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Introduction
In regions with moderate climates such as central and northern Europe, Aquifer Thermal 
Energy Storage (ATES) is a suitable technique to supply buildings with large amounts of 
heating and cooling. ATES bridges the seasonal mismatch between the ambient tempera-
ture and the heating or cooling demand of a building. ATES is an open-loop, bidirectional 
system, which uses at least one groundwater well in the saturated zone to actively store 
excess heat in summer and cooling capacity, further named as cold, in winter. The stored 
thermal energy can be reused when required (Bloemendal et  al. 2014; Dickinson et  al. 
2008; Hähnlein et al. 2010; Kangas and Lund 1994; Nordell et al. 2015; Sommer et al. 2015).

The principle of a bidirectional ATES system is illustrated in Fig. 1. In summertime, 
cold groundwater stored from winter is extracted from the cold well to cool the build-
ing. In most cases, the temperature level is sufficient for direct cooling without the 
application of a heat pump. However, heat pumps can also be utilised for active cool-
ing. The excess heat of the cooling process is reinjected in the warm well and stored in 
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the aquifer (Dincer and Rosen 2011; Kalaiselvam and Parameshwaran 2014; Rosen and 
Koohi-Fayegh 2017).

The reverse process is observed in wintertime by using warm groundwater stored from 
summer for heating purposes. The temperature level from the aquifer is increased by 
heat pumps to the required inlet temperature for space heating. The cooled water is rein-
jected back in the aquifer via the cold well. In an ideal case, a thermal balance is set up in 
the aquifer after some seasons (Andersson et al. 2013; Bayer et al. 2012; Bloemendal and 
Olsthoorn 2018; Bridger and Allen 2005, 2010). In some countries and states, a thermal 
balance is a legal requirement for the operation of ATES (Bloemendal et al. 2014; van 
Beek and Godschalk 2013).

Most ATES in the Netherlands are shallow and operate with well depths usually rang-
ing between 10 and 150 m (Bloemendal and Hartog 2018; Fleuchaus et al. 2018). They 
are classified as low-temperature ATES (LT-ATES) with temperatures < 25 °C. However, 
in Germany the current temperature threshold for these depths is 20 °C for heating and 
5 °C for cooling (Fleuchaus et al. 2018; Hähnlein et al. 2010). Worldwide more than 2800 
ATES are installed with more than 90% operating in the Netherlands alone while cur-
rently only four ATES exist in Germany (Fleuchaus et al. 2018). ATES is most efficient 
for buildings with high and constant energy demand over the year, such as offices, air-
ports, universities, shopping malls and in particular hospitals (Bonte et al. 2013; Eggen 
and Vangsnes 2005; Fleuchaus et al. 2018; Snijders 2005; Sommer et al. 2013; Wigstrand 
2009). To implement the technology also beyond the Netherlands, the investment in 
ATES must result in positive economic effects compared to common and in the future 
other sustainable supply technologies. However, detailed economic studies about ATES 
are rarely published (Fleuchaus et al. 2018). In Germany, such techno-economic analy-
ses of the four existing ATES systems are currently not available. Nevertheless, in other 
countries such studies were recently published and are summarised in Table 1.

Table 1 shows that several feasibility studies have already discussed the economics of 
ATES considering the capital costs, capacities and payback times. However, the major-
ity of the studies only briefly summarised the economics of ATES. For instance, payback 
times and reference systems were rarely discussed together with an exception of the 

5°C20°C

Fig. 1 Operation mode of a doublet ATES system in summer and wintertime including the current 
temperature threshold for LT-ATES in Germany
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research from Vanhoudt et al. (2011) and Ghaebi et al. (2017). Unfortunately, the evalua-
tion of the economic data is in most cases not transparent or already obsolete. In addition, 
the applied methods are hardly described and not sufficiently discussed for reconstruc-
tion. However, a comprehensive techno-economic and environmental evaluation is 
indispensable to convince governments and decision makers of the positive impacts of 
ATES in regions where it is not yet common. Thus, this study focuses on the techno-eco-
nomic viability and environmental performance of a representative case. The municipal 
hospital in the city of Karlsruhe, Germany, was faced with the decision of either using 
LT-ATES or compression chillers for cooling and district heating for a new building com-
plex. Although the geological and hydrogeological framework of the site shows a techni-
cal feasibility, the hospital administration finally decided against ATES. One reason for 
this decision was that the hospital wanted to reinject and store heat above the prescribed 
limit of 20 °C. However, the local water authorities adhered strictly to this limit. Hospi-
tals in general have a great demand for an efficient and sustainable heating and cooling 
supply. The average heating demand per patient in German hospitals is 29 MWh. This is 
equivalent to the thermal energy demand of two modern single-detached family houses 
(Hendriks and Velvis 2012; viamedica 2009). Thus, the current energy supply technology 
consisting of compression chillers and district heating, further named as reference tech-
nology, is compared with the estimated economic performance and energy efficiency of 

Table 1 Overview of studies discussing the potential economic benefits of ATES

Exchange rates: aEUR/USD: 1.12, bEUR/CAD: 1.50, cEUR/NLG: 2.20

Author Country Capital 
costs (€/
kW)

Purpose Wells Capacity 
(MW)

Energy 
supply 
(MWh)

Payback 
time

Reference 
system

Reilly et al. 
(1981)

USA 861a Heating 14 3–50 Electric 
boiler and 
oil fired 
furnace

Zimmer-
man and 
Drost 
(1989)

USA 89–890a Cooling 2–16 2–20

Anders-
son and 
Sellberg 
(1992)

Sweden Heating 
and 
cooling

1800–
10,000

2–10

Chant and 
Morofsky 
(1992)

Canada 133–266b Cooling 0.1–10 20–20,000

van Hove 
(1993)

Nether-
lands

1000c Cooling 1.5 6 Mechanical 
cooling

Paksoy 
et al. 
(2009)

USA 750 Cooling 6 2 2025 Standard 
chillers

Vanhoudt 
et al. 
(2011)

Belgium 580 Heating 
and 
cooling

2 1.2 2207 8.4 Gas boiler 
and 
cooling 
machines

Ghaebi 
et al. 
(2017)

Iran Cooling 2 2417 Gas boiler, 
compres-
sion 
chiller, 
ATES
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ATES over an observation period of 30 years. The sensitivity of the various costs of the 
ATES components defining the capital costs is determined with a Monte Carlo simulation 
considering the uncertainties of the input parameters. Furthermore, a sensitivity analysis 
provides information about the most relevant parameters for the capital costs. The esti-
mated environmental benefits of the studied ATES during operation are illustrated based 
on the annual  CO2 savings per year. Finally, the results of the present study are compared 
with the economic performance of existing ATES systems.

Materials and methods
Site

For the present study, a new building complex of the municipal hospital in Karlsruhe, 
Germany is considered. The new building with seven floors consists of surgery rooms, 
intensive care units, normal care and outpatient facilities and is part of the reconstruction 
measures of the hospital. The completion is scheduled for the year 2020. The load curve 
for heating and cooling of the building is calculated with RETScreen 4 (Natural Resources 
Canada 2019) based on the parameters in Table 2 and the climate data of Karlsruhe.

Figure 2 shows the annual load curve of the hospital building for space heating and 
cooling. The loads are assumed as constant over the observation period and correlate 
with the ambient temperature of the location. Heating and cooling is required from Sep-
tember to June (tH = 2043  h) and from May to October (tC = 1558  h), respectively. In 
the present analysis the ATES system (Fig. 3) and the reference technology provide the 
entire heating and cooling demand of the building.

Aquifer Thermal Energy Storage (ATES) system

A conceptual design of the ATES system is essential to assess the economic efficiency 
and environmental benefits (Bloemendal et al. 2018). Table 3 summarises the considered 
dimensioning of the ATES system. The volume of pumped groundwater V required for 
heating and cooling of the building is a key parameter of every ATES system and is cal-
culated as follows:

Q is the amount of energy, cw is the volumetric heat capacity of water equal to 4.15 
(MJ/m3K), ∆T is the difference between the extracted and injected temperatures, ρ 

(1)V =
Q

cw ·�T · ρ
· 3600

Table 2 Parameters defining the heating and cooling supply of the building

Parameter Values

Heated floor space  (m2) 35,000

Cooled floor space  (m2) 41,000

Heating capacity (kW) 1804

Cooling capacity (kW) 3080

Space heating power demand (W/m2) 52

Space cooling power demand (W/m2) 75

Heating demand EDH (MWh) 3685

Cooling demand EDC (MWh) 4800
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is the water density equal to 1000 (kg/m3). The larger ∆T the higher the energy out-
put from the aquifer to the building resulting in smaller V. Depending on the prop-
erties, ATES systems achieve ∆T up to 10 K (Behi et al. 2014; Vanhoudt et al. 2011). 
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Fig. 2 Annual heating and cooling loads of the building complex and ambient air temperature in Karlsruhe

2,856 (  92) MWh+- 3,685 MWh

4,800 MWh

101 MWh

ATES

Heat
Pump

Submersible pumps

Submersible pumps
829 (  92)  MWh+-

8,485 MWh

Hospital

building

164 MWh

Fig. 3 Energy flows of the considered ATES system for the heating and cooling supply

Table 3 Design parameters of the considered ATES system

a VDI 2067 (2012), bGHJ (2017), cBloomquist (2000)

Parameter Number Unit Lifetime (years)

Cold well 3 – –

Warm well 3 – –

Well depth H 35 m –

Well diameter 0.8 m –

Screen length L 30 m

Heat Exchanger 1 – 20–30a

Submersible pump 6 – 5–7b

Well distance 106–318 m –

∆T 4 K –

Heat pump 2 – 20–30a, c

ATES – – > 30
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However, since the hospital building requires more cooling than heating (Table 1) and 
the groundwater flow velocity is more than 100  m/a at the location a conservative 
estimation for ∆T of 4  K is chosen. Equation  1 delivers the extracted groundwater 
volume to meet the energy demand of the building which amounts to 614,643  m3/
year for heating and 1,032,999 m3/year for cooling, on average. The appropriate upper 
aquifer is dominated by unconsolidated rock, mostly consisting of gravel and sand 
with a thickness of 35 m. The production and injection wells form the main part of 
every ATES system and provide access to the aquifer, i.e. groundwater. After Bloe-
mendal and Hartog (2018), the optimal screen length L of a well is a function of the 
groundwater volume V, the volumetric heat capacity of water cw and the aquifer  ca 
equal to 2.8 (MJ/m3K) and is estimated with Eq. 2:

The required power of the submersible pumps P depends on various parameters 
and can be calculated by:

h is the delivery head equal to the well depth, q is the pumping rate, g is the gravity. 
Due to several factors such as motor and cable losses, the overall pump efficiency η is 
defined as 60% (Liang and Fleming 2012). Based on Eq. 2 the optimal screen lenghts 
L for the warm and cold wells is 103  m and 87  m in total. Considering the aquifer 
thickness, a doublet consisting of three warm and three cold fully penetrated wells 
with a depth H of 35 m and a diameter of 0.8 m each is assumed. To ensure that the 
well screens are always in the saturated zone, a screen length L of 30 m for each well 
is chosen. Each well is provided with a submersible pump to pump the groundwater 
out of the wells to the heat pumps and heat exchangers, respectively (Bakema et al. 
1994). Considering the number of wells, V and the heating tH and cooling tC peri-
ods, the average pumping rate q of each submersible pump is 100  m3/h for heating 
and 221 m3/h for cooling (Eq. 3). To prevent thermal interference, a suitable distance 
between the warm and the cold wells is assumed based on the thermal radius Rth.

The thermal radii of cold and warm wells are 74 m and 33 m, respectively (Eq. 4). 
Thus, a minimum distance of 106 m is required. However, Dutch authorities ensure 
a distance of three times the thermal radius between the warm and cold wells (Bloe-
mendal and Hartog 2018). Thus, a distance of 318 m is also considered. The expected 
operational lifetime of ATES is more than 30 years (Bloemendal et al. 2014; Hartog 
et al. 2013; Kalaiselvam and Parameshwaran 2014).

Figure  3 summarises the energy flows of the ATES system for heating and cooling. 
Depending on the COP of the heat pump, an average of 2856 (± 92) MWh or 78% of the 

(2)L = 3

√

2.25 · cw · V
ca · π

≈ 1.02 · 3
√
V

(3)P =
q · ρ · g · h
3.6 · 106

· η−1; q =
V

tc/h

(4)Rth =

√

cw · V
ca · π · L
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heating demand, is covered by the thermal energy in the subsurface. The remaining energy 
is delivered by the heat pump. Since direct cooling is feasible with the ATES system, the 
amount of cold delivered from the aquifer is equivalent to the cooling demand of the build-
ing. As a consequence, the considered ATES has an energy balance ratio between heating 
and cooling of 0.25. In some European countries such as the Netherlands, the regulations 
require ATES systems to maintain the thermal balance between heating and cooling. 
However, this regulation does not yet exist in Germany. Thus, thermal imbalance can be 
assumed. Based on Eq. 3, tC and tH, the submersible pumps have an total electricity demand 
of 265 MWh for heating and cooling.

Capital costs of ATES system

The parameters used to determine the capital costs of the ATES system CATES are not site-
specific, which means they have a strong variability. Some component costs, such as that 
for the heat exchanger are derived from literature (Seider 2006; Vanhoudt et al. 2011). Oth-
ers, are used from comparable shallow geothermal projects or from service catalogues (GHJ 
2017; GWE 2017; LANUV 2015). In this case, an accurate and deterministic calculation 
of the capital costs is not feasible. Thus, a Monte Carlo Simulation with 100,000 iterations 
quantifies the uncertainty of each parameter. The simulation and the sensitivity analysis are 
both carried out with the software @Risk (version 7.5) (Palisade 2019). For every parameter, 
a symmetric triangular distribution bounded by a minimum, mode and maximum value is 
used. The most likely value is the mode while towards the minimum and maximum values 
the probability decreases continuously. In the present simulation, the minimum and maxi-
mum values are the best (cheapest) and worst-case (most expensive) scenarios. In addition, 
a sensitivity analysis determines the components with the strongest influence on the capital 
costs. A sensitivity analysis delivers an insight into the structure of an investment and indi-
cates the impacts of its uncertainties (Blohm et al. 1995). Table 4 summarises minimum, 
mode and maximum values for each component of the ATES system used for the Monte 
Carlo Simulation and the sensitivity analysis.

Current costs of ATES system

The current costs of the ATES system CCATES include the demand-related costs DC and the 
operation-related costs OC, derived from the German technical guideline VDI 2067 (2012). 
The demand-related costs are made up by the costs for the heating CH and cooling CCO 
supply (Eqs. 5 and 6). The operation-related costs comprise of the costs for maintenance M 
and replacement R of components within the lifetime of the ATES system.

The electricity costs EC are site-specific costs of the hospital, while the  COPHP is a 
generic value from literature (Table 5). The costs for heating are composed of the electric-
ity costs EC to drive heat pumps and the submersible pumps. For direct cooling the use of 
heat pumps is not required, therefore only electricity costs EC to power the submersible 
pumps (Eqs. 3 and 6) are considered. The costs for maintenance are defined as a certain 

(5)CCATES = DC + OC = CH + CCO +MATES + RATES

(6)CCATES =
EDH

COPHP
· EC + P · tH · EC + P · tC · EC + CATES ·MATES + RATES
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percentage of the CATES. The observation period is defined as 30 years; however some com-
ponents such as the submersible pumps or the heat pumps have a shorter lifespan and have 
to be replaced within the observation period (Table 3). Table 5 provides an overview of the 
parameters defining the current costs CCATES.

Table 4 Minimum, mode and maximum values for the Monte Carlo Simulation of the  CATES

Each single cost item is summarised in seven different categories
a LANUV (2015), bMacKenzie and Cusworth (2007), cChiasson and Culver (2006), dGHJ (2017), eLANUV (2004/2005), 
fSanderson (2018, personal communication), gGWE (2017), hSeider (2006), iVanhoudt et al. (2011)

Category Component Minimum (€) Mode (€) Maximum (€)

Pre-investigation/
Feasibility

Site  inspectiona 50 1216 2382

Construction  schedulea 5 846 1687

Feasibility  studyb 3939 22,488 41,037

Design  planningc 6200 47,706 89,212

Preparation Site  equipmenta, d 1738 7319 12,900

Transport drilling  rige 767 4701 8636

Movement drilling  riga, d 300 7950 15,600

Sampling & core  boxesa, d 924 9114 17,304

Bore log & drilling  profilea, e 539 803 1066

Clear washing & pressure 
 washingd

31,592 36,706 41,820

Pumping  testsa 26,338 35,319 44,300

Drilling Well  drillingf 24,780 90,825 156,870

Well piping and well installation Filter  pipea, d, e 35,250 48,375 61,500

Solid wall  pipee 14,160 30,881 47,602

Centeringd, e 24 102 180

Bottom  capa 48 480 912

Well  heada 1166 18,313 35,460

Water  chambera, e 40,800 46,305 51,810

Shaft  covera, d 767 2934 5100

Filter gravel/sanda 826 21,293 41,760

Counter  filtera 28 464 900

Clay  seala, d 2687 63,077 123,467

Submersible  pumpsd 15,570 21,585 27,600

Stand  pumpd, g 25,200 30,823 36,446

Well  connectionsa 1204 52,298 103,392

Controlling & Monitoring Electronic  switchboarda 2213 50,982 99,750

Water  flowmetera, f 893 9105 17,316

Pump control  systema, e 1779 48,350 94,920

Site equipment monitoring  wella, e 2100 11,550 21,000

Movement drilling rig monit. 
 wella, e

162 925 1687

Drilling monitoring  wellsa, e 2057 30,729 59,400

Control  lined 15,000 20,000 25,000

Electricity  connectiond 35,000 55,000 75,000

Piping Horizontal  pipingd 189,815 331,988 474,161

Pressure  washingd 7161 8638 10,115

Building integration Heat  pumpg 11,456 41,365 71,274

Heat  exchangerh, i 65,600 67,800 70,000
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Reference technology

In Karlsruhe, a widespread district heating network (180 km) exists fed with over 770 GWh 
of heat. This network is mostly supplied by industrial waste heat of a large mineral oil refin-
ery (MiRo) and by combined heat and power generation (CHP) of a steam power plant and 
is being expanded further (Stadtwerke Karlsruhe 2017). The mineral oil refinery itself cur-
rently supplies over 30,000 homes in Karlsruhe. The hospital is already connected to the 
district heating network of Karlsruhe including substations. Thus, only costs for mainte-
nance and pipe construction from the heating centre to the building collected from differ-
ent district heating providers are considered (Table 6). The maintenance costs depend on 
the capital costs defined as the costs for pipe constructions. The distance between the heat-
ing centre and the building is 100 m. The demand-related cost for district heating DCDH 
depend on the consumption of the end user and are calculated with Eq. 7 based on the 
parameters of Table 6. CP, PP and BP are derived from the municipal utility of Karlsruhe 
and for comparison of three surrounding cities in Baden-Württemberg (Table 6).

The municipal hospital uses magnetic bearing compression chillers for cooling. 
These specific types of chillers are frequently used in hospitals and data centres and are 
therefore representative for a standard cooling supply technology (Engie 2018). Given 
the required cooling capacity of 3080 kW, the estimated capital costs CCCH of the com-
pression chillers range between 125  €/kW and 200  €/kW (Institut für Energie- und 

(7)DCDH = CP · (EDH · ηDH )+ PP + BP

Table 5 Input parameters to calculate the current costs of the ATES system

a  Boissavy (2015), b International Energy Agency (2007), c Stindl (2017, personal communication) d Sommer et al. (2015)

Parameter Minimum Mode Maximum

COP heat pump COPHP
a, b 4 4.5 5

Electricity costs EC (ct/kWh)c 16 16.5 17

Maintenance MATES (%)d – 4 –

Replacement RATES Table 2

Heating period  tH (h) 2043

Cooling period  tC (h) 1558

Table 6 Parameters defining the capital and current costs of the district heating supply

a Stadtwerke Sindelfingen (2007), b(2018), cStadtwerke Waldkraiburg (2018), dHallamICS (2012), eStadtwerke Karlsruhe 
(2018), f Stadtwerke Ulm (2018), gStadtwerke Pforzheim (2019), hStadtwerke Emmendingen (2019b), iGudmundsson et al. 
(2013), jKonstantin (2017)

Category Parameter Minimum Mode Maximum

Capital costs  CDH Excavation work (€/m) 101.15a 113.05 124.95b

Piping (€/m) 232.05b 431.40 630.70c

Contingency (%) 10d

Karlsruhee Ulmf Pforzheimg Emmendingenh

Current costs Commodity price CP (ct/kWh) 5.87 5.90 8.96 8.94

Power price PP (€/kW) 35.16 50.54 18.72 23.80

Basic price BP (€) 191.00 558.00 – 257.04

Efficiency for consumer ηDH (%)i 98

Maintenance (%)j 1
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Umwelttechnik 2002; Schäfer and Negele 2009; Schlott 2001). The costs for the feasibil-
ity study, development and engineering are defined as a certain percentage of the capi-
tal costs (Table 7). The current costs of the compression chillers CCCCH depend on the 
energy demand of the system and are composed of the  COPCCH, the electricity costs EC 
and the cost for maintenance MCCH and replacement RCCH (Eq. 8 and Table 7).

The recommended depreciation period of a compression chiller is 15 years resulting 
in a replacement investment within the observation period of 30 years VDI 2067 (2012).

Economic efficiency

The costs for electricity and district heating are both subject to an annual price increase 
based on the generic trend of the recent years in Germany. For electricity costs, a factor 
of 2.7% is considered and for district heating an annual price increase of 0.5% is chosen 
(Bundesministerium für Wirtschaft und Energie 2017). For comparison, all current costs 
are discounted with an interest factor to the beginning of the observation period. The 
interest factor qT is calculated with Eq. 9:

T is the payment date with T ≥ 0. T = 0 being the beginning of the investment 
of both technologies. The discount rate, defined as i, is set at 5%. The net present 
value NPV of the investment is defined as the present value of the net payments of an 
investment at the time t = 0. The NPV is calculated from the sum of the present value 
of all revenues and the present value of all expenses within the observation period 
(Konstantin 2017). In the present study, the revenues are the total costs of the refer-
ence technology, while the expenses are the total costs of the ATES system (Fig. 4). 
The NPV is calculated with Eq. 10

(8)CCCCH =
EDC

COPCCH
· EC + CCCH ·MCCH + RCCH

(9)
1

qT
=

1

(1+ i)T

Table 7 Input parameters defining the  capital costs  CCCH and  current costs  CCCCH 
of the compression chillers

a Institut für Energie‑ und Umwelttechnik (2002), bSchäfer and Negele (2009), cSchlott (2001), dMacKenzie and Cusworth 
(2007), eQueensland Government (2015), fChiasson and Culver (2006), gEngie (2016), hHeinrich et al. (2014), iStindl (2017, 
personal communication,) jVDI 2067 (2012)

Parameter Minimum Mode Maximum

Capital costs CCCH (€/kW)a, b, c 125 163 200

Feasibility (%)d 2.3

Development (%)e 3

Engineering (%)f 5

Contingency (%) 10

COP compression chiller COPCCH
b, g 5 6 7

Maintenance MCCH (%)h 4

Electricity costs EC (ct/kWh)i 16 16.5 17

Lifespan (years)j 15
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CATES are the capital costs of the ATES, Rt is the return at the time t, which results 
from the difference between the current costs of the ATES system and the reference 
technology. The investment in an ATES system is beneficial towards the investment in 
the reference technology if the net present value of the ATES system is positive.

Environmental analysis

The environmental analyses of the ATES system and the reference technology are 
based on their annual  CO2 emissions CE caused by operation. The particular  CO2 
emissions are calculated with Eqs. 11 and 12.

Here E is the annual electricity consumption of the particular technologies and 
EDDH is the district heating demand based on EDH and ηDH. EFel and EFDH are the 
emissions factors for electricity and district heating, summarised in Table 8.

(10)NPV = −CATES +
T
∑

t=1

Rt × q−1

(11)CEATES = EATES · EFel

(12)CEref = ECCH · EFel + EDDH · EFDH

District Heating

Compression
      Chiller

ATES

Expenses

Revenues

Fig. 4 ATES system and the compared reference systems of the municipal hospital of Karlsruhe



Page 12 of 24Schüppler et al. Geotherm Energy            (2019) 7:11 

Results and discussion
Capital costs of the ATES system

The result of the Monte Carlo Simulation for the capital costs of the ATES system after 
100,000 iterations is presented in Fig.  5, showing a normal distribution with a mean 
value of 1.285 (± 0.08) million €.

The major cost factor of about 60% is associated with the underground part consist-
ing of six wells, pipes and groundwater measuring points. The part of the ATES system 
above the ground includes the building integration (heat pumps and heat exchanger) and 
contributes to 23% of the capital costs. The remaining 15% of the capital costs belong to 
the pre-investigations and the construction site installation. The capital costs are domi-
nated by well piping and well installation (Fig. 6). The pricing level is dependent on the 
service provider and the quality of the installed components. Higher costs for well pip-
ing and installation could increase the capital costs by more than 10%. Thus, the plan-
ner of an ATES system should carefully choose the components for the implementation 
of the wells (Table 4) according to actual requirements. Controlling and monitoring are 
also a significant factor when taking into account the capital costs. Accurate monitor-
ing is crucial to assure an efficient, long-term operation of an ATES system (Kalaisel-
vam and Parameshwaran 2014). The building integration, including heat pumps and heat 
exchanger, is less sensitive to the capital costs. However, the performance of the heat 
pump is particularly significant to the efficiency of the ATES system and therefore to the 
current costs (see “Comparison” section).

Comparison

The ATES system and the reference system differ in terms of their cost structures as 
illustrated in Fig. 7. The ATES system is the more capital-cost-intensive technology with 

Table 8 CO2 emission factors for district heating and electricity

a EnbW (2017), bStadtwerke Karlsruhe (2017), cFair Energy (2018)

CO2 emission factor Minimum Mode Maximum

Electricity (t/MWh)a, b 0.357 0.417 0.476

District heating (t/MWh)b, c 0.068 0.10 0.24
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Fig. 5 Probability distribution of the capital costs of the studied ATES system
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one-quarter of the total costs made up by the capital. For both systems, the largest por-
tion of the total costs is attributed to the heating supply of the building. The difference 
being that the heat pumps and submersible pumps of the ATES system operate with 
electricity and the reference system uses district heating with coal and crude oil as pri-
mary energy source. The electricity consumption of the heat pump, defined by the COP, 
is the most significant parameter regarding the cost-effectiveness of the ATES system. 
Figure 7 clearly shows a substantial difference between the electricity costs for cooling. 
The operation of the submersible pumps of the ATES system represents only 5% of the 
total costs, while the electricity costs for the compression chillers of approximately 30% 
are the second largest for the reference system. The maintenance of the ATES system 
requires more effort and strongly depends on the number of wells and the hydrochemi-
cal conditions of the aquifer (Hähnlein et al. 2013).

Figure 8a–c compare the capital and current costs of the ATES system and the refer-
ence technology of the hospital over an observation period of 30  years. The compari-
son is carried out for the ATES operating as a hybrid system as well as for cooling and 
heating purposes only. The beginning of the investment is the year zero. The estimated 

1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45
Capital costs [€]

Construction site installation

Pre-investigation and feasibility

Well drilling

Controlling and monitoring

Piping

Well piping and well installation

Building integration

Spearman‘s rank coe�cient
0.0 +1.0-1.0

Category
+0.5-0.5

Fig. 6 Spearman’s rank coefficients representing the degree of correlation between the input parameters of 
the different categories to the variance of the capital costs. The relative importance of the single categories of 
the ATES system on the capital costs is also illustrated
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Fig. 7 Comparison of the relative structure of the total costs of the ATES system and the reference system 
after 30 years of operation
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capital costs of the reference technology are 667,000 (± 119,000) € which is about 50% 
lower than the capital costs of the ATES system. The expected additional specific capital 
costs for the ATES system amount to 192 (± 12) €/kW. This is consistent with the range 
given by Chant and Morofsky (1992) for higher specific capital costs of ATES systems, 
which is between 130 €/kW and 265 €/kW, compared to common supply technologies. 
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The implementation of ATES potentially leads to mean energy savings of 3500 MWh or 
76% compared to the reference technology. An average COP of 28.5 for the subsurface 
installation of the ATES is calculated. Despite higher capital costs, the expected NPV 
of the hybrid ATES is 3.1 (± 1.0) million € after 30 years (Fig. 8a). Thus, the investment 
in the ATES system is rather positively evaluated in comparison to the reference tech-
nology. The estimated saved amount of energy corresponds to the heating demand of 
240 modern single-family houses or 120 hospital beds. Due to the lower energy con-
sumption, a potential average payback time of 2.7  years is achieved. The main reason 
for the positive economics of the ATES system is direct cooling in summertime, which 
is the cheapest supply option. Compared to the compression chillers the expected 
annual demand-related costs are reduced by 109,000 € and 80%, respectively (Table  9 
and Fig. 8c). Thus, the ATES system is most suitable for buildings with a large cooling 
demand such as hospitals or data centres.

The estimated average seasonal performance factor (SPF) of the ATES system for heat-
ing is four and mainly influenced by the efficiency of the heat pumps. Since the hospital 
already has access to the district heating network of Karlsruhe, the economic burden of 
the capital costs and maintenance in relation to district heating, is relatively low. In con-
trast, the ATES system has extra costs for maintenance and replacement (Fig. 7, Table 9). 
The expected demand of district heating is over four times higher than the electricity 
demand of the ATES system for heating. This leads to potential mean energy cost sav-
ings of 179,000 € per year (Table 9). However, the economic benefit of ATES for heating 
is not always given due to the estimated low capital costs for district heating in the pre-
sent case (see Fig. 8b). Thus, direct cooling provides most of the economic benefit of the 
ATES compared to the reference technology.

Table  6 and Fig.  8b show a large variation of the demand-related costs for district 
heating. Depending on region and provider, the district heating costs range between 
285,000 € and 379,000 € for the same heating demand of 3685 MWh only in the state 
of Baden-Württemberg. Since the district heating network of Karlsruhe is partially sup-
plied by industrial waste heat of the MiRO (57%), the city has a significant site-specific 
advantage. Consequently, the price for district heating is up to 25% less than in other 
regions, deeming the ATES system for heating uneconomical in Karlsruhe (Fig.  8b). 
However, the situation is the opposite in the city of Emmendingen where the district 

Table 9 Summary of  the  estimated average capital and  current costs and  energy 
consumption of the ATES system and the reference technology

ATES system Reference technology

ATES heating ATES cooling Compression 
chillers

District heating

Capital costs (k€) 1259 607 60

Electricity consumption (MWh) 930 164 823 –

District heating consumption (MWh) – – – 3758

Electricity costs (k€) 153 27 136 –

District heating costs (k€) – – – 332

Maintenance (k€) 50 24 0.6

Replacements (k€) 8.5 33.0 –
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heating network is supplied by power plants operating with natural gas and wood chips 
(Stadtwerke Emmendingen 2019a). For this reason, the costs for district heating per year 
are almost 100,000 € higher than in Karlsruhe for the same heating demand of the hos-
pital. Thus, the ATES system for heating shows a payback time of 5 years in Emmend-
ingen. It is important to note that the district heating costs can vary greatly even within 
small distances. Hence, it is essential to conduct a detailed cost analysis of the reference 
technology particularly for locations where district heating is used. Another aspect is the 
future planning reliability with regard to the demand-related costs of the heating supply. 
The price for district heating can change rapidly within a short period of time. For exam-
ple, in the city of Ulm, Germany, the commodity price for district heating varied by 27% 
in 1 year alone. Consequently, the economic planning of the future heat supply via dis-
trict heating is more challenging than for systems driven by electricity. In general, ATES 
systems and heat supply via district heating do not automatically exclude each other. 
The city of Neubrandenburg, Germany integrated an ATES system in a district heating 
network. Here the waste heat of a power plant is stored in summertime and reinjected 
into the district heating network in wintertime to supply residential areas (Kabus et al. 
2009). This special usage is only possible for high temperature ATES (HT-ATES) sys-
tems. Greater well depths ensure higher storage loading temperatures (e.g. 90 °C), which 
can supply district heating networks in Germany, typically operating with temperatures 
above 20 °C (Sanner 2000).

Comparison with realised ATES systems
The estimated specific capital costs of the considered ATES system in the present study 
are 416  (± 27) €/kW (Fig.  9). The present value is consistent with the specific capital 
costs of various Dutch ATES systems ranging between 1600 €/kW for small and 200 €/
kW for large systems (Snijders and van Aarssen 2003). Since the present ATES is classi-
fied as a medium-sized system (Table 2) after Fleuchaus et al. (2018), the results of previ-
ous investigations, showing a decrease of the specific capital costs with increasing size 
can therefore be confirmed (Paksoy et al. 2009; Snijders and van Aarssen 2003). Thus, 
it can be stated that the Monte Carlo Simulation is an appropriate method to estimate 
the capital costs of an ATES systems. However, most of the specific capital costs of the 
14 ATES systems (0.43–20 MW) in Fig. 9 are higher. In addition, Fig. 9 does not show 
the relation between decreasing specific capital costs and increasing capacity, which is 
due to several reasons. Some ATES of Fig. 9 were built together with scientific partners 
during research projects with less focus on the economics (Agassiz, New Jersey, Utre-
cht, Eindhoven). Others are integrated in district heating networks (Neubrandenburg), 
resulting in deeper wells. The high sensitivity of the well construction to the capital costs 
(Fig. 6) is therefore also derivable from Fig. 9. For instance, the ATES for heating and 
cooling of the Copenhagen airport has specific capital costs of 1600 €/kW, which could 
result from the rather large depths of 110  m of 10 installed wells (Baxter et  al. 2018; 
Larsen and Petersen 2015).

The expected average payback time of 2.7 years of the present study is less than the 
estimated average payback time of 7  years of the 16 ATES illustrated in Fig.  9. How-
ever, it is important to mention that the payback times in the literature are often dis-
cussed without mentioning the reference technology. Some of the ATES in Fig. 9 with 
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payback times higher than 8 years are among the very first systems implemented during 
the 1980s and early 1990s (Utrecht, Klippan, Falun) or are related to research (Agassiz, 
New Jersey). Lack of experience and focus on scientific issues could lead to a less effi-
cient operation, resulting in higher payback times. Figure 8 demonstrates that the hybrid 
ATES of the present study have shorter payback times than the ATES only for heating 
and cooling. Figure 9 clearly confirms this result and shows that hybrid ATES systems 
potentially have much lower payback times with an average of 5.6 years compared to the 
two Swedish ATES for heating or the ATES systems used exclusively for cooling. In addi-
tion, the maximum payback time of all of the hybrid ATES systems in Fig. 9 is 8.4 years 
(Brasschaat, Belgium), which strongly corresponds with the estimated maximum pay-
back time of 8.7  years of the present study. The ATES for heating and cooling of the 
Klina hospital in Brasschaat, Belgium, has a capacity of 1.2 MW and is a rare example of 
an ATES which is comprehensively described in the literature (Desmedt and Hoes 2007; 
Hoes et al. 2006; Vanhoudt et al. 2011). Thus, this ATES is compared in more detail with 
the ATES of the present study (Table 10).

The specific capital costs of the ATES in Belgium are 580 €/kW and 28% higher than 
the estimated specific capital costs in the present study. This is almost equivalent to the 
reverse ratio of the number of wells with two in Braasschat and six in the present study. 
This again confirms the large sensitivity of the well construction to the capital costs. In 
total, the ATES of the Klina hospital saves 85% of energy compared to gas boilers and 
cooling machines. This is 9% more than the ATES in the present study, mostly resulting 
from the lower estimated SPF of the reference cooling machines in Belgium. Assum-
ing that the compression chillers of the present study have the same COP, the percent-
age share of saved energy (88%) by the ATES is almost equal to the Belgium ATES. 
This shows that the economic comparison in the present study between the ATES for 
cooling and the compression chillers is a rather conservative approach. Thus, ATES for 
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cooling can potentially save even more energy compared to compression chillers result-
ing in an even better economic viability. However, the present study shows that even 
though the efficiency of compression chillers will improve in the future, ATES for cool-
ing is still more economical. Despite larger relative savings of energy, the payback time 
of the ATES in Belgium is higher than the average payback time in the present study. 
This mainly results from the low heating costs of the reference gas boiler system, despite 
an efficiency of only 85% and the relatively high capital costs for this specific ATES sys-
tem as shown in Fig. 9. Transferred to the heating demand of the hospital in the present 
study, the demand-related costs of gas boilers under Belgian conditions are 130,000 € 
(46%) lower compared to the district heating in Karlsruhe. Considering the current gas 
price in Karlsruhe of 5.2 ct/kWh (Stadtwerke Karlsruhe 2016), gas-driven heat pumps 
for ATES systems can also be considered from an economic perspective, however, not 
from a perspective of sustainability.

ATES system in practice
The design of an ATES system can deviate strongly from the approach of the present 
study depending on the local conditions. In contrast to the present study, the large 
imbalance between the extracted and reinjected heating and cooling energy can be a 
major issue in practice. The much larger cooling demand of the building (Table 1) can 
result in a successive temperature increase of the aquifer after some periods. This could 
lead to conflicts with water authorities or neighbouring installations as well as to a sig-
nificant loss of efficiency, mainly in terms of direct cooling. If the aquifer temperature 
becomes insufficient for direct cooling, additional cooling machines must be activated 
which greatly increases the electricity consumption and demand-related costs of the sys-
tem. To compensate for the larger amount of heat energy in the injection well as a result 
of the higher cooling demand, additional installations such as cooling towers, recool-
ing plants, heat pumps or air handling units are used (Ghaebi et  al. 2017; Kranz and 

Table 10 Comparison of  the  most important parameters defining the  ATES system 
of the Klina hospital in Belgium and the ATES system of the present study

Parameter ATES present study ATES Klina hospital

General Capital costs (k€) 1258 (± 80) 695

Capacity (MW) 3.0 1.2

Number of wells 6 2

Well depths 35 65

∆T (K) 4 ~ 10

Electricity costs (ct/kWh) 16.5 (± 0.5) 11.0

Heating Energy demand (MWh) 3685 1335

Efficiency 3.6–4.4 (COP) 5.9 (SPF)

Reference technology [heating 
costs (ct/kWh)]

District heating (8.83 (± 1.26)) Gas boiler (3.50)

Energy savings (%) 75.0 85.6

Cooling Energy demand (MWh) 4800 1335

Efficiency 29 (COP) 26 (SPF)

Reference technology (COP) Compression chillers (COP 5.0–7.0) Cooling machines (SPF 3.5)

Energy savings (%) 80 87
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Frick 2013; Paksoy et al. 2009; Vanhoudt et al. 2011). Another approach to achieve ther-
mal balancing is night ventilation of a building. This reduces the cooling demand on the 
ATES which results in a decreased quantity of heat injection (Bozkaya and Zeiler 2019). 
However, most of these measures are related to additional expenses, which are not con-
sidered in the present study. In contrast to the present study, ambient temperatures and 
heating and cooling demands can vary within a short period of time. To comprehen-
sively understand the impact of energy demand variations or hydrogeological changes in 
the subsurface on the economic performances of ATES, more simulations tools should 
be used in the future. Since ATES is a rather slow acting system, additional supply tech-
nologies also for peak loads are needed. Thus, buildings often partially use ATES in com-
bination with compression and/or absorption chillers for cooling and boilers and/or 
CHP systems for heating (Holstenkamp et al. 2017; Kabus and Seibt 2000). Experience 
from other countries shows that adjustments from the authorities allow the number of 
LT-ATES installations to grow (Fleuchaus et  al. 2018). In the Netherlands, a hospital 
similar to that in the present case is less restricted by authorities and would perhaps 
have decided otherwise. Future ATES projects can only be successfully implemented in 
Germany if the responsible house builder, technical building planners, building techni-
cians, as well as public and local water authorities closely cooperate in the early stages 
of the planning process. Furthermore, an extensive and permanent system to monitor 
the subsurface installation and the building connection is an important factor of ATES 
systems ensuring the long-term and sustainable operation of the systems as it is assumed 
in the present study.

Environmental analysis
Figure 10 illustrates the  CO2 emissions of the different supply technologies. The replace-
ment of the reference technology with the ATES systems for heating and cooling results 
in an expected average  CO2 emission savings of 262 t/year (36%). Considering the obser-
vation time of 30 years, 7854 t  CO2 could potentially be saved. The defined  CO2 savings 
of the present study are within the range of  CO2 savings of ATES systems in the Neth-
erlands, varying between 150 and 1500  t/year (Fleuchaus et  al. 2018). However, much 
higher amounts of  CO2 savings are feasible. The ATES system for the heating and cool-
ing of the University of Technology in Eindhoven with a capacity of 20  MW  achieves 
 CO2 emissions savings of 13,000 t/year (Snijders and van Aarssen 2003; Worthington 
2011).

The relative  CO2 savings for direct cooling compared to the compression chillers 
are equivalent to the energy savings. Both systems are driven by electricity and there-
fore have the same emission factor. Per  m3 of pumped groundwater for direct cooling, 
approximately 0.27  kg of  CO2 are saved. District heating has a low emission factor at 
the studied site and can therefore compete with renewable energies. Thus, the relative 
amount of saved energy does not always correlate with the percentage of  CO2 savings. 
However, it is important to consider that the environmental evaluation excludes the  CO2 
emissions resulting from the heat sources of the district heating. A life cycle assessment 
(LCA) would provide a more detailed and comprehensive analysis about the potential 
environmental benefits of the ATES system. Depending on the replaced system and the 
emission factor, most of the ATES systems discussed in literature save around 60% of 
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 CO2 emissions during operation (Kabus and Seibt 2000; Paksoy et al. 2009). Based on 
the studied literature, ATES systems, which save less than 60% of  CO2 emissions, are 
compared with reference technologies associated with a lower emission factor than the 
emission factor of electricity.

Considering the environmental damage caused by  CO2 emissions, even more costs 
can be saved by the implementation of ATES. According to the Federal Environmental 
Agency, 1000 kg of emitted  CO2 cause environmental damages of 180 € (Umweltbun-
desamt 2018). In the context of our results, the replacement of the reference technol-
ogy with the ATES potentially reduces the environmental damages by 1.4 million € after 
30 years of operation. Converted to the supplied energy in the present study, the ATES 
causes expected environmental damages of 0.007 ct/kWh, which is half the amount pro-
duced by wind energy (0.014 ct/kWh) and only a small fraction of the environmental 
damages of lignite-based electricity of 20.81 ct/kWh (Umweltbundesamt 2018).

Conclusion
Decision makers and stakeholders should be aware of the composition of the capital 
costs with the main expenses of 60% related to the underground section of the ATES 
system. The expected payback time of the present study (2.7 years) and of other ATES 
systems (less than 10 years) should raise the awareness of the potential economic ben-
efits of ATES despite higher capital costs. The most efficient usage of ATES is for both 
the heating and cooling supply of a building. Thus, we recommend ATES operating as 
hybrid systems for heating and cooling particularly in countries where ATES is not yet 
common. However, since the economic competitiveness of ATES in regard to sustain-
able technologies has not yet been examined in detail, further comprehensive analyses 
are needed. In the long-term, the number of installed ATES will only increase, if there 
is an economic benefit, a higher reliability and a wide social acceptance compared to 
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competing renewable technologies. In addition, further studies should be performed to 
fully understand the benefit of ATES towards open geothermal systems such as ground-
water heat pump (GWHP) systems without active storage, which are already frequently 
used in Germany. For this reason, important parameters such as the ∆T as well as the 
different flow temperatures of the heat pumps between ATES and GWHP systems need 
to be studied in more detail. Additionally, monitoring and evaluation of ATES sys-
tems already in operation need to be improved and intensified with focus on injection 
and extraction temperatures, performance of the submersible pumps, volume flows, 
efficiency of the heat pumps as well as the efforts for maintenance. Thus, site-specific 
parameters instead of generic values could lead to a greater accuracy and better trans-
parency of techno-economic analyses of ATES systems. Finally, as many large buildings 
are likely to require more cooling than heating, for example hospitals and data centres, 
the effects of larger cooling demands of buildings on the economics of ATES and associ-
ated preventing measures should be investigated.

List of symbols
Latin symbols

ATES: Aquifer Thermal Energy Storage; BP: basic price (€);  ca: volumetric heat capac-
ity aquifer (MJ/m3K); C: capital costs (€); CAD: Canadian Dollar; CC: current costs (€); 
CCH: compression chiller; CCO: cooling costs (€); CE:  CO2 emission per year  (tCO2/
year); CH: heating costs (€); CHP: combined heat and power; COP: coefficient of per-
formance; CP: commodity price (ct/kWh);  Cw: volumetric heat capacity water (MJ/
m3K); DC: demand-related costs (€); DH: district heating; g: gravity (m/s2); E: electric-
ity consumption (kWh, MWh); el: electricity; EC: electricity costs (ct/kWh);  EDH: heat-
ing demand (kWh, MWh);  EDC: cooling demand (kWh, MWh); EF: emission factor (t/
MWh); g: gravity (m/s2); EUR: Euro; GSHP: ground source heat pump; h: delivery head 
(m); H: well depth (m); HP: heat pump; HT-ATES: high temperature ATES; i: discount 
rate; k: 1000; L: Screen length (m); LT-ATES: low-temperature ATES; M: maintenance; 
MiRO: mineral oil refinery; NLG: Gulden; NPV: net present value (€); OC: operation-
related costs (€); P: power submersible pump (kW); PP: power price (€/kW); q: pumping 
rate  (m3/h);  qT: interest factor; Q: energy from ATES (kWh, MWh); R: replacement;  Rth: 
thermal radius (m);  Rt: return at time t; SPF: seasonal performance factor; t: time (s, h, 
d); ΔT: temperature difference (K);  tH: heating period (h);  tC: cooling period (h); T: pay-
ment date (a); USD: US-Dollar; V: volume of pumped groundwater  (m3); VDI: Verein 
Deutscher Ingenieure.

Greek symbols

ρ: density (kg/m3); η: efficiency.
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