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Abstract

A geothermal heat plant snot only a source of heat, but, in general, asink for relevant amounts
of electricity, consumed mainly by the pump(Fhis electricity demand is usually not given much
attention although being decisive for operation costs, but also offering chamredefnand side
management as a variable consumer. From the perspective of an integrated energy system,
geothermal installations basically move energy from the electricity sector intoghedector, similar
to compression heat pumps. The main heat pump performance indicator is thébedtieen invested
energy and useful heat, the COmis paper transfers the COP concept to geothermal sites, by defining

and deternining the quantity for a selection of mostly German geothermal sites.

Keywords: COP, Powtr-heat, geothermal, enegg conversion, efficiency, system, auxiliary energy

Introduction

The integration of renewable energies into our energy system poses various gesllas fluctuatig
demand and weather dependent production have to be matchedssible solutions are storage,
adaptive production by conventional plants, demand-side load managérand energy transport
over long distancedAnother approach is to leave the electric sector and make use of other energies.
Powerto-X is the catchy name for the transformation of surplus electric efi@ntfy another energy
form which can be stored better or consumed directly. PoveeHeat is the most promising optién
which can be implemented by basically dissipating the electric energy in an dlesistor. This is very

simple technology that scales well and converts nearly 100 % ofiplie &t any voltage, DC or AC, to

a|n Germany 2019 6.4 TWh (2.8 % of the electricity from renewables or 1.2 % of totathvettled3®4°
1
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useful heat at virtually any temperature, right where it is needed without residuals, bypts or

exhaust fumes.

The valuable electric energy can, however, be used much more efficientheat provision by
deploying complex technologies, such as compression heat pumps extraetahfrom ambient air,
sewage water, soil and/or ground water using closed borehole heat exchangers or opedwabem
circuits. Heat pumps are designed to provide a heat output power dfipfes of 100 % of the input
power by adding heat from a low temperature heat source. Their key performanaaiadis the
coefficient of performance (COP) defined as heat outBft, per electrical input9§, It is limited by
the theoretical maximum, which is defined by the reversedE v } § [ sHende, for a given heat pump

technology, the COP increases with source temperature and decreases with falling output.

?5
%124%£'Srle F%‘p @)
|

Ambient air as a heat source (ASHP) has low requirements, but also the inhas@htaditage of a
low COP especially when air temperature is low and heat demand consequdnghllanufacturers
promise COPA 1 Y¥,but, often installed in sub-optimal conditions, ASHP often cannot keep that
promise, reaching COP < 2. Therefore, the German environmental NGO BUND dentiaritigramts
to more efficient heat pumpsA 3 Z B, Whieh would effectively excledASHP. This requirement
could be fulfilled better by ground source heat ppe{GSHP), which operate with a more stable heat
source, but require the installation of heat exchangers in the undergroundeienthey, too, often

fail to reach their theoretical COPs in practice with average values bel6w 3.5

Ground temperature and hence the COP generally increase with depth, but so do the techaital eff
and requirements. At a given depth the ground is warm enough to use the harvested heatydirectl
without enhancing it by a heat pump. This reduces the electrical input appegely to the power

consumption of circulation pumps. A closed-circuit heat exchanger relies on heat trarspo

conductiort and therefore does not allow as much heat extraction as an open circuit, which is based
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on convective heat transport. The closed circuit does, however, avoid the problems causseé typir

hydraulics and precipitation of solutes from the brine.

Generally speaking, increasing the technical effort for a technology, such as inctbasiegth ofa
geothermal well can increase the heat output, absolute and relative to the electripat, but

obviously also the financial cost (see Fig. 2).
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Fig. 1 Common thermal output and energetic conversion efficiencigsferent heat provision technologies based on
manufacturer info of available and installed devices in Geyt®witzerland and on the energy conversion efficiencies of
low-enthalpy geothermal plants from this publication

Fig. 2 also shows that while electric resistors can easily be scaled up or dowressiomp heat
pumpsare commonly available only up to a few doZeA? asusually installedn single-family houses.
A few large-scale heat pumps are in operation with thermal outputs up to a few Mwnd8 their
range of thermal power are, however, geothermal wells, having an output &6 inpndreds of MW

at a relatively smaller electrical expense, as will be shown inifmere

A geothermal plant, sketched in Fig. 2 with open loop and hydrothermalvaisecomprigsone or
more production wells and usually one or more injection wells. Hob)faed is produced from the
underground by a production pump. At the surface, heat is extracted from the geofluid, whiemis

reinjected via the injection well, driven by an injection pump, if required.
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Fig. 2: Principle of a geothermahpt

Heat extraction rate obviously depends on production rate and reinjection ézatpre. The latter is
thermodynamically limited by the temperature of the heat sink, usually the retemperature of the
secondary loop. The lower the temperature required by the heat use technologymdine heat can
be extracted. Fluid chemistry, however, adds another limitation. Temperature reductionrigpggr
precipitation, which, at the high mass flow rates realized in geothermal sites,poaduce a
considerable mass of solids, that at best ends up in filters and at worst gipgs, heat exchangers or

the pores of the reservoir ro€R.

Production rate is subject to friction, in the porous rock matrix of the reseagowell as in the pipes
of the wells and the surface installations. The complex hydraulic rock propeitiesespect to flow
into/from a well determine the productivity/injectivity. It is quangfil by the productivity/injectivity
index (PI/Il), defined as the ratio between flow rate and the pressure drop/increase in the walj duri

production/injection.

The pumpdave to overcome not only said friction, but also the level differenceMsein static water

table and surface plus the production well-head-pressure. Consequently, unlesothetion well is
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artesiar? and the injection well is absorbing (creates no relevant back pressure), considenaogy
is required to circulate the fluid in the geothermal circuit. This is independent of #tallied pump

technology, be it an ESR LSPor a piston pump.

Hence, the electrical consumption of the pumps is considerable, albeit clatielby ramping up
and down the production rate and with it the heat production. Technically,ighfsasible at a given
maximum ramp-up speed within the boundaries of minimal partial load magimum flow-rate.
Economicallyt may make sense to do so given the necessary capacities in storage and/or baakup h
production as well as the right economic boundary conditions which gralifstric grid stabilizing
operation strategies. This upgrades geothermal energy from being a renewable energgusitg
fluctuations to one rather compensating them, thus increasing its benefit as a compofremenergy
system. Accordingly, Schlagermann predicts the shift in the operation of geothermal plawes from
baseload to market oriented or even operating reserve optimizatthether an individual geothermal
plant should be operated this way, is a complex question and out of theeswiojnis work, which is

intended rather to quantify the potential service geothermal plants can render to the grid.

The presented approach is applicable irrespective of useful heat application, pump @ghnol
whether there are one or several production/injection wells, the reservoir is petrotherorathe
geothermal is closed. The geothermal plant is simply consiigs a system receiving electric energy

and returning thermal energy.

This paper gives an overview about the ratio of these two quantities, i.ehdheested heat38 s,

relative to the auxiliary power demanﬂglfor a selection of existing geothermal sites:

38 (2)

©
o

b Flowing artesian welthe reservoir fluid pressure is high enough to make the fluid rise tomiéhead
resulting in flow without pumping.

¢ Electrical submersible pumtzentrifugal pump installed together with the motor in the production el
d Line shaft pump - centrifugal pump installed in the production waleth by a motor at the surface via a
shaft.
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This <p v8]8C ] Z E Jv & ( EE §} « 8Z ~ v EPC }VA E-]}v
common efficienciesyis not limited toY Q Isy energy conservation, but rather nominally exceeds 1.
If it is below 1, i.e. if more energy is invested than is harvested, there iemefit over the much

simpler direct transforration to heat in an electric resistor/heater.

The analogy to the COP of heat pumps is obvious. Using a givemtaaiaelectrical/mechanical
energy to provide a larger amount of energy as heat is what compression heat pumpsa(€HRde
for. While their efficiency has the aforementioned theoretical maximum, ¥oé a geothermal plant
however, is not subject to this limitation derived from the fundamental labthermodynamics. That
is due to the fact that a geothermal plant is an open system. Given an artesiari.weﬂl@ Lr,Y

even goes to infinity.

This key valueYcombines the thermal and the hydraulic reservoir properties, but also site-specific
boundary conditions and design and operating parameters, primarily reinjectiopagature as well
asproduction rate. It can be used to assess the systemic potential of gecah@temts in general or
to compare the energetic performance of single sites, but also, with limitatfong€omparison with

other heat provision technologies in a multimodal energy system.

A fair comparison of heat provision technologies, however, requires taking actmunt the
temperatureof the delivered useful heat. One way to do it is to look at the exergies drivihipaning
the plant. In analogy tof the exergetic conversion efficiency is calculated as the ratio of thermal exergy

' 6 cputput to driving electric energ® §, which is pure exergy.

'Qmsr 3§ISI‘

6\ (3)
- L =
98, P

b ® | s
99| Bnsr

The exergy contained 8§, < js calculated by applying the Carnot or quality fattbrit depends on

the temperature of heat provisior - and of the environmen§;, ¢,

¢ Here,the Carnot factor describes the amount of work achievable by a Carnot cyclatiogeoetween the
brine and the ambient temperaturé | -.

((11]
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While the energy conversion factorcan be compared to COPs of ideal or real heat pumps, the
reference for this exergy ratis a reversible process witlp L gideal heat pump). Everything below

1 indicates an irreversible loss of exergy, whife O rsarks a gain of exergy, possible here because
the definition (3) intentionally leaves out the inflow of heat in to ystem, as it is not invested in the

sense that electric energy is.

Another obvious reference is the heat provisibg an electric resistor. There, the electric energy is
converted completely to heat, i.69§| L 38, yet only a fraction of3§ < peing exergy. This fraction,
depends on temperature and is directly given by the Carnot factte resistor could be operated at
a higher temperature, thus destroying less exergy, but nothing is gaitieel lifeat is used eventually
at a lower temperature anyway. The sink temperatugg s eventually determines the system exergy

loss, no matter if the loss happens by dissipation in the resistor or during transfer to the heat sink.

Even though eventually the economic profitability of a site usualpwvistal, the conversion factors
give a first evaluation from the energetic/exergetic perspective how reasonable the taped a

geothermal plant can be with a systemic perspective.

State of the Art

Thoroughly characterizing geothermal sités complex as several key parameters must be
considered, primarily obviously thermal output power and production temperature. yrtesult from
technical installations (well setup, pump configuration, etc.), design aperating decisions
(production rate, reinjection temperature), the hydrogeological conditions (rock pehitity and

porosity) and, last not least, the geochemistry.

The aquifer geometry is often simplified to a homogenous horizontar lay rock with a given
thickness. The hydraulic behavior aquifer is usually linearized and described with the coefficients
productivity and injectivity relating drawdown and production rate. The brine amsitipn is

thermodynamically relevant as a high salinity affects density, heat capacity and viscosity.

" For example, electric heating #&,s,L srr *at 6 - L r 1, has an exergetic efficiency @R27.

7
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One way to reduce the multitude of parameters to a single value is to determéneahat generation
cost in terms of money™* or CQ emission¥. This requires a usually rather extensive profitability
calculation considering geological, technical and economical boundadjtioms. This value can be

compared against alternative heat provision technologies.

Schlagermanii conducted a comprehensive exergo-economic analysis for the geothermal power

plant in Bruchsal, Germany, focusing on the electricity production costs.

While an economic calculation is certainly indispensable for the decdiont the realization of a
project, it is often too complex and requires too much economic inmut gurely energetic
considerations. For this purpose, the ratio proposed here is more suitable, as it reprasetasvely

inexpensive and universal evaluation method.

Several publications investigate the energy conversion efficiency of the power amythe total

power plant efficiencie’s™>1¢

Wolfgram et alt” compiled data about thickness, depth, localization and hydraulic properties of
aquifers to generata productivity maps of the North German Basin. Together with temperature maps

they can help to identify the geothermal potential.

Kastner et at® took this method a step further and combined predictions of productivity and
temperature to determine the energetic efficiencies (COP therefnidealized virtual geothermal
doublets in two aquifers below Berlin, Germany. They assuBigmi- 6 cqan ideal pump,

disregarding pressure loss, thermal and limitationghe consumer side.

Their COP is the maximum theoretically possible energetic efficiency. It also depethesinjection
temperature 6, @and on the flow rate8BKastner et al. generally assuntg L vwt (based on the
return temperature of a connected heating network) and determine the flow rate assyran

absorbing well without injection pumas

g, L éCF\,; & (4)
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This in turn requires the knowledge/assumption of the hydraulic properties of the assumed
homogenous horizontal aquifer, namely the natural water table dejfthand the injectivity which
they estimate via a porosity-permeability correlation «3v &gdreach yields rather low production
rates and consequentially high conversion factors. With large uncertainties ndogtlio the porosiy
data, they estimate the average COP, the ratio of electricity input and thermal outpbe 16.2 for

the more productive one of the aquifers (Middle Buntsandstein).

Bugal® assessed a geothermal heat supply system and defined® vvp o &£ E&PC ((] ] Vv C (
as the exergy of the useful heat divided by the exergy input by geothermad| fleak reheater and

pump power supply. Yet no values are given.

Method

In order to be able to include also geothermal power plants, they are considereihlas heat plants
with an attached separate power cycle, such that the energy conversion efficiency can be determin
in the same way as for heat plants. The additional consumers which are pnesegeothermal power

plant such as cooling facility and feed pumps are not of interest here.

The energy input into a geothermal heat plant is mainly consumed by the electrieairoption of

the pumps 2;U Az @ 387 o]}v[e *Z E ]+ }vepu C SZ % E} p S]}Vv %o U %o X
npm Ih 5
9L 2PME 2 (5)

Data of pump power consumption in geothermal sites is scarce and ofterdeoadicompany secret.
For some sites information about net and gross electricity generaticavadlable. The difference
between the two values is a hint to the pump power consumption, but potentiddly includes cooling

effort for the power cycle and other auxiliary consumers.

2¢jcomprises the%o L U %o * [ S o woek && welb s mechanical and electrical losses in the

pump, motor, cable and power electronics (VSD

9 Variable speed drive
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-_ Laskn ®® (6)
¢l rS\Sknr-zl<mrm[§a_‘j£§ZWH

If unavailable, the electrical consumption of the pumps can be estimated with equfrdt
production rate and differential pump pressurd., s yand assumed efficiencies.
If unknown, L,skncan be estimated from the hydraulic work, using the productivity/injetgtivi

index / of the well, production rategfthe static water table ¥ O rand brine densitye
LIPTON @& %gV (7)

For the injection wellthis equation is limited to L,k P rto avoid falsely calculating electricity

gain in absorbing wells:
LI N e f&rar®EECL04 (8)

If data about the electrical consumption of the injection pump is notlaklg, it is assumed to be
insignificant in relation to the production pump consumption. If the staiiter table is unknown, it is

assumed to be 0.

The harvested heaB88 <can be calculated asthe diffE v }( §Z erftbaipy bt both wellheads.
Disregarding any heat losses possibly occurring in thearddetween heat extraction and delivery
and assuming one-phase flow (no gas pha8#), can be approximatety the product of production
rate 1§ a constant specific heat capaci®y and the temperature difference between the well heads.

If the well head temperature is not available, it is assumed to equal the reservoir temperature:

3%sr|— |6kD1pm!): I%H(\)N |6a'k6npmg): Q;IIQ a (9)

The production ratel6is assumed to equal the injection rate, i.e. there is no relevant fluid loss

between production and injection, i.e. none of the produced geofluidiverted without being

reinjected and, in the case of HDieservoirs, all of the injected fluid volume is produced again.

" Hot Dry Rock method, applied to petrothermal reservoirs

10
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The flow rate, given asvolume flow rate 86is converted to mass flow rateswith the fluid density

éat production temperature:

86 ) (10)
16 ————— &
€. ﬁpm@ o

Both éand % of the geofluid depend on temperature and salinityln this study, their values were
estimated using the brine property model BrinePibponsidering the respective salinity. Unless

indicated otherwise, the mean specific heat capa@fyor each site was calculated from the specific

enthalpies at wellhead conditions as follows:

DKLy pm@ i md DF R@pmégﬁﬁoa 11
6npmlE Q;Ih

% L

The energetic conversion factor of a geothermal plant is hence calculated by equ. (2) as

v L3Q15rL 16K o B1P 16 AhomE 19, 12
o T PN o

Equ. L2) does not directly consider the production temperatuég,, ,, he quality of the heat3§, <,

provided by the geothermal plant. Hence, in the next step, edf). (This is again divided by the

electrical consumptiorQQ, which is pure exergy, to obtain the exergy ratio between output and input:

The exergetic conversion factor is calculated by equ. (3)

'Qm$ 3915r

6 i (13)
E L—% ®
98¢, ~ 9§

Is+=—p &

b T
6

Assuming a perfect storage, exergy depends on the minimum of the periodically varglignt
temperature’l. The average minimum air temperature in Germany is about°@?4 This matches

closely the conventional choice & - L r *which is also assumed hémne

6 is used as the upper temperature, as the brine flow is a sensible heat s@Jrsethe logarithmic

mean temperature of the heat transfer from the brine:

11
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61 nF 51pmbé.1 (14

Another way of taking into account the temperature level is to ¥&tto relation to the theoretical
maximum COP of a heat pump, i.e. a reversible heat pump, working between thegentyweratures.
This results in the same equation as edLB){ with 6,,keplacing ., as the useful heat is non-
sensitive hereThis is how heat pump performanigeassessed independdgtof temperatures. The

quotientiscalle » £ EP §] Y}[Ev/C°S PiEGerman.

The net exergy output is defined as the difference of exergy out@{sand the electric inpu19§|

Sites

Motivated by a project dealing with the German energy system, this damyses on German deep
geothermal sites and European sites with comparable conditions. All German sites wadedncl
where enough data could be acquired to calculate the efficiencies. All sites have in cahantreir

wells are deeper than 1000 m and that they have at least one production and onednjeil.

The source data are very heterogeneous in quality and in what quantities aresdidclh was
acquired from publications, the GeotlS databdspersonal communication with operators, but also
from project and news websites. While numbers about the thermal power of geothesitesl are
easily found, pump consumption data is rarely disclosed by commerpiiators. In general,
operational parameters are varying due to a multitude of reasons. Hence, pickingl@nuvequires

some kind of averaging or an educated guess.

This study aims at characterizing the potential of geothermal heat. Hence, tgpaltional or are
used, if available. For some sites, however, only design values or snapsasiret values were

available.

12
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Results

Table 1: operational parameters used to calculate the geothermal sifigg, teofluid density/specific heat capacity calculated with BrinePrag) production rate, & t thermal power
extracted from the geofluid,=8p et electric consumption of the production pump; Pt electric consumption of the injection pump), NG®orth-German Basin, SGEouth-German Basin, RG
RhinegrabenBB- Baltic Basin, PB - Pannonian Basin)

Site Geology € € %o U .6 }6 | | ¢ A Ao
°C °C J/kg/K kg/m3 s MW MW MW € LU LUOUA
Neustadt-Glewé® NGB 96 713 3361 1122 28.8 2.7 0.16 ? 16 3.9 2.9
Durrnhaar® SGB 138 OiYRAT d1iiYOTi 928 135 doYnl 1.35 0 TOYid O6XOYOXT 0XOYOX
Freihant® SGB 89 60 4190 966 110 12.9 0.73 0 18 3.8 2.7
Grunwald/Laufzorn  SGB 127" (60y8 90¥ 40.07" (0.76¥9 0 53 13.3 10.4
KirchstockacPf SGB 130 OiYAI 6TiIAYOTI 935 135 0iYdod 1.00 0 0TY®O IiXAYiiX 6XiYdX
Rient® SGB 95 55 4191 962 85 13.7 0.50 0 27 5.9 4.3
Sauerlack® SGB 140 TOYO(OoTiiYOTii926 110 0iYdo 1.20 0 TiYIoO O0XiYOXO 0XAa§¥
Traunreuf? SGB 113.7 57.2 146 34.4 1.31 0.142 24 5.3 4.1
Oberhaching® SGB 128 50 4209 935 140 43.0 1.30 0 33 8.0 6.2
Unterhaching SGB 123.3t 5% 4206 941  140% 3552  1.652" 032 21 5.3 4.2
Bruchsat® RG 126 66.8 24 5.4 0.13 0 41 10.6 8.4
Insheim® RG 165 70 3837 982 80 28.6 (0.80y 0 36 10.6 8.8
Landau® RG 160 50 3837 982 70 29.0 (0.60y 0 48 13.2 10.6
Rittershofferf RG 170 80 3915 968 61Y66 ThAYTo ~iXTivh¥®r O O0Yii TOXOYTIo2 TTXAYTIX
Soultz-sous-Foréfs RG 150 70 3907 983 31 9.4 (0.173% 0 56 16.0 131
Klaiped& BB 36 11 3844 1054® 168 17 0.058 0.55 28 22 0.31
DIi.. &vC PB 80 50 4177 975 OXTY T iXTYIX IXTiTYiIXiT 1XITAYiIXi|i0Yd0 gxgygx) O0XO0YOX
" Assumption based on heating network return temperature of 55 °C P P| = 11-:10=73 according ¥ natural water level = sea level, surface at 9 m
I'Linear interpolation for indicated flow rate from nominal values 1.350 MW at 9 Nominal volume flow rate of the two main circulation pumps vs.glefiow rate
1601/s® of the plant.
kK Calculated with equ. (9) " Nominal power of main heat exchanger is given as 533 kW, while theowalrp
38 MW is valid at 150 I/s, here scaled to actual production rate calculated from temperature difference and flow rate amounts to 1008
™ Including losses in motor, cable and variable-frequency drive $No injection pump, includes compresspressure boosting pump block and heat
" Assumption made in the data source exchanger circulation pump

° Calculated ag;;” " L 86 2+Rwhere R, ragnd Pl =0.81s (Soultz) or
2.8 Y3.5 I/$3 (Rittershofen)

15
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1 Table 1 lists the key parameters of the included geothermal sites as well as the calculatedaggergy
2  exergy conversion factors. Where the input parameters were available as rangesueial variants

3 they are listed as a value range of the resulting conversion factors.

4 Fig. 6 plots the energy conversion factofsvhereas Fig. 7 plots the exergy conversion factefiar
5 all included sites. The value range is indicated by the respective mean value with ansoFly. 8

6  shows the conversion factors plotted against the production temperature.
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For the Soultz site, the calculation of electricity consumption is based on théispecameters and

the simple model defined by equations (5) tll#). This allows an exemplary study of the sensitivity of

the efficiency on the production ratéig 9).
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Fg. 9: Conversion factors as a function of production rate for a synthetic site{Y88E U 4 &, = 5.4 m3¥/h/MRa
=4 kJ/kg/K, &1000 kg/m?)

Discussion

Before elaborating on the numbers, note that this study aims at giving acduestview of the

conversion factors realized in actually operating geothermal plants. The hetervgenhé¢he source

data should be kept in mind when comparing the sites, especially when the sources arevetesites

or optimistic press releases. Furthermore, a single datapoint per site can omysbhapshot or an
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average of variable quantitie®@nthe other hand, off-design operation can decrease the conversion
factor, as pump efficiency will be reduced outside of their design operation range or fluidrfriati
the well becomes relevant if the diameter is small. Finally, the calculated conversiorsfaotonot
meantas a rating of the plant design and construction as they also include the boundariticnad

given by thermo-hydraulic aquifer properties as well as limitations imposed bjuidechemistry.
The small number of sites does not allow conclusions with respect to different regions.

The geothermal sites considered here provide heat at temperatures bet88eand 170°C They
show a wide range of energy conversion factdfsetween 12 and 112 (Fig. 6), Gitbat the COP of
common CHPs aré€E}uPZoC }v }E & }( u Pv]3§¥bdwhep ploviding WeaCat 35 °C)
this suggests that deep geothermal heat exploitation offers a highly efficientofvériansforming
electricity into heat. This matches roughly the theoretical values determinéhbiner et albetween

6 and 21 for the Middle Buntsandstein and between 43 and 74 for the Rotli€gfemohation.

Sinilarly, the exergy conversion factoishow a broad distribution with values rangingrfra to 36,
which makes these geothermal plants more efficient than any real or even ideal heat pumaydal
=1).

Fig. 8 showan increasing trend w.r.t. production temperature of bottand b This comes as no

surprise given the linear relation between thermal power outf . and the temperature difference

between the well-heads 6 from equ. (9) visualized in Fig. 4.. Hence, exceptions from the positive

trend can indicate either a higl§,,,a low productivity/injectivity or bad performance for other
reasons. The influence of the injection temperature is negative but does not take effect hére as
appears to be more or less constant around 60 °C, independently €y ¢see Fig. 5). The Carnot
factor in eq. 13) and the logarithmic mean in equl4) add positive non-linear temperature

dependences, which create the offsets in Fig. 8.

The Plisted and plotted above have been determined for the common yet arbitrarily chésgn L
r 1.Having the lowest production temperature; 0 ] %. Pig most sensitive to a change 6f - of
all sites. Recalculating o ] %. Pwjith the reference6 - L tr * lowers it to 0.31, while all other
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sites remain™« ( ®@€&yond b L wiith values ranging from 2.7 to 3® L r asuin the lower range of

what current CHPs achieve, as the exergetic efficiencies derived from a comprehensive lisobf CHP

different technologies available on the German mafkstiow Pbetween 033 and 0.64 for6 - L
r 1 or t 1, Other sources give values between 0.28 and.Oris assessment shows that the
operation of the Klaipeda site would be exergetically reasonable if it were opgrafith the listed
parameters. However, it is not, because productivity has declined due tpitegion in spite of

counter-measurs, which is why the plant operation indefinitely ceased operation in March 2817

The remarkably high conversion factors of the Ritterstroffite can obviously be explained with high
production temperature and low pumping demand, but possible also withfabethat it is based on
estimation rather than on operational measurements. Pump power for both ttésasid the one in
Soultzhave been estimated only from the well productivity, thus neglecting addilavork caused by
the lower water table level, high well head pressure and friction within the brine ciddeitce, the
real conversion factors can be expected to be lower. Vice versa, the low factiamédaNeustadt-
Glewe and Freiham are a consequence of low production temperature and refatigsl electricity
consumption by the pumps. A detailed analysis of the individual reasons &f th# scope of this

work

Fig 9. depicts the non-linear influence of the production rate on the conversion faeocalculated
using a simple model based on constant temperatures and paramedexording to the model
equations, production rate grows proportionally with thermal output (iedéd by the second
abscissa), while pump effort increases quadratically, thus reducing the conversiorsfaténce the
best operating point will be a tradeoff between thermal output and the eneogegiergetic conversion
efficiency. As visualized by the broad maximum of the net exergy output, thayebea point within
the feasible operation range beyond which a further increase of productiorcestl more exergy in
the form of electricity than is gained from additional provided heat. The flat chiaseever, indicates
alow sensitivity to a change of production rate around the maximum, wiiekes the choice less

critical. The same may apply for an economic optimum as both electricity deamghlkdeat production
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can be converted into cost and revenue. This optimum may, however, be @ffsétjepends on these

prices as economic boundary conditions.

Conclusion

Geothermal heat is available independently of weather conditions. It may be considered as free, but
its exploitation certainly requires investment, not only of money, but also of energy. Fr@system
perspective, geothermal plants are commonly only considered as heat sources. However, they requ
pumps to produce and/or reinject the geofluid, unless they operate at very favoradervoir
conditions (i.e. artesian production well, absorbing injection well). These paansume considerable
amounts of electricity, with their nominal powers often amounting to several of heatslof KW. This

makes GT plants effectively PowterHeat converters.

The energetic and exergetic analysis of the gathered production data of a selection of geaither
sites shows that extracting heat from the underground requires considerable amountduaible
electric energy. Compared to alternative methods of electrically powered heat prowgsicim as
electric heating or CHPs, however, this is a very efficient one, as far morariteakergy is provided
than invested as electrical input, even though this ratio output/input variesrie order of magnitude

among the sites considered in this study.

The exergetic conversion factor used here can be helpful as a key parameter totetizeac
geothermal plants in strongly simplified energy system models. For thisthed purposes it would
be beneficial to include the pump power consumption to overview tables atabases?*3’, which
usually lack it, compiling only other key figures such as thermal/electric power, productionanade

temperature.

Similarly to the efficiency of a geothermal power cycle, the conversion faatersot the quantities

to be maximized by varying mass flows, as this would lead to small theutpaitoMore reasonable

' The OpenEl online databd8ez « (] o (}@& c% & +]8] o} ~U pus$ v} §
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is maximizing the net exergy output. Its maximum may help to identify'tké & « %sthSrespect

the production rate independent from economic parameters.

Outlook

Including more sites in this assessment would potentially allow to draw furtheziesions, e.g. by
correlating the conversion factors to plant designoperational parameters or clustering them by

geologic setting.

Considering geothermal plants as sinks for surplus electricity raises the questtwirgbart load
performance and their part load ability, i.e. how far and how quickly can their oltpueduced or
increased. This should be quantified and be used as additional key parameatesctibe geothermal

plants from the perspective of thenergy system.

The assessment method presented here could be extended from existing geathplamts to
existing boreholes or even to unexploited geothermal reservoirs, fogndin existing data of
geothermal potential’. Following Kastner et &l, the energetic/exergetic conversion efficiency could
be calculated based on the well productivity/injectivity, the water table and#servoir temperature.
Discarding the limitation in eq. (8)gE12) would then be adapted as follows:

, € 8K6pmE &R, (15

. e (E] Jv §Z ~"e3§ § thlq apoacltBnduld yield rather high efficiencies at a small
production rate. Another choice for thmass flow could be on the other end of the range: The
maximum production mass flow limited by the maximum drawdown, which iselihby the given

production pump installation depth (ignoring NRQHwhich in turn is limited by the reservoir depth:

8., L éCV:F Ycq (16)

Y Required net positive suction hedchinimal water column above a pump inlet required for safe operati
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Consequentially, this approach returns rather high flowrates, low efficiencies, and, assuniing

cancels the productivity from the equation only leaving the depths and the temperatures.

The practical optimum for production rate somewhere between thee two values, determined by
a variety of boundary conditions, e.g. geolodicaiotivated pressure limits, demand side
requirements, financial deliberation or optimal net power outffutWith this information being
unknown for non-existent plants, an educated guess for the design operating poilat seunade

using the net exergy maximum as discussed before.

The presented conversion efficiencies can be calculated for any electrically driven heiaigoro
technology, including geothermal sites operated as thermal storagesS(ABEES, MTES ike the
storage efficiency, the conversion efficiency could serve as key figure to assess diterage
technologies or to compare storage to other heat/cold provision techgie Eq.12) should then be

changed to include the energy invested for storing the heat/cold.

Nomenclature

%12 1 Coefficent of Performance
A are %b ; specific heat capacity

' Am st exergy output

%0 be %o  gravitational acceleration

Dipmeyin P % specific enthalpy at production, injection well-head

Z f Injectivity index

16 o Yze mass flow rate
Lhskn f differential pump pressure
2¢] electrical power consumption

Z o f productivity index

v Aquifer/Borehole/Mine Thermal Energy Storage
22
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G pmtByih well-head temperature production, injection
6 ambient temperature

6 mean temperature of heat transfer

Bmsr temperature of heat output

9§| input power to the brine circuit

36, thermal power extracted from the brine circuit
86 e 'o0Q Flowrate, production rate

* % * %o brine salinity

Ve . natural water table / hydraulic head

Y 1 energetic conversion factor

b 1 exergetic efficiency / conversion factor
1) 1 energetic efficiency

é «%e 7 fluid density
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