied by diztrict-hestmg) 1= represented by the mexnmom thermal

s [f|(B)
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Hyg. 12, (g} Map showing the spatial distmbution of the length required by a GCHP sy=tem to fulfill a 45 kW thermal load and (b)) map showing the spatal dis-
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mummber of geothermal wells required to satisfy e maximum thermal demand

load and cen be fulfilled by at most a group of 20 geothermal wells
(Fiz. 13d). However, for a largs nimmber:of nnmicipslities in the study
area [except for the Milan eity) the maximum thermsl demand could be
fulfilled by one or two wells.

7. Conclozions

A comprehensive regionsl  asseszment of the low  enthalpy
geothermal poteniial for both closed- and open-loop systems in & densely
wrbamzed area 1= presented. The methodology propozed 12 based on the
analy=is of geological, hydrogeological and climatic components, and
mehudes techmical and legelative constramts, together with ground-
water quentity and quality conservation principles.

The msain factors which control the potenn=] of GCHP: and GWHP=
are the growmidwater table depth, the transmssivity of the phreshe
aquifer, the groundwater temperatare and the thermal paramesters of the
aguifers. The effective thermal potential of closed-loop syvstems 1=
annusl groundwater temperature denved from diveet mesnurements
with site-specific grommd thermsl paramesters aversged on the enfire
length of the borehole. On the other hand, the open-loop thermal po-
tentizl iz based mostly on the produchyity of the shallow squifers by
conzsidenng the effects of groundwater extracbion and re-injechon on the
water table fluchiations to prevent excessive drawdown or nising, po-
tentiz! zoll settlements and to avoid therms] short-cirenit.

--Eﬂ _‘I 15-2EIi fﬂ-iﬂ-2-4-ﬂ.5-1

Numbar of Walls
-

B o-5 E10- 15 4-6 -2 0. - 0542 Nami

Flg. 13. Mzps showmg the spatial disoribution of (a3} the average thermal demand bazed on the energy used in 2019 by convengonal systems n each mumicipality,
() the mumber of 100-meterz-length GCHP:z required to zatisfiy the average thermal demand, (o) the madmom thermal demand of each mmomicipality and (d) the
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The depth to be drilled to fulfill a 45 kW thermal loed with GCHP:
ramges from 680 to 1200m and from 720 to 1100m for heating and
cooling mode, rezpeciively. In caze of GWHPs the depth to be dnlled 1=
resticted to the depth of the bottom of the phrestic aguifer and ranges
between 10 and 50 m. By considering specific discharge thresholds and
temperatore differences the thermal potential of GWHFPs 1= obiained and
comparad with the thermal potentizl of GCHP: in the previous sscton
Where both solutions ars posaible from a technicsl point of view, thiz
study could be improved by a long-term cost-benefit analvmz to reveal
which could be the less expensive soluhon.

With thiz study we demonstrated the high potential of the study area
to host different kands of low enthslpy geothermal systems by srvng
specific heat exchange rates with the ground ‘sroundwater. The ugh
therms] energy capscity of the srea was confirmed by the possibility to
fulfifl the thermal enerey nzsd m 2019 by non-renewable =veterns
each municipality through the mstallation of GCHP: and GWHPs.
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