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Abstract: Long-term studies of ground source heat pump (GSHP) heating and cooling systems for six
different buildings (commercial, institutional and multi-family buildings) were conducted in Germany
by Steinbeis-Innovationszentrum (SIZ) energy+. Three of them are equipped with borehole heat
exchangers, and the others use energy piles as heat exchangers. This paper deals with a demonstration
of the investigated buildings, the measured values and performance, and the obtained results include
important findings and experiences, problems encountered and possible preventive measures to
avoid mistakes. After ten years of operation, it can be stated that the systems work and achieve their
planned efficiency but require constant control and regulation to avoid faulty operation. An analysis
of the implemented control strategies shows that, for all these heating and cooling systems, holistically
coordinated control strategies that are verified during commissioning are required.

Keywords: GSHP systems; long-term performance measurement; efficiency; optimization

1. Introduction

Numerous innovations have significantly expanded the possibilities for designing energy-efficient
buildings: compact combined heat and power plants, thermally activated building systems and
geothermal systems have been part of construction practice for several years. In this context, near-surface
geothermal energy, as a regenerative energy source, plays an important role in the environmentally
friendly heating and cooling of modern buildings. This can be very efficiently combined with heating
and cooling systems that operate close to the temperature level of the ground. As the same technology
(ground coupled heat pumps) can be used for both heating and cooling, it is particularly suitable for the
temperature control of office and administration buildings. However, in order to guarantee the energy
efficiency of the systems and the thermal comfort in the building, as well as the long-term functionality,
there are a number of things that have to be taken into account, especially with complex systems and
their combined use for heating and cooling. This is because the systems for using geothermal energy
differ from conventional heating and cooling technology both in terms of planning and operation.
Many planners, contractors and operators, however, still lack experience in dealing with this technology.
This can lead to problems during planning and implementation and, as a result, to inefficient modes
of operation.

Due to the small temperature differences between the ground and the heating or cooling system
in the building, the systems react very sensitively to faults and malfunctions. In addition, design and
operating faults due to the inertia of the systems and redundancy with other heating and cooling
systems are usually only detected at a late stage. Incorrect operation therefore not only reduces the
current efficiency of the system but can also impair its performance for subsequent years.
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In addition to appropriate planning and faulty-free execution, building and plant operation
determine the efficiency and cost-effectiveness of the systems. In order to guarantee a permanent and
energy-efficient function, an optimal adjustment of the building energy requirement to the thermal
supply in the ground decides which level of thermal performance can be achieved. In contrast to
conventional heating and cooling systems, building and system operation must be continuously
adapted to fluctuating boundary conditions such as weather and building use. An essential instrument
for this is the metrological monitoring of the plants, especially in the first operating phase.

In practice, heat pumps still often function unsatisfactorily or at least sub-optimally. Often,
the reasons for this are either an improper connection to the low-temperature heat source and/or
an incorrect dimensioning of the corresponding heat exchanger. In some cases, heat pumps are not
operated in accordance with the design conditions, which is often due to overoptimistic assumptions
during planning, but also partly to user-dependent operating errors. In many cases, the primary energy
savings and the ecological and economic potential of a heat pump system is greater than achieved in
practice [1–10].

In Germany, geothermal systems for the heating and cooling of office and non-residential buildings
have been implemented since 1990 [11,12]. While the first buildings were still pilot projects, most of
the systems used currently are state-of-the-art. In spite of the large number of projects already
carried out, there are still often mistakes in the implementation which lead to problems in operation.
The redundancy of the load coverage via ground-coupled and conventional systems often means
that a malfunction is not detected or is detected very late without accompanying investigations.
When the monitoring of the six ground source heat pump systems (described in this paper) started in
2004 [1,3], there were fewer examinations or comparative studies from real operation dealing with the
functionality and efficiency of the installed heat pumps and their system components. The reporting
and documentation on innovative buildings usually ends with the completion of the buildings and
facilities, so that there is little reliable knowledge regarding the actual performance of the buildings in
full operation and thus during most of their life cycle. The advantages of monitoring during operation
have been recognized over time in practice, meaning that a pronounced increase in knowledge can be
observed today.

Since 2005, a large-scale study on heat pumps in residential buildings (single-family houses)
has been carried out in Germany by Fraunhofer ISE in Freiburg [4,5]. The study shows that
ground-coupled heat pumps reach Seasonal Performance Factors (SPF) between 2.6 and 4.9. With regard
to non-residential buildings, only a few studies and comparisons can be found. Not many buildings
have been examined and monitored over a longer period (>5 years), which is due to the duration
of the research projects. In the studies that can be found on this topic, SPFs of 3.3 to 6.5 for
ground-coupled systems are listed [6–8,13–15]. In 2019, Spitler and Gehlin [9] presented an overview
of the performance of around 55 ground-coupled heat pump systems—from multi-family buildings
to office buildings—with a heating capacity of 21 to 17,500 kW. The listed buildings all have a
heterogeneous implementation with regard to their distribution systems in the building. Within the
framework of the SPF evaluations (the SPFs are formed according to SEPEMO (SEasonal PErformance
factor and MOnitoring for heat pump systems in the building sector (IEE Project)) [16]), values of 2.2
to 5.9 for heating and 4 to 26.1 for cooling are obtained for SPF H2 and SPF C2, respectively.

Within the framework of the IEA HPT Annex 52, the Steinbeis-Innovationszentrum (SIZ) energie+

is investigating the interaction between heat pumps and geothermal borehole heat exchangers as well
as energy piles using six different buildings (commercial, institutional and multi-family buildings)
in a long-term monitoring period between 2 and 13 years. The aim is to obtain and document
reliable knowledge about the actual performance of the buildings with regard to energy consumption,
user comfort and operation. Such measurements can also be used to gain insight into how the various
system components and control strategies affect overall performance, to identify best practices, design
and installation issues that lead to poor performance and to give guidance on how unanticipated
consequences of the design can be partially or totally avoided.
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For the majority of the examined systems, errors have been analyzed and rectified so that
operation-as-planned could be implemented. Subsequently, optimization measures were carried out
with regard to the more efficient operation of the geothermal heat storage system in heating and cooling
mode, where these were feasible.

2. Monitoring Concepts and Implementation

The essential requirement for the long-term functioning of a geothermal heating system is fault-free
operation adapted to the climatic conditions and the use of the building. This applies in particular to
geothermal energy storage systems, where due to the thermal inertia of the system, faulty operating
modes or those not adapted to the actual boundary conditions are often detected at a late stage.
A long-term malfunction can cause serious and durable restrictions for further operation, depending
on the type and extent of the malfunction [2,6–8,13,14].

The control technology available in modern buildings, especially in complex integral heating and
cooling systems, does not yet guarantee immediate operation in the planned state. Only coordinated
energy and operation monitoring enables early fault detection and elimination as well as continuous
operation monitoring, adjustment and optimization.

While energy monitoring concentrates primarily on the analysis of energy and resource
consumption, subdivided into individual energy types and consumption, operational monitoring
serves to record and monitor the operating states of the plant’s components. By recording malfunctions,
operation can be optimized with regard to fault-free operation and energy efficiency. It is usually the
sum of many small errors in operation and inaccuracies in planning and execution that has a negative
impact. The aim of operation and energy monitoring is to transfer the plants to regular operation and
to optimize their energy efficiency. It therefore makes sense to start an appropriate monitoring system
as soon as the system is put into operation.

In addition to the energy quantities, plant, switching and control states must be continuously
recorded for operational monitoring and optimization. The measurement data must be recorded in a
suitable temporal resolution. The smaller the measurement interval, the more detailed the analysis
and optimization can be. Current values with a measuring interval of 15 minutes have proven to be
a good compromise between informative values and the manageability and processing of the data
for the analysis of heating and cooling systems. In order to save costs and limit effort, measurement
technology and data acquisition from building automation should be used as far as possible to analyze
and check plant operation. Since operational monitoring does not require laboratory conditions
and operational disturbances and measurement data failures cannot be ruled out, the accuracy of
the building automation sensors is generally sufficient. In addition, this allows the checking of the
setpoints used for the facility control while monitoring the plant. To avoid a huge number of different
data acquisition systems and to keep monitoring as simple as possible, the energy meters required
for energy balancing and the evaluation of the systems should also be connected to the building
control system.

For the extensive energy and operation monitoring of a geothermal system, in addition to
the energy quantities, volume flows and valve positions, switching and operating states of energy
generators and circulating pumps as well as temperatures at characteristic points (flow and return
temperature) must also be recorded. When determining the energy yields and energy efficiency of
a geothermal system, the energy flow of the geothermal system from the ground to the consumer
should be reproducible. Required measurement variables are the heat injection and extraction on the
ground side and the heating and cooling energy provided to the building, as well as the electrical
energy required for circulation pumps, heat pump and, if necessary, cooling machines. In general,
the measurement concept should be structured in such a way that a distinction can be made between
thermal energy and electrical energy according to heat pump, free cooling and cooling machine
operation. Thus, in addition to the overall system, the individual operating modes can also be balanced
and their efficiency evaluated. If additional heat sources are integrated into the geothermal heating
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system, further energy measurements may be necessary for a complete balancing and a distinct
efficiency evaluation. An example of a measurement concept is shown in Figure 1.
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Figure 1. Monitoring: Example of a concept for energy measurement—a ground source system and
additional heating system as well as supply systems in the building.

3. Monitoring Buildings and Systems

Within the framework of monitoring, four office buildings, a school and a multi-family building
are measured and analyzed (Table 1). The six buildings are newly constructed buildings in different
locations in Germany. Three buildings are equipped with a borehole heat exchanger, and the other
three with energy piles, which serve as heat sources for the heat pump systems.

The year of construction and commissioning of the buildings took place in the years between
2002 and 2016. However, most of the measurement data are not available from the beginning of the
building’s use. The buildings were evaluated in the period from 2006 to 2018. For some buildings,
however, the data are only available since 2011 or 2017 (commissioning of the building or data
transmission). The geothermal systems are integrated in the buildings for heating via a heat pump and
for cooling in free cooling mode and via a reversible heat pump [1,3].

The energy concepts for all buildings contain the combination of floor heating or another
low-temperature system to heat the building with a heat pump. In the building, heat and cold are
distributed or transferred via concrete core activation and ventilation systems. In the buildings AOV,
EFB and VGH, high-temperature distribution systems with convectors or radiators are implemented
to cover the peak loads of the heating. These buildings are either connected to the district heating
network or use a gas condensing boiler [1,3].

Concerning the monitored school, it is necessary to add that, in addition to the energy piles,
a so-called “Agrothermiefield” was installed beneath the sports field next to the school and gym.
The Agrothermiefield (Agrothermie) is basically a horizontal collector. The pipes are laid in parallel
at a distance of 0.5 to 1 m at a depth of about two meters in the ground with a special plough (see
Figure 2). This method preserves the soil stratification, and the pipes are located far below the root
horizon of the plants [17,18]. A larger excavation for laying the pipes is avoided. The installation of a
4400 m2 collector was done in one day.

As part of the monitoring of the six buildings, all relevant data are collected in order to be able to
describe the buildings and their plant technology with sufficient accuracy. The measurement concept
provides the recording of all essential heat flows and electricity consumption, so that a balanced
assessment including the individual producers and consumers is possible.
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Table 1. Monitored buildings, ground heat exchangers and heat supply systems in the study.

Building (Anonymized Building Code) Ground Heat Exchanger Heat Supply System

Borehole heat
exchanger

AOV
Office building

Year: 2010 Quantity: 25
radiator
concrete core
activation
ventilation

Net floor area: 6750 m2 Length of borehole: 100 m
Heating load: 262 MWh per year Overall length: 2500 m
Cooling load: 62 MWh per year Extraction/Injection: 174/206 MWh per year
Add. heat source: Gas boiler
Monitoring periode: 2011–2018

GEW
Office building

Year: 2004 Quantity: 36 heating/cooling
ceiling
ventilation
floor heating

Net floor area: 6200 m2 Length of borehole: 150 m
Heating load: 554 MWh per year Overall length: 5400 m
Cooling load: 166 MWh per year Extraction/Injection: 155/110 MWh per year
Monitoring periode: 2006–2018

KON
multi-family house

Year: 2016 Quantity: 9

floor heating
domestic hot water

Net floor area: 1100 m2 Length of borehole: 100 m
Heating load: 66 MWh per year Overall length: 900 m
Cooling load: - Extraction/Injection: 60/- MWh per year
Monitoring periode: 2017–2018

Energy piles

EFB
Office building

Year: 2003 Quantity: 196

concrete core
activation

Net floor area: 20,700 m2 Length of pile: 8.50 m
Heating load: 828 MWh per year Overall length: 1666 m
Cooling load: 62 MWh per year Extraction/Injection: 85/85 MWh per year
Add. heat source: District heating
Monitoring periode: 2006–2018

VGH
Office building

Year: 2002 Quantity: 101

concrete core
activation
ventilation

Net floor area: 4000 m2 Length of pile: 17.50–21.50 m
Heating load: 350 MWh per year Overall length: 1926 m
Cooling load: 24 MWh per year Extraction/Injection: N/A
Add. heat source: District heating
Monitoring periode: 2006–2017

WGG
school

Year: 2015 Quantity: 4400 m2 Agroth./96 energy piles

concrete core
activation
ventilation
floor heating

Net floor area: 11,500 m2 Length of pile: 8–12 m
Heating load: 340 MWh per year Overall length: 1004 m

Cooling load: 100 MWh per year Extraction/Injection:

Agroth.
61.5/70.7 MWh per year
energy piles
101.7/102.3 MWh per year

Add. heat source: Gas boiler
Monitoring periode: 2017–2018
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For older or already commissioned buildings, additional measuring equipment had to be installed.
For the other buildings, the monitoring and measuring concept was already defined during the
construction phase so the data could be obtained directly from the system control. For reasons of cost
and time, the additional equipment was installed on top of the existing system technology in such a way
that data access was given without interrupting the building services or structural changes. Depending
on the requirements, this could be achieved through the use of mobile digital measurement technology
(additional heat meters with temperature and volume flow sensors at relevant points). The measured
datasets were mainly recorded on-site either by a computer or by the building management system.
The recorded data could be retrieved with remote access.

The measured values are recorded every 15 min so that parameters of the system components
can also be mapped. The measurements and analysis include, among other things, operating modes,
control strategies, the ground source heat extraction and injection, fluid temperatures as well as
seasonal performance factors.

Depending on the building, the monitoring extends over two to more than 10 years, so that at
least two heating and/or cooling periods are available for evaluating the performance of individual
system components and for determining characteristic values.

4. Monitoring Results

In addition to technical practicability, energy as well as ecological and economic aspects (not
shown in this paper) play a central role in the general decision for or against a particular heating or
cooling system. When comparing geothermal systems with conventional systems, the question arises
as to whether they can guarantee a similarly high level of thermal comfort in buildings and what
usable advantages they offer with regard to the above-mentioned aspects.

In the following sections, the monitoring results of the six buildings and systems are used to
discuss energy yields and system efficiency as well as system performance.

The systems GEW and VGH had already been in operation for several years before they were
analyzed in more detail as part of this project. Therefore, in these buildings and plants, faults went
undiscovered for a long time and were only discovered during monitoring and corrected as far as
possible. The measurement results reflect the fault detection and correction as well as the subsequent
operational optimization and therefore vary considerably from year to year in some cases.

The results documented in the following are not target or guideline values for other projects,
but are intended to show optimization successes and potentials as well as the possibilities and limits of
these GSHP.

The measured heating and cooling supply for the buildings, the electricity consumption and the
SPFs for the different monitoring periods are shown in Table 2.
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Table 2. Measured values for the monitored buildings, monitoring period (HP = heat pump, CP =

circulation pump on source side).

Heating
Energy
Supply
(kWh)

Cooling
Energy
Supply
(kWh)

Electricity
Consumption

HP and CP
Heating
(kWh)

Electricity
Consumption

HP and CP
Cooling
(kWh)

SPF H2 *
(-)

SPF C2 *
(-)

BHE

AOV

2011 190,200 103,270 42,140 31,978 4,0 3.2
2012 188,300 81,760 50,905 25,254 3.2 3.2
2013 287,600 59,840 87,013 14,278 3.1 4.2
2014 245,400 74,570 74,695 18,610 3.0 4.0
2015 257,000 57,620 64,497 34,895 3.7 1.7
2016 284,900 72,860 97,807 21,283 2.8 3.4
2017 265,800 59,450 87,804 20,939 2.8 2.8
2018 284,700 91,300 98,104 23,091 2.7 3.9

GEW

2006 584,000 277,200 245,100 120,570 2.4 2.3
2007 588,770 451,750 251,150 66,160 2.3 6.8
2008 614,830 164,650 237,370 102,490 2.6 1.6
2009 680,230 472,780 283,150 127,730 2.4 3.7
2010

no data2011
2012
2013 462,930 330,540 312,190 81,210 1.5 4.1
2014 600,140 393,030 289,940 89,760 2.1 4.4
2015 582,670 352,480 240,250 104,460 2.4 3.4
2016 791,720 440,680 333,300 40,870 2.4 10.8
2017 498,560 454,200 247,860 135,570 2.0 3.3
2018 711,390 709,530 297,530 161,040 2.4 4.4

KON
2017 111,109 - 29,419 - 3.8 -
2018 102,126 - 27,218 - 3.7 -

EP

EFB

2006 122,002 50,070 24,122 1257 5.1 39.9
2007 141,403 57,260 27,485 1846 5.1 31.0
2008 159,573 55,510 32,276 1533 4.9 36.2
2009 170,271 49,780 36,647 1020 4.6 48.8
2010 168,395 47,960 36,423 946 4.6 50.7
2011 114,640 42,590 24,621 1055 4.6 40.4
2012 103,984 42,190 20,996 953 4.9 44.3
2013 49,626 26,590 10,176 699 4.9 38.1
2014 23,595 34,950 4794 904 4.9 38.7
2015 26,937 36,140 5519 987 4.9 36.6
2016 26,954 30,950 5461 803 4.9 38.5
2017 34,536 18,320 5719 151 6.0 121.7
2018 45,802 70,017 8050 890 5.7 78.6

VGH

2006 25,875 16,252 9646 6798 2.7 2.4
2007 43,079 2676 12,638 319 3.4 8.4
2008 97,383 6734 24,990 2636 3.9 2.6
2009 90,504 19,699 24,651 1811 3.7 10.9
2010 60,137 16,865 23,184 2827 2.6 6.0
2011 76,744 13,566 27,107 4364 2.8 3.1
2012 99,094 23,796 28,623 6716 3.5 3.5
2013 88,194 26,997 28,831 7569 3.1 3.6
2014 54,194 23,963 14,845 11,965 3.6 2.0
2015 24,968 10,280

no data2016 16,626 14,420
2017 53,506 15,329

WGG
2017 215,636 73,800 45,898 602 4.7 122.6
2018 223,499 101,100 50,865 920 4.4 109.9

* The Seasonal Performance Factors (SPFs) are calculated according to SEPEMO boundaries [16] and see Section 4.2.
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4.1. Heat Extraction and Injection

The soil can be used all year round as a heat source or sink. When using the soil thermally,
a distinction must be made between two types of application. On the one hand, there is the pure
cooling or heating case, in which either only heat is supplied to the soil or extracted; on the other hand,
there is the seasonal use of the soil, in which heat is extracted and injected into the soil during the
course of the year (see Figure 3).Energies 2019, 12, x FOR PEER REVIEW 8 of 23 
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In the first case—heat extraction or injection only—the ground should be able to be regenerated
in the summer or winter phase by natural heat fluxes. On the one hand, this takes place through
seasonal influences such as solar radiation, surface water infiltration and groundwater, and on the
other hand through the thermal heat flow from the Earth’s interior. In addition, regeneration takes
place via the natural heat transport capacity of the soil. In any case, care must be taken to ensure
that the extraction or injection of heat does not exceed the amount of possible natural regeneration.
When using the soil for heating and cooling buildings, the relatively constant temperature level of
the source throughout the year is an advantage. For example, the soil can still be used efficiently in
free cooling mode without the use of cooling machines even at high outside temperatures in summer.
A requirement for the long-term functionality of the system, however, is that the soil heated up in
summer as a result of the heat input is actively cooled down again in winter and vice versa. This takes
place via the thermal loads arising from the building and transferred to the ground. In this way,
the heat transfer fluid heated in the building is cooled down again in the ground, and the waste heat is
stored in the ground. The relative proximity of the source temperatures in the ground to the required
system temperature for heating and cooling in the building guarantees the simplicity of the system of
seasonal heat and cold storage via the ground. Geothermal heat storage systems are planned with the
aim of maintaining a constant temperature level in the ground over time and a permanently stable
operation for approximately equal yields from heat extraction and injection.

The energy yields recorded as part of the monitoring vary from year to year—mainly because of
the system optimizations, but also as a result of the influence of the weather and the resulting varying
consumption. Overall, the extracted heat corresponds more or less to the planned values. The heat
injection, on the other hand, deviates considerably from the planned values for the buildings AOV
and GEW (see Table 1 and Figures 4 and 5). The reasons for this are faults in current operation or an
excessively high temperature level in the ground for free cooling operation as a result of operating
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faults immediately after start-up. In order to achieve a constant temperature level over the years, some
systems require a higher heat extraction than heat injection due to higher than expected temperatures
of the underground.
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For inner-city areas, monitoring has shown that less deep systems, such as energy piles, which are
used as seasonal storage systems, usually require a higher heat extraction rate than the heat injection.
Due to the high density of buildings and the high degree of surface sealing, the near-surface layers in
inner-city areas are relatively warm [19–21]. With a well-adjusted balance between heat extraction
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and heat injection, the temperature level of the heat sink is usually too high for free cooling operation
in summer.

4.1.1. Borehole Heat Exchanger

For the AOV, it can be noted that the heat injection is noticeably higher than the heat extraction
(in 2015: 3.5 times). A well-adjusted heat balance is therefore not obtained, despite an almost 100%
heat supply via the heat pumps. It is therefore essential to ensure that more heat is extracted from the
ground or that significantly less heat is injected into the ground due to server cooling. On the basis of
the total energy quantities, it can be seen from the annual balance sheets that, since 2011, significantly
less heat has been extracted than assumed in the planning/design. It can also be seen, however, that the
optimizations and modifications to the heat pump have increased heat pump operation and have thus
also enabled significantly more heat to be extracted from the ground since 2013. The heat injection
could be significantly reduced by outsourcing the servers and the associated server cooling (2017).
In 2018, a good balance between heat injection and heat extraction was established (Figure 4).

In the case of the GEW building, heat extraction significantly increased from 2009 onwards. For the
years 2009 to 2018, the heat extraction was between 230 and 330 MWh per year. During the years
2011 to 2017, the reduced active cooling mode and an increased proportion of free cooling led to a
reduction in heat injection into the ground. During this period, the heat injections were between 220
and 270 MWh per year. In 2018, 405 MWh per year were injected into the ground as a result of the
further increase in cooling machine operation (Figure 4).

The KON system has been running according to plan and without any incidents. The heat
extraction amounted to about 150 MWh per year in the years 2017 and 2018 (Figure 4).

The success of the optimization measures and error corrections carried out can be clearly seen in
the buildings. Nevertheless, a well-adjusted balance was not fully achieved.

4.1.2. Energy Piles

For the EFB, it can be noted that around two times more heat is extracted from the ground than
injected during the summer. The aim is to cool down the underground and enable a higher proportion
of free cooling in summer. In 2009, the heat extraction, at 142 MWh per year, was almost three times
higher than the heat injection, which was 53 MWh per year. Both heat extraction and heat injection
were significantly reduced in the years 2013 to 2018 due to errors in the heat pump (among others,
the thermostat relay of the compressor, no change into winter mode, etc.) and control problems and
amounted to 10 MWh per year to 33 MWh per year for extraction and 28 MWh per year to 55 MWh per
year for injection (Figure 5).

At VGH, the planned heating and cooling operation was implemented during the monitoring
process until 2009. From 2014, heat extraction from the ground was reduced to between 5 MWh per year
and 43 MWh per year (Figure 5). In mid-October 2014, the heat pump manufacturer installed a software
update (system change of the operating system) so that the system was up to date and fundamental
optimization and new control strategies could be implemented. During the evaluation of the measured
data, it was established that the basic setting values in the heat pump must have been changed or not
set to the set values, such as volume flow rates, supply temperature, etc. The measurement data are no
longer conclusive and plausible in many areas. However, changes to the system or the settings have
not been communicated and have not been changed, even after repeated references.

The alternating heating and cooling operation of the WGG requires a coordination between the
Agrothermie and energy piles. For the years 2017 and 2018, the energy piles had a heat extraction of
63 MWh per year and 107 MWh per year as well as a heat injection of 46 MWh per year and 72 MWh per
year. The extraction and injection values of the Agrothermie in the same period were 56 MWh per year
and 121 MWh per year for the extraction and 48 MWh per year and 53 MWh per year for the injection.
Since the beginning of the building’s use, adjustments have been made to the control strategies of the
two sources on the basis of the brine entry and exit temperatures of the geothermal low-temperature
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heat sources and their heat exchangers. The inefficient year-round continuous operation of both
sources (parallel operation), which was implemented at the beginning, was replaced by a prioritization
(addition/removal of one source). To increase the efficiency, the two sources have been controlled
separately in the winter months since the changeover. The changeover is based on the higher brine
outlet temperatures per source system. During the heating period, the heat pumps primarily use the
energy piles (higher brine temperature level). To ensure that the piles are kept frost-free, they are
only operated up to a brine entry temperature of >3 ◦C. Afterwards, the heat is removed from the
Agrothermie. A reverse priority is planned for the cooling period. The Agrothermie will act as a
priority, and then the bored piles will be controlled to ensure, among other things, the regeneration of
the energy piles.

For an assessment of the efficiency of the Agrothermie, the energy piles were deactivated during
the heating period 2018/2019. The control adaptation serves to determine the heat injection and
extraction in a heat pump system with the sole heat source of an Agrothermie. It has been shown
that the field can serve as the sole source for the heat pumps up to and including December (and
beyond). For the future operation of both heat sources, however, it must be ensured that there is a
balance in both sources and that the soil is overcooled neither in the Agrothermie nor in the energy
piles. Regeneration is necessary in both cases (Figure 5).

The success of the optimization measures and error corrections carried out can be clearly seen in
the buildings. Nevertheless, a well-adjusted balance was not fully achieved.

4.1.3. Specific Annual Energy Yields

The specific annual energy yields for the various heat sources and heat exchanger systems are
shown in Figure 6 per meter of borehole heat exchanger or energy pile.
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The largest specific energy extraction occurs in the KON and WGG. In one year, up to
170 kWh/(m·year) and 107 kWh/(m·year) are extracted from the ground. The AOV and GEW have the
highest specific heat injection. A maximum of 120 kWh/(m year) and 96 kWh/(m·year) are injected into
the ground. The average specific heat extraction for borehole heat exchangers is 80 kWh/(m year) and
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that for energy pile systems is 50 kWh/(m·year). The values for heat injection are 75 kWh/(m year) for
the borehole heat exchangers and around 34 kWh/(m·year) for the energy piles.

4.2. Seasonal Performance Factor

In order to ensure a uniform basis in the evaluation of the heat pump performance, system
boundaries for the calculation of the Seasonal Performance Factor (SPF) are set in advance according to
the boundaries defined by SEPEMO (SEasonal PErformance factor and MOnitoring for heat pump
systems in the building sector (IEE Project)) [16]. The boundaries are shown in Figure 7.
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This paper only evaluates SPF2 for heating and cooling, respectively. In addition, depending on
the available measurement data, the heating and cooling cases are considered separately, so that a
Seasonal Performance Factor is determined for both heating and cooling modes. SPF2 is chosen for
this paper because it can be calculated for all presented buildings. As part of the individual building
monitoring, the other SPFs were also analyzed as far as the database allowed.

SPF2 =
thermal energy of heat or cold supply of the heat pump and free cooling

electrical energy of the compressor of the heat pump and circulating pump on earth side (1)

The Seasonal Performance Factors of heat pumps, free cooling and cooling machines vary widely in
their magnitude. From a primary-energy perspective, heat pump operation with a SPF greater than 3 is
considered efficient. In active cooling mode, the SPF should reach a value greater than 2.5. Free cooling
operation is particularly efficient. Here, electrical energy consumption on the generator side is only
required for driving the circulating pumps of the geothermal system. With correct dimensioning and
mode of operation, SPFs of 20 to 50—or higher—can be achieved [1,11,15].

With seasonal performance factors of less than 3 at the beginning of the monitoring, the values
show that the operation of some of the monitored plants did not meet the design goals. Within the
scope of the monitoring, the systems and the operation could be optimized to such an extent that all
plants achieved seasonal performance factors between 3 and 6 (Figures 8 and 9). Larger differences in
the seasonal performance factor—e.g., in the energy pile system of the VGH or the GEW system—are
usually due to system optimizations or hydraulic changes. Causes of slight fluctuations, such as in
the energy pile system of the EFB building, are, for example, due to varying requirements depending
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on the weather as well as varying underground temperatures. A decisive influence on the seasonal
performance factor of the cooling system is the proportion of the very efficient free cooling operation
in relation to the active cooling mode.Energies 2019, 12, x FOR PEER REVIEW 14 of 23 
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The comparatively low seasonal performance factors of the borehole heat exchanger system of
the GEW building with almost optimized operation are related to the specified objective. The energy
concept ensures that the building is heated and cooled exclusively by the ground-coupled heat pump.
Only the supply air is cooled to room temperature in summer by an independent system. In order to
cover the cooling loads of the building even on extreme summer days, the heat pump is reversible and
can therefore also provide active cooling during summer. In contrast to the other monitored systems,
the GEW borehole heat exchanger system has not only been designed for basic but also for peak load
coverage. The consequence of the peak load design is that the heat pump runs for a large part of
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the operating time in less efficient partial load operation and therefore has lower SPFs. In addition,
this heat pump is not a standard product and was individually designed with individual components
at the time of commissioning. In this case, Seasonal Performance Factors >3 are not to be expected
(according to data sheet).

The results of the EFB, AOV, KON and WGG buildings show that targeted quality assurance
and operational monitoring pay off right from operational start-up. To date, Seasonal Performance
Factors of up to 5 have been achieved here (Figures 8 and 9). It should also be noted that operational
monitoring is also helpful after a calibration phase. Thus, it can be stated that, after the end of the
actual research project and the optimization phase (2010/2011), the Seasonal Performance Factor at
the VGH fell below 3.0 again. The low values here relate to the plant technology. After updating the
software of the heat pump, the limit and control values were not set correctly again. The “wrong”
values lead to poor plant operation.

On the basis of the evaluations of the buildings and heat pump systems, the following summaries
can be made (Figures 8–11):

• The majority of the buildings meet the consumption calculated in the planning and there are no
major user-dependent changes;

• In monitored buildings, the heat pump systems are generally reliable and efficient (after
optimization);

• For the heating mode (Figures 8 and 9), Seasonal Performance Factors larger than 3 are achieved
for AOV, KON and VGH. SPF values over/nearly 5.0 were determined for EFB and WGG. For GEW,
the Seasonal Performance Factor is below 3.0 according to the measured data, which is due to the
design and the plant itself;

• For cooling operation (Figures 10 and 11), Seasonal Performance Factors of around 4 can be
achieved for AOV and GEW if there is a priority active cooling process (reversible heat pump).
The free cooling operation of the EFB and WGG alone leads to Seasonal Performance Factors
of around 40 up to over 100 in cooling mode. VGH has SPFs from 2 to 11, depending on the
proportion of free and active cooling modes.
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The reasons for the low seasonal performance factors include, but are not limited to, the following:

• The continuous operation of the system (running times), as shown in Table 3;
• Non-coordinated operating strategies as well as heating and cooling curves between the operating

states of heating, active cooling and free cooling (more or less in every building—all buildings
should be corrected/optimized);

• Changed setpoints—e.g., outdoor air temperature as the starting value of the cooling mode—were
not reset to standard mode after changes in the settings due to defective equipment (EFB, VGH);

• Faulty measurement (incorrect recording of energy quantities and temperatures, measurement
data failures, incorrect measurement, etc.—for every building more or less).

Table 3. Count of operating hours (hours per year).

AOV GEW KON VGH EFB WGG

Operating hours heating 4800–6700 4700–6700 4800 2600–6000 450–3100 4500
Operating hours cooling 960–2600 2000–4000 - 500–2600 250–1300 1300

Free cooling - 30–70% - 30–90% 100% 100%
Active cooling - 30–70% - 10–70% - -

4.3. Temperature Level

The operation mode of the heat pump and the corresponding temperature level of the source
as well as the sink have a significant influence on the seasonal performance factor. For example,
low outlet temperatures of the source systems or high supply flow temperatures in the building have a
negative effect. With regard to the supply temperatures of the monitored buildings, appropriate low
temperatures (in a range of 25–45 ◦C in heating mode) should prevail here, since in the investigated
buildings, low-temperature transfer systems are mainly used to condition the buildings.

Figures 12 and 13 show the absolute frequency of the measured outlet temperatures and their
average temperatures during the measurement periods. The temperatures represent the temperature
level of the entering fluid temperature on the source side in the heating or cooling mode of free cooling
as well as to the reversible heat pumps. The figures also show the maximum and minimum temperature
level that should be provided by the heat pump for room heating and cooling in accordance with
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the planning. The switchover between free cooling and active cooling takes place when the required
supply flow temperature can no longer be guaranteed via free cooling.Energies 2019, 12, x FOR PEER REVIEW 17 of 23 
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On the basis of the evaluated outlet temperatures from the borehole heat exchangers or energy
piles, the following can be determined:

• The outlet temperatures from the heat exchangers are always greater than 4 ◦C, with the exception
being the Agrothermie with 1 ◦C. In the case of energy pile systems, no temperatures below 5 ◦C
can be observed in the outlet of the geothermal system. This is due to the fact that, for static safety
reasons, no medium with temperatures below 3 ◦C is allowed to be injected into the energy piles.
The heat pumps would automatically go out of operation before this;
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• The outlet temperatures also increase to 29 ◦C. This is particularly the case in the summer
months, when active cooling is in operation and the ground is significantly warmed by the higher
return temperatures;

• On average, the supply flow temperatures for room heating are between 26 and 40 ◦C (domestic
hot water 60 ◦C) according to the planning. Additionally, for cooling, the supply temperatures are
around 16 ◦C;

• The average temperature lift in heating mode for heat pumps is 16 to 32 K. A maximum lift of
56 K had to be overcome.

In the systems of the buildings AOV, GEW and VGH, it can be observed that the temperature
level in the ground is clearly outside the temperature range to be able to use the potential of free
cooling. The entering fluid temperature reaches values above the required supply flow temperature of
the cooling systems in the building (>14–18 ◦C). In these cases, an increased use of the reversible heat
pump operation is necessary or the required cooling capacity cannot be transferred to the building.
The troubleshooting and thermal regeneration of the ground can take several years, depending on the
project status.

Table 3 lists the operating hours or proportions of the operating modes once again. It can be
seen here that a base load can be covered by free cooling, which usually takes place during spring.
If the cooling demand and the temperatures in the ground increase, the active cooling mode must be
switched on for buildings with reversible heat pumps.

5. Operating Experiences

The experience gained from the project monitoring shows that it is possible and sensible to
integrate geothermal systems into innovative energy concepts for office buildings as well as schools
and multi-family houses. However, a regulation phase is required during which the direct interaction
between the geothermal system, the building, other thermal conditioning systems and not least the
users is optimized. A lack of experience from contractors and plant operators often significantly
prolongs this adjustment phase. Compared to conventional heating and cooling systems, geothermal
low-temperature sources are subject to a special feature with regard to the detection of system and
operating faults due to their inertia and the interaction of base and peak load components. Without
targeted operational monitoring, errors due to system inertia remain unnoticed until defined operating
parameters can no longer be achieved. As this usually only happens after several years, the ground
is—in the worst case—already significantly undercooled or overheated. Once the fault has been
rectified, the ground may no longer be usable for the intended operating mode—heating or cooling—for
a longer period of time. The ground must first be thermally regenerated.

Many of the results presented in this paper have been generalized, as they have not only been
found in individual buildings. In one building, the points listed may have been more serious/amplified
than in another. We would like to consider the following statements generally valid, although they
should also be checked/monitored for all buildings in the future.

Essential points of the performed defect and error removal at the buildings and plants examined
by measuring technology and the resulting problems included the following:

• Hydraulic investigation uncovered the incorrect installation of valves and check valves or opening
valves without heating or cooling media;

• Defects in dimensioning and design: system components were dimensioned/designed too small,
e.g. plate heat exchanger, circulating pumps;

• Control of the geothermal system: poorly coordinated control strategies were present, or circulation
pumps were left running 24/7;

• Poor coordination of the individual exchange systems and components;
• Faulty operation is usually not due to the geothermal system, but to the technical and operational

integration of the single system modules in the complex overall system;
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• Errors in design and implementation were observed, but particularly faults in control and operation.

Important findings and experience gained include the following:

• Heat is drawn from other sources instead of using the ground (district heating, internal loads,
etc.). In some buildings, an unequal energy balance in the ground was recorded. In addition,
other installations did not function reliably, meaning that no continuous and controlled heat
extraction and injection into the ground could be recorded. This led to the overheating or cooling
of the ground. The supply of district heating or similar must be limited exclusively to covering
peak loads;

• Faulty operation: for under or over-heated soil, free cooling was not possible and the temperature
level between the heat sink and building were often not tuned. The adaptation of heating and
cooling curves as well as the control and release limits of heat pumps, reverse heat pumps and
free cooling during operation is mandatory;

• There must be an adaptation of room set points and general set points to the actual
boundary conditions;

• The control and recording of the function of a building combined with installation of geothermal
system is important, and it is not a system that works for itself;

• Constant control required: the resetting of changes in the operation modes is often forgotten;
• Slow system→ late fault detection, with long-term consequences.

Recommended fault prevention strategies include the following:

• “Keep it as simple as possible”—simple energy concepts with simple systems and modules are
needed. A large number of different supply systems should not be used—one or two are enough
(e.g. ground and peak load);

• Quality assurance during the construction phase as well as comprehensive final inspection and
commissioning after completion is advised, including a review of plans and components in the
construction phase, on-site inspection of installation and detailed acceptance of functionality in all
operating conditions.

• Improved and early integration of geothermal systems into building concept and control strategies.
It cannot only be considered during the implementation phase that a heat pump should be
integrated into the building. The integration requires necessary boundary conditions, which have
to be considered already in the design phase of a building;

• There must be a consultation between the architect, building services planner and geothermal
planning. The actors have to talk to each other so that misunderstandings and mistakes can
be avoided and the right boundary conditions can be chosen and defined as well as the right
consumption or temperature level being fixed.

• Monitoring: By monitoring the operating conditions of most buildings, it is possible to prove
that they are not in accordance with the design. For this reason, error analyses and error
corrections are necessary at the beginning of monitoring in order to transfer the buildings to
regular operation. Only then can the operating data be used for the objective of the project and
the actual measurements and evaluation can begin.

� Minimum measurement equipment for monitoring of operation;
� Monitoring of operation to detect and eliminate performance faults, adjusting operation to

real boundary conditions;
� Monitoring of annual energy amount (heat injection and extraction) as well as

brine temperatures.



Energies 2019, 12, 4691 20 of 22

6. Conclusions

In addition to reducing the energy requirements of buildings, the sustainable (e.g. CO2-neutral)
coverage of energy requirements is a focus of research and development. From the perspective of
the use of regenerative energies and energy-efficient construction, in recent years, the ground has
increasingly been integrated into energy concepts as a supplier of heat and cooling in conjunction with
a heat pump for the heating and cooling of modern office and administration buildings as well as
multi-family houses. Heat pump technology will therefore continue to play an important role in the
future supply of heat and cooling. In order to exploit the potential of this energy supply variant as
efficiently as possible, the choice of a low-temperature heat source and the most suitable heat exchanger
for the respective application is of decisive importance.

The results from the research work and the scientific monitoring of the projects, as well as their
implementation in practice—presented in the paper—show that it is generally possible and sensible to
integrate ground-coupled heat pumps into innovative energy concepts. By monitoring six buildings
and their geothermal systems for more than 10 years, it has been shown that, for a successful and
permanent operation of energy pile and borehole heat exchanger systems, a high-quality standard has
to be maintained during planning, implementation and operation.

It also becomes clear that it is not only a harmonious energy concept and innovative plant
technology that lead to an energy-efficient building. Even with detailed, careful planning, malfunctions
often occur during operation, which can cause rising energy consumption or cause discomfort [22].
For this reason, quality assurance (operational analysis and optimization) is of crucial importance
for ground-coupled supply concepts, especially in the first years of operation and beyond the project
phases. This is the only way to ensure that buildings and systems achieve their planning objectives and
long-term functionality, as well as progress in system energy efficiency and user comfort. For all heating
and cooling systems in this study, it was found that holistically coordinated control strategies are
required, and these must be double-checked and monitored during operation until regular operation
is achieved. In cooperation with the building management, possible errors and optimization potentials
could be identified step by step, the operation of the systems optimized and the balancing phase
shortened. Most of the considered buildings and their ground-coupled heat pumps could be brought
into operation as planned and now operate efficiently with an SPF H2 between 2.5 and 6 and in
cooling mode between 4 and greater than 100 (depending on the proportion of free and active cooling).
The results also show that there is generally no significant difference in operation and performance
between a borehole heat exchanger and an energy pile.

In general, it should be stated for all buildings that a balancing phase and continuous monitoring
of the injection and extraction quantities should not be neglected. As found in earlier monitoring
projects and also in the buildings currently under investigation, it is only possible to detect errors
and inconsistencies which have a decisive influence on the operation of the plant through long-term
monitoring. Continuous monitoring, adjustment and maintenance is therefore necessary to ensure the
intended operation of the plant.
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Abbreviations and Symbols

Abbreviation Explanation

CP Circulation pump
GSHP Ground source heat pump
HP Heat pump

kWh/(m year)
Specific amount of energy (injection or extraction) of the geothermal system per year to
the length of the heat exchanger

SPF Seasonal Performance Factor

Symbol Explanation
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