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ARTICLE INFO ABSTRACT

Keywords: Ground source heat pumps (GSHP) coupled to shallow borehole heat exchangers (BHE) represent a low emission
Borehole heat exchanger technology to provide space heating and cooling. However, ongoing long-term heating or cooling of the ground
Regeneration

caused by unbalanced loads leads to a performance decline and in the worst case to a system shutdown. Enhanced
regeneration can increase the system efficiency, reduce the necessary borehole length or compensate unbalanced
loads. In this study, a literature review about the regeneration of shallow BHE fields to counteract ground
thermal imbalance is conducted to give an overview about the state-of-the-art and identify research gaps. The
most common heat sources for artificial regeneration in heating-dominated applications are space cooling and
solar thermal flat-plate collectors, while the most common heat sinks in cooling-dominated applications are
space heating and cooling towers. In heating-dominated applications, mostly single buildings are studied. There
is a lack of studies on district heating and cooling applications, which are especially needed as the benefit of
regeneration increases with system size. There is also a lack of long-term, large system size experimental work
to validate theoretical studies.

Thermal imbalance
District heating
Geothermal

Ground source heat pump

Contents

1. INtrodUuCHiOn . . . . .o ot e e e e 2
2. Natural reZENEration . . . . . v ottt ettt e e e e e e e e e e e e e e e e e e e e 3
2.1, Influencing factors . . . . . o .ttt e e e e e e e e 3

2.2.  Enhancing natural regeneration . . . . . . . . . . .. e e e e e e e e e e e 4

221, GEOIMEIIY . o o vttt ettt e e e e e e e e 4

22,20 OPEIALION . . . v v v ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 4

3. Artificial regeneration - balancing the load . . . . . . . . . . L e e e 5
3.1. Heating-dominated appliCations . . . . . . . . v ottt i e e e e e e e e e e e e e e e 5

3.1.1.  Solar thermal NIy . . . . . o v ot vt e et e e e e e e e e e e e e e e 5

3.1.2.  SPAaCE COOLINE . . o o v et e e e e e e e e e e 6

3.1.3.  Further heat SOUICES . . . . . . . ot ittt e e e e e e e e e e e e 7

3.1.4. Combinations . . . . . . oo e e e e e e 8

3.2.  Cooling-dominated applicatiOns . . . . . . . . o ot e e e e 9

3.2.1. Space heating. . . . . . . oo e e e e 9

3.2.2. COOLNG LOWETS .« o o v v et e e e e e e e e e e e e e e e e e e e e e e e e e e e e 9

3.2.3. Furtherheat sinks . . . . . . . . e 10

4.  Detailed analysis of artificial regeneration methods . . . . . . . . . . e e e e 10
4.1, General StatiStICS . . . . . v i e e e e e e e e e e e e e 10

4.2.  Heating-dominated applications . . . . . . . . . . e e e e e 10

5. Conclusion and outlook . . . . . . L e e e e e 11
5.1.  Universally applicable conclusions drawn directly from the reviewed literature . .. ... ... ... . ... . ... i 11

* Corresponding author.
E-mail address: kirschstein@ismd.tu-darmstadt.de (X. Kirschstein).

https://doi.org/10.1016/j.enbuild.2024.114381
Received 1 February 2024; Received in revised form 31 May 2024; Accepted 2 June 2024

Available online 10 June 2024
0378-7788/© 2024 Published by Elsevier B.V.


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/enbuild
mailto:kirschstein@ismd.tu-darmstadt.de
https://doi.org/10.1016/j.enbuild.2024.114381
https://doi.org/10.1016/j.enbuild.2024.114381

X. Kirschstein, M. Ohagen, J. Reber et al.

Energy & Buildings 317 (2024) 114381

5.2.  Specific conclusions for individual technologies . . . . . . . . .. i e e e e e 11
5.3.  Overarching conclusions drawn from the holistic analysis of the reviewed literature . ... ........ .. ... .. .. ... .. .. ... .. ..... 12
5.4.  Future work as proposed in the reviewed literature . . . . . . ... ... .. 12
5.5. Recommendations for further case studies . . . . . . . . . . . L e 12
CRediT authorship contribution statement . . . . . . . . . . L L e e e e e e e e e e e e 13
Declaration of COMPEting INtEIESE . . . . . . v v vt it et e e e e et e e e e e e e e e e e e e e e e e e e e e 13
Data availability . . . . . . . o e e e e e e e e e 13
Acknowled@emEnts . . . . . . ot e e e e e e e e e 13
APPendiX A. L L e 13
REfEIreNCES . . . o o o it e e e e e 14

1. Introduction

In the Paris Agreement, 195 states agreed on reducing greenhouse
gas (GHG) emissions to mitigate climate change [1]. A very important
lever is the built environment. In 2021, buildings alone represented
around 37% of global CO, emissions and building operation reached
an all time peak of around 10 Gt CO, [2]. Buildings’ operational emis-
sions (from space heating and cooling, water heating, lighting, cooking
and other uses) will need to drop by more than 95% compared to cur-
rent levels to reach the goals of the Paris Agreement [2]. Ground source
heat pumps (GSHP) coupled to shallow borehole heat exchangers (BHE)
represent a low emission technology to provide space heating and cool-
ing. However, an area-wide usage of BHEs presents certain challenges.
It is well known, that unbalanced thermal loads lead to a long-term
temperature change in the ground, which is usually constrained by reg-
ulations, and leads eventually to a decline of the system performance.
This affects, in particular, BHE fields / large-scale GSHP applications
as well as districts with a high density of individual BHEs. Thermal
interaction between BHEs increases the required BHE length [3]. Like-
wise BHE lengths need to be considerably higher when thermal loads
are unbalanced without additional regeneration [4,5]. As drilling costs
usually make up a high share of the investment costs [6], ground ther-
mal imbalance also leads to a decreased economic competitiveness of
such systems, as well as operational cost increases due to an increased
reliance on the heat pumps. In order to limit the ground temperature
change without reducing the useful amount of extracted (injected) heat,
it is possible to either enhance the natural regeneration or to inject (ex-
tract) additional thermal energy into (from) the BHE field, which is
referred to as artificial regeneration in the following.

For example, Olgun et al. [4] simulated the long-term behaviour of a
single BHE in different climates. They conclude that the median annual
air temperatures and the resulting borehole temperatures after 30 years
of operation are linearly proportional for the same application (heating
and cooling of an office building) and ground thermal properties, due to
the influence of the climate-dependent thermal loads. Sakata et al. [7]
minimised the total borehole length for heating and cooling in differ-
ent Japanese locations and find, that the minimum total BHE length
shows a second-order polynomial relationship with the net heating and
cooling demands, indicating lower necessary total BHE lengths at more
balanced loads.

The usage of alternative heat sources / sinks and additional stor-
age for peak load reduction covers the same load profile while reducing
thermal anomalies in the ground. For example, the direct use of solar
thermal energy in times of matching generation and demand might be
preferable to regenerating the ground in order to minimise pump elec-
tricity or pipe losses and maximise the heat pump efficiency. Diiber
et al. [8] investigated the effect of uninsulated horizontal connection
pipes on a BHE field in different climate zones and observed a re-
duction of the BHE load except in severe cold climates, highlighting
the potential use of ambient energy to reduce the load on BHEs. Wu
et al. [9] propose to use absorption heat pumps in severe cold cli-
mates, as they extract less heat from the ground and inject more heat
to it than compression heat pumps. Assuming a coal boiler and a coal-

fired electricity plant for the provision of auxiliary energy, the primary
energy efficiency (PEE) is also beneficial. However, a dependency of
the ecological benefit on the driving sources is implied. Martins and
Bourne-Webb [10] propose night ventilation to reduce the cooling loads
and balance the load of a GSHP system in Portugal. They report a cool-
ing load reduction of 65 to 90% and a ground temperature increase
of 8 to 12 K after 50 years of operation. What makes regeneration es-
pecially interesting in comparison to other hybrid ground source heat
pump (HGSHP) systems is the fact, that similar to (seasonal) thermal
energy storage (TES), renewable heat sources/sinks like solar thermal
energy, ambient air or the ground itself can be used in a time-delayed
manner to the energy demand to increase the overall system efficiency
and reduce the overall GHG emissions.

The Swiss standard SIA-384-6 already sets special requirements to
accommodate future neighbouring BHEs. Passive floor cooling, solar
thermal and photovoltaic thermal (PVT) collectors and air heat ex-
changers (HX) are named there as standard regeneration methods. The
specified temperature must not be exceeded for at least 50 years, which
is argued to still be not sufficient according to Kriesi [11], who is com-
mitted to a fully sustainable operation.

Structure of this work Two main types of regeneration can be distin-
guished: Natural and artificial regeneration (compare [12]). The meth-
ods that can be used depend on the respective boundary conditions
and are summarised in Fig. 1. It is also useful to distinguish between
two applications of regeneration with different system boundaries and
boundary conditions:

1. Area-wide usage of single BHEs (for example in a suburb with in-
dividually supplied single family houses). In this case enhancing
natural regeneration is not an option, because the field geome-
try and operation cannot be influenced. A further complication for
small plants is that normally no test drilling is carried out, which
means the need for artificial regeneration must be determined by
measurements. An increasing number of corresponding studies has
been commissioned by the Swiss authorities [13,11,14,15].

2. Isolated centrally controlled BHE fields (for example district heat-
ing and cooling). In this case artificial and enhancing natural re-
generation as well as a combination of both are possible.

In this study, we give an overview about natural regeneration and
methods of enhancing it (Section 2), as well as artificial regeneration
(Section 3). The literature used was mainly searched using the data
base Web of Science and the cited literature of the resulting papers. In
the detailed analysis (Section 4) we focus on artificial regeneration, es-
pecially in heating-dominated applications (Section 4.2). The present
study is meant to give an overview about the state-of-the-art of shallow
(<400 m, usually <150 m BHE length) BHE field regeneration and iden-
tify possible research gaps. Global and technology-specific conclusions
are drawn directly from, and from the holistic analysis of the reviewed
literature (Section 5).
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Fig. 1. Methods of regeneration.

As the terminology varies strongly among the reviewed literature,
we summarise the most important or differently named respectively
used terms in Table A.4 in the appendix.

2. Natural regeneration

Natural regeneration and thereby the long-term performance of the
BHE field is influenced by influencing factors independent of the BHE
field itself (Section 2.1), as well as factors that may be influenced during
the planning or operation stage (Section 2.2).

2.1. Influencing factors

The former mainly involve groundwater (GW) flow [16-20], the
type of the (layered) soil/rock [19,21,16], fracturing [22] and the load
profile [23,16]. According to Hein et al. [24] it is crucial to determine
the soil thermal conductivity and thermal load as accurately as pos-
sible, especially for large BHE fields, to avoid thermal depletion and
system breakdown. While GW flow is beneficial for the regeneration
around a BHE, it causes thermal anomalies downstream [25,23] and
should thus not replace balancing the load in case of area-wide usage of
BHEs. Sliwa and Rosen [12] name weather conditions like solar irradi-
ance and wind on the surface as further sources of natural regeneration
(the latter mainly for short BHEs).

Eugster and Rybach [26] investigated the natural regeneration
around a single BHE after 30 years of operation. They describe the dy-
namic conductive processes in the ground as a superposition of:

1. the heavy temperature change in the immediate vicinity of the BHE
up to some 10 cm during an operational (hourly) cycle.

2. the funnel-like propagation of this temperature change to several
meters during a seasonal operation.

3. a large-scale, but only minimal temperature change of the sur-
rounding ground up to several 10’s of meters during the full life-
time of the BHE.

4. the increase of vertical heat fluxes from the atmosphere and from
the ground.

Long-term heat extraction causes a high temperature drop in the first
years of operation, which tends asymptotically towards zero in the sub-
sequent years. Similarly, the natural regeneration after shut-down of
BHE operation is strong in the beginning and decreases asymptotically
afterwards. Simulations with different operation periods show, that re-
covery duration roughly equals that of operation (30 years for 1.7 K
at 50 m depth and in a distance of 1 m from the BHE in this case).
Based on this, Signorelli et al. [27] find that due to the thermal in-
terference of multiple (in this case six) BHEs with 7.5 m spacing, the
temperature drop is much more pronounced and that recovery time at
the central BHE takes 70 years after 30 years of operation. Piotrowska-
Woroniak [28] evaluated the ground temperature and natural regen-
eration in a BHE field consisting of 52 BHEs over four years with
only heating loads. The author reports a long-term temperature drop
of 2.2 K. The regeneration during summer is faster at the beginning and
then slows down. Rybach [29] further describe the temperature profile
that forms around the BHE in heating mode. The author describes the
isotherm pattern around the BHE as ‘cigar-leaf shaped’, indicating an
strong heat flow towards the BHE during operation.

Javed et al. [30] report, that according to their measurements, the
recovery of the ground temperature after a geothermal response test
in low to medium conductivity formations can take significantly longer
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than suggested by existing guidelines. Boban et al. [31] confirm that
natural ground regeneration after heat extraction / injection is a slow
and asymptotic process.

Koohi-Fayegh and Rosen [32] find that the soil temperature far from
the BHE field is not affected by the placement of BHEs with different
heat fluxes within the field, but rather by the total extracted / injected
amount of heat. Accordingly, Erol et al. [33] find that the recovery
period of the subsurface is not based on the duration of the production
period, but depends on the total amount of heat that is extracted.

According to Spitler and Bernier [34], the ground thermal balance
must be taken into account when choosing the modelling methodology.
Sizing for an imbalanced system may be more sensitive to the ground
heat transfer methodology than sizing for a relatively balanced system.
Zeng et al. [5] describe the modelling of BHE’s long-term performance.
They find that the steady-state borehole wall temperature is affected by
the annually averaged heating rate, the ground thermal conductivity,
borehole depth and radius. They also suggest to use the integral mean
borehole wall temperature as a representative temperature for analysis
of the long-term performance.

You et al. [35] investigated the temperature change of the ground
caused by an office building in four different Chinese cities with cold cli-
mate and observe a temperature drop from 5.8 to 11.7 K in the heating
cases and a temperature drop of 3.4 to 8.2 K and rise of 0.02 to 5.5 K in
the heating and cooling cases. Roy et al. [36] investigated the feasibil-
ity of BHE systems in ten metropolitan cities in tropical and subtropical
climates. They declare that ground source heat pumps are not economi-
cally feasible in tropical climates, especially close to the equator, due to
inefficient performance and significantly greater cooling than heating
demand, which causes thermal imbalance of the ground.

In urban areas, thermal interference between BHESs needs to be taken
into account to assess the shallow geothermal potential [37,38]. Choi
et al. [39] assessed the effect of long-term citywide usage of BHEs in a
cooling-dominated climate and emphasise the importance of legal reg-
ulations regarding the load imbalance in such cases. Persdorf et al. [13]
report an additional ground temperature decrease of 7 K after 50 years
in Zurich when neighbouring BHEs are considered.

Climate change and urban heating, meaning the increased heat input
from cities to the ground, may have a considerable ‘natural’ regenerat-
ing effect in heating-dominated climates as shown by Rybach et al. [40]
and Rivera et al. [41].

2.2. Enhancing natural regeneration

There are several factors that may be influenced during the planning
or operation stage of BHE fields to enhance the natural regeneration.
These include the BHE field geometry and operation. Methods for en-
hancing natural regeneration are seen to be independent of the direction
of the load imbalance (heating or cooling dominated).

2.2.1. Geometry

The goal of adapting the BHE field geometry in this context is usually
to increase the exposed surface area to the surrounding rock or to the
ground water flow direction.

Gultekin et al. [42] report that the thermal interaction coefficient
and performance loss decrease with a decreasing aspect ratio (the num-
ber of BHEs on the shorter to number of BHEs on the longer side) of
a rectangular BHE field, and that the effect increases with decreasing
borehole distance. Choi et al. [43] analysed different field geometries
with GW flow and find that L-type and single line-type arrangements
are more sensitive to GW flow rate and direction than rectangular ar-
rangements. Li et al. [44] propose to increase the number of BHEs which
are located at the side of the field, and downstream where GW flow is
present.

Bayer et al. [45] propose a mathematical optimisation procedure to
sequentially remove the least effective (usually centrally located) BHEs
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in a regular field, in order to reduce investment costs with a low ef-
fect of the overall system performance. They find that these BHEs are
mainly found in non-optimised BHE fields without additional regener-
ation. Beck et al. [46] carried out a combined optimisation approach
regarding BHE positions and load distribution, which leads to slightly
better results than optimising either the position or the load distribution
individually. The ground temperature change is reduced about 12% in
each case. They conclude that in BHE fields with negligible GW flow
an optimal BHE placement might be less complex than optimal load
distribution and thus be the favourable option. Beck et al. [47] use
evolutionary algorithms to optimise borehole positions and load distri-
bution. The reference lattice shape BHE field could only reach 33% of
the heat extraction of the optimised BHE fields without violating the
temperature constraints. Several more studies on field geometry have
been performed [17,23].

2.2.2. Operation

Operation strategies include the spatial (and temporal) distribution
of heating/cooling loads among the BHEs in a field.

Retkowski et al. [48] investigated optimal heat flux distributions for
four different operation strategies: equal ground temperature distribu-
tion, maximal fluid temperature, maximal producible ground thermal
energy and maximal borehole wall temperature. Fixing the extracted
amount of thermal energy but not the total borehole length, they come
to the conclusion that the optimisation for a maximum borehole wall
temperatures as well as the fluid temperatures improve the average heat
pump efficiency by more than 2%. Zhang et al. [49] propose to use the
same inlet temperature in every BHE rather than the same heat load to
improve long-term performance. In their case the first approach leads
to a 2 K lower ground temperature change after 7 years in a field of
36 BHEs at 5 m distance. Bayer et al. [45] propose a combined optimi-
sation of individual BHE workloads for a minimum ground temperature
change, considering seasonal heating and cooling. They find, that the
benefit of mathematical optimisation increases with an increasing im-
balance of the thermal load, while full seasonal replenishment of the
ground makes workload optimisation redundant. Coen et al. [50] re-
duced the maximum simulated ground temperature change by using
central BHESs only in times of peak load. This leads to an increased max-
imum temperature change of 0.19 K at an edge BHE, while reducing the
temperature change at a central BHE by 0.82 K in a 5 x 5 BHE field with
6 m distance after ten years of operation. de Paly et al. [51] optimised
the spatial distribution of thermal loads using linear programming while
Hecht-Méndez et al. [52] considered the presence of groundwater using
temporally and spatially superimposed moving line source equations.
Fan et al. [53] propose different pipe connection schemes in summer
and winter operation, depending on the thermal load and GW flow.
They use only the BHEs with the highest mutual distance for heating
in winter, but the whole field for nightly pre-cooling in summer in a
cooling-dominated climate. Yu et al. [54] propose a zoning strategy,
where only the central part of the BHE field is operated in the heat-
ing season in a cooling-dominated climate. This leads to a decrease in
the peak and average ground temperatures, especially for soil with a
low thermal conductivity. At a thermal conductivity of 1.5 Wm~!K~!,
the average ground temperature change is reduced by 4 and 3.7 K for
a square and rectangular arrangement, respectively. Li et al. [44] find
that it is beneficial to increase the thermal load on the side BHEs while
reducing the load on the middle BHE: in fields with negligible GW flow,
whereas increasing the load on side and downstream BHE:s is preferable
considering GW flow. Luo et al. [55] investigated three different oper-
ation strategies in a large-scale cooling-dominated GSHP system: even
load distribution, and two variants of partial usage of the BHEs depend-
ing on the thermal load. They find that in their case, partial operation
has a noticeable influence on the operating costs, but no large influence
on the heat transfer efficiency and ground thermal accumulation.

Shang et al. [56] investigated the influence of backfill material, air
temperature and inlet volume flow rate under different intermittent op-
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eration modes. They came to the conclusion that an optimum recovery
time on a daily time scale has a beneficial influence on the system per-
formance.

TES, like water-filled buffer tanks above ground, can reduce short-
term thermal anomalies in the ground due to peak loads. However, fol-
lowing the definition given in Table A.4, regeneration should improve
the long-term ground thermal balance. Therefore TES is not considered
a regeneration method, although it is mentioned in the literature as a
method for reducing thermal anomalies.

3. Artificial regeneration - balancing the load

Unlike enhancing natural regeneration methods, artificial or active
regeneration methods depend on whether the load is heating (Sec-
tion 3.1) or cooling (Section 3.2) dominated. Sliwa and Rosen [12]
present several natural and artificial regeneration methods and exper-
imented with some of them in a cold climate. They conclude that in
real projects it is necessary to consider all possible heat sources. Xu
et al. [57] performed a literature review of HGSHP systems for overcom-
ing ground thermal imbalance, including different control strategies.
According to the authors, in most literature a serial configuration of so-
lar thermal collectors and GSHP is favoured. They also name subways,
substations and industrial processes as possible waste heat sources.
Bisengimana et al. [58] give an overview mainly about artificial re-
generation methods and other HGSHP systems. Based on the reviewed
studies, they propose to focus more on a balanced load profile when
designing a GSHP system. They also conclude that more experimental
work that addresses frosting and soil thermal imbalance is needed to
verify the findings based on simulation results.

Persdorf et al. [13] emphasise that regeneration is preferable to a
larger dimensioning of the BHEs from an economical as well as from
an environmental point of view. Walch et al. [59] present a frame-
work to estimate the technical and useful potential of GSHP systems in
heating-dominated regions considering regeneration by space cooling.
They report an increase of the maximum annual technical potential den-
sity in western Switzerland from 15 kWh-m~2 to above 300 kWh-m~2.
In this case study, 35% of the heating and cooling demand could be
covered, which would rise to around 55% if artificial regeneration was
used. Assuming district heating and cooling (DHC) grids rather than in-
dividual BHESs, 63% of the demand could be covered, which would rise
to around 85% with artificial regeneration.

When storing external (for example solar) thermal energy in a bore-
hole thermal energy storage (BTES), the overall load direction — ex-
tracting or injecting — is shifted. BTES is therefore closely related to
regenerating BHE fields. It is practical to define the tipping point of
whether a system is a BTES system or a BHE field with artificial regen-
eration, as whether natural regeneration is still beneficial or whether it
is favourable to adjust a BHE field geometry in a way to obtain a us-
able compact storage volume. In the literature these two approaches are
usually clearly separated, probably because a transition state is not eco-
nomically favourable. BTES are often operated at temperatures further
from the undisturbed ground temperature, which further highlights the
separation, as natural regeneration is not beneficial at all. Due to the dif-
ferent requirements of the two approaches and the numerous available
literature reviews on the subject of BTES [60-65], we do not consider
it further in this study.

3.1. Heating-dominated applications

In heating-dominated applications, usually in cold climates, the goal
of regeneration is to inject thermal energy into the ground. Ruesch
et al. [14] give an overview about costs and regeneration fractions
of different heat sources for regeneration of area-wide usage of sin-
gle BHEs (as introduced in Section 1) in Switzerland. According to the
authors, full regeneration is only possible with active cooling without
passive summer thermal protection (like shading or night ventilation),
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glazed, and selective unglazed solar thermal collectors considering a
modern multi-family home.

3.1.1. Solar thermal energy

Solar thermal energy belongs to the most common sources of regen-
eration in heating-dominated climates. The potential benefits are well
known: The high renewable heat production in summer can be made
use of in winter, when it is needed. Solar thermal energy can also be
used for domestic hot water (DHW) production in summer. Addition-
ally, collector damage from stagnation, when collectors are not used
during the summer, is prevented. In case of photovoltaic-thermal (PVT)
collectors, the electrical efficiency increases through the cooling effect.

Sparber et al. [66] describe ‘integrated’ solar thermal heat pump
systems as systems where the solar collectors are integrated in several
ways into the overall heating system (parallel, serial, for regeneration).
They present some monitoring results including regeneration within IEA
SHC Task44 / HPP Annex 38.

System performance Several studies investigate the effect of solar re-
generation on the seasonal coefficient of performance (SCOP), seasonal
performance factor (SPF) and the necessary borehole length. Emmi
et al. [67] analysed the effect of the reduction of the borehole length
with solar regeneration on the SCOP in several cold climates. They
report a performance decrease of about 10% after 10 years without re-
generation, while the performance with regeneration remains constant.
Furthermore they conclude that with solar regeneration a reduction of
the total borehole length by 50% achieves similar SCOPs as without
length reduction after three years. Bertram et al. [68] evaluated a BHE
field with short BHEs using numerical simulation. Regeneration with
unglazed collectors allows for lower BHE distances without significantly
decreasing the performance. Similarly, Bertram et al. [69] performed
an experiment and simulations on a BHE field that is regenerated by
unglazed PVT collectors. They report a decrease of heat pump elec-
tricity use and an increase of 4% in solar electricity in comparison to
using PV panels. They also report that the regeneration effectively coun-
teracts the measured over-consumption by the residents. Fidoréw and
Szulgowska-Zgrzywa [70] conducted a one year experiment in which
they recharged one of nine BHEs with solar thermal energy and one
with waste heat from passive space cooling. They report 0.6 and 0.4 K
higher average borehole temperatures at the beginning of the next heat-
ing season than without regeneration. You et al. [71] give an overview
about coupled GSHP and PVT systems. They conclude, among other
things, that among the considered studies the PV efficiency increases
by around 11% in cold climates, the required BHE length is reduced by
18% for the same SPF, or the SPF increases by around 55%. They also
emphasise that long-term simulations are essential to achieve optimal
design schemes and that there is a lack of reported technical consider-
ations with regards to the maintenance and safety of hybrid PVT-GSHP
systems for long-term use. Chhugani et al. [72] compared different heat
supply systems for a single family house and report a 30-35% smaller
dimensioning of the BHE with regeneration by an unglazed PVT collec-
tor. Similar values (25-30% reduction of borehole length) are reported
by Weiland et al. [73] using solar steel sandwich panels as a regener-
ating source. They also report a reduction of the necessary installation
area up to 80% and an increased robustness against undersizing of the
BHEs.

Operation strategies Trillat-Berdal et al. [74,75] performed an experi-
ment with flat plate collectors as a regenerating heat source for two
BHEs. They conclude that the operation of the circulating pumps is
crucial regarding the SPF. Kjellsson [76] and Kjellsson et al. [77] com-
pared different solar assisted GSHP systems for single family houses.
The authors conclude that for reducing electricity consumption, the best
option is to use solar thermal energy for DHW generation in the summer
and to inject solar heat for regeneration in the winter, rather than using
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all solar heat at the heat pump (HP), for regeneration, DHW produc-
tion or store it in a brine tank before the HP and BHE. The authors also
emphasise the importance of a good operation strategy and efficient
circulation pumps in order to minimise additional electricity consump-
tion. Miglani et al. [78] optimised the operation of an integrated system
consisting of BHE, HP, flat plate collectors and natural gas boiler using
mixed integer linear programming (MILP) and seasonal typical days. In
contrast to Kjellsson [76], their optimal operation schedule in winter in-
volves direct solar heating while nearly all solar heat in summer is used
for regeneration. Miglani et al. [79] performed a similar study but take
into account the temperature change in the ground using g-functions.
They also considered different building retrofit solutions, which have a
large impact on overall emissions and costs.

Design aspects In the following, system design aspects like the choice
and positioning of the solar collector are addressed. Bertram [80] anal-
ysed the impact of a flat plate collector at the condenser side respec-
tively an uncovered collector at the evaporator side (regeneration of
one BHE) of the heat pump. The author concludes (1) that the solar
collectors on the condenser side increase the SPF significantly while the
collectors on the evaporator side especially allow for a reduced borehole
length and (2) that pre-pipes have a significant influence on the system
performance of short BHEs, allowing a reduction of the borehole length.
Persdorf et al. [13] report that the cooling of the ground decreases pro-
portionally with increasing regeneration fraction within an infinite BHE
field, simulated with the software Polysun. The targeted regeneration
fraction is based on the minimum desired temperature at which a steady
state condition is established. They analysed different variants of solar
regeneration among others. One result is that an additional thermal
storage leads to a higher solar yield and reduced electricity consump-
tion. Selective collectors have a special coating to absorb short-wave
radiation and reflect long-wave radiation. This is intended to minimise
the heat losses of unglazed solar collectors. The authors find that they
reach higher regeneration fractions than non-selective unglazed collec-
tors. Like Kjellsson [76], they also find that a direct usage of glazed solar
thermal collectors is beneficial to the reduction of electricity consump-
tion. Additionally, they report that the levelised cost of heat (LCOH)
is similar for all analysed regeneration sources (glazed, unglazed, PVT,
air HX, passive cooling). Wasik et al. [81] studied the influence of insu-
lation and air gap thickness of PVT collectors on ground regeneration.
They find that unglazed collectors yield a higher amount of heat than
glazed ones for all considered ground temperatures. This is due to the
fact that unglazed collectors use the ambient air as a heat source as well,
enabling nightly regeneration. Sauter et al. [82] and Hun [15] analysed
the case of a suburban and an urban district in Zurich, Switzerland.
They find that flat plate collectors need 1/3 less space than uncov-
ered PVT to achieve full regeneration. They also report a decreasing
marginal utility of using different heat sources for regeneration due to
concurrence. When the total BHE length is reduced due to the regen-
eration, the total electricity consumption increases. This effect can be
equalised by the usage of PVT collectors. The authors conclude that
in urban districts small buildings can be regenerated by solar heat,
while an inclusion of further heat sources (air, facade solar collectors,
space cooling) is necessary for bigger buildings with small roof areas.
Hemmatabady et al. [83] assessed different BHE and solar system lay-
outs using an artificial neural network in an intermediate step of the
multi-objective optimisation procedure. Compared with a fossil-based
reference layout the most economical BHE layout accomplishes a 60%
emission reduction at an increase of levelised cost of energy of 13%
without emission penalty costs.

Further studies are summarised in Table 1. Several more case
studies with flat plate collectors as regenerating heat source have
been performed using numerical simulations [84-89] and/or experi-
ments [90-92].
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3.1.2. Space cooling

Due to climate change, cooling loads are increasing in many coun-
tries [103]. BHE coupled reversible heat pumps or passive space cooling
offer interesting alternatives to reversible air source heat pumps, ideally
increasing the efficiency in the heating and in the cooling season and /
or reducing spacing or dimension requirements.

Lazzari et al. [104] investigated the long-term performance of a BHE
field with and without regeneration from space cooling for different
field geometries with negligible GW flow. They conclude that regener-
ation is not necessary for a single BHE, partially necessary for a single
line and two staggered lines of BHESs, and almost complete regeneration
is necessary for an infinite square of BHEs. Halaj et al. [105] used fi-
nite element modelling to evaluate the influence of injecting waste heat
from cooling on the BHE field temperature, and find that the minimum
ground temperature at 50 m depth is 2.1 °C higher than without heat
injection. They describe an increased initial cooling of the ground at
the BHE field centre, shifting towards the direction of the groundwater
flow with time.

Passive space cooling In climates with moderate cooling loads, the heat
transfer medium can be used directly for cooling without using a chiller.
In this case, the heat transfer to the building is usually managed via ra-
diant, often floor cooling in order to make use of a larger heat exchange
area and the thermal mass of the building. The supply temperature is
not only limited by the natural fluid temperature, but also to avoid con-
densation in the radiant floor, leading to a relatively small temperature
difference of the fluid and the cooling power. Usually the heat pump is
bypassed and a heat exchanger separates the BHE and the building cir-
cuit. According to Belliardi [106] the efficiency of passive space cooling
is usually poorly known and too often roughly estimated and field in-
formation of practical, measured and documented experiences is almost
non-existent.

Pahud et al. [107] present design sizing keys for BHE fields used for
heating and passive cooling of low energy office buildings. They define
optimal design as the shortest possible BHE length that fulfills the heat-
ing criterion (BHE inlet fluid temperature never falls below 0 °C for 50
years) and the geocooling criterion (not exceeding the maximum room
temperature for more than 100 h per year). They also perform a param-
eter study and find, that Bologna presents an example for the climatic
limit of passive space cooling, and that a conventional floor heating sys-
tem presents more difficulties than thermally activated building struc-
tures (TABS) to keep the room within the comfort limits. The authors
find that the geocooling HX size has a strong influence on the geocool-
ing sizing key, while the borehole distance does not. Additionally the
geocooling criterion shows a strong sensitivity to the regeneration frac-
tion and conditions borehole sizing at larger regeneration fractions. An
optimal borehole length is obtained for a ground recharge ratio of about
50 to 60%.

Dott et al. [108] report that most passive cooling circuits in the
market use a mixing valve to control the supply temperature to pre-
vent condensation on the room surfaces and pipes. In parallel mode,
the cooling capacity is increased by the heat pump producing domestic
hot water. The authors emphasise that in passive cooling mode the floor
HX and the BHEs have a strong interdependence and that a simultane-
ous simulation is therefore crucial to analyse the interactive dynamic
system behaviour. They also analysed the summer thermal comfort and
conclude that the passive floor cooling covers the cooling needs of the
considered residential building up to 94%. Furthermore they empha-
sise the importance of the design of the heat exchanger between BHE
and building circuit. In contrast, in the study performed by Hamada
et al. [109] no HX is used between the energy piles and floor cooling
circuit. According to Kriesi [11] this is possible when the BHE is oper-
ated with water. They also emphasise the importance of a temperature
spread of at least 3 K in the floor heat exchanger and BHEs which re-
sults in lower cooling powers. The authors state that a full regeneration
(in Switzerland) is only possible in buildings with high energy stan-
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Table 1
Further studies considering artificial regeneration with solar thermal heat.
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Study Regeneration technology Investigation (I) and findings (F) relevant to the current research

Bakirci et al. [93] (2011) flat plate (I) Evaluation of an experimental operation of two BHEs coupled with flat plate collectors during a heating
period in Turkey.
(F) Monthly COPs between 3 and 3.4 with radiators as heat exchangers in the building.

Xi et al. [94] (2011) ETC (I) Experiment during the coldest month in Shijiazhuang, China, using evacuated tube collectors (ETC) for
the regeneration of short boreholes.
(F) Regeneration improves the collector efficiency by 8%.

Eslami-Nejad and Bernier [95,96] flat plate (I) Proposal of a double-U configuration with two independent circuits, one connected to a solar collector

(2011, 2012)

and one connected to the heat pump, and a saturated sand ring around the BHE which may freeze during
operation.

(F) Regenerating single boreholes leads to a small decrease in HP electricity consumption (3.5 and 6.5% for
the proposed system and conventional solar assisted GSHP) but to a large decrease in borehole length (17.6
and 33.1%).

(I) Simulation study in three Canadian cities.

(F) Maximum decrease in BHE length of 18% and of 5.3% in HP electricity consumption.

Danielewicz et al. [97] (2013)

flat plate, passive floor cooling

(I) Comparison of the regenerative effect of flat plate collectors and passive floor cooling in a simulation
study.
(F) Both perform similar regarding the regeneration fraction.

Reda and Laitinen [98] (2015)

flat plate

(I) Comparison of different operation strategies for a small BHE field coupled with solar thermal collectors.
(F) The optimal operation strategy depends on the BHE length and collector area.

Dai et al. [99] (2015)

ETC

(I) Experimental comparison of different operation modes of a heat pump with ETC and BHEs as heat sources
in the coldest month in Dalian, China.

(F) Recommendation of a serial operation of the collector and the BHEs based on average COP and solar
fraction.

Busato et al. [100] (2015)

flat plate

(I) Simulation study comparing solar, GSHP and combined systems.
(F) Recommendation to size the BHEs to allow for a minimum ground inlet temperature of —2°C and invest
the savings in solar collectors.

Yang et al. [101] (2015)

ETC

(I) Experimental comparison of different operation modes with ETC.
(F) Recommendation of a combined BHE and solar operation based on the SCOP.

Ooi and Noguchi [102] (2017)

unglazed PVT

(D) Proposal of a BHE based heating system with regeneration by PVT without heat pump for a small
residential building in Melbourne.

(F) Thermal comfort could be achieved using a PVT collector for regeneration.

dard, decreasing thermal comfort. They propose a mixture of passive
floor cooling and active cooling and drying of the supply air flow, using
sensible and latent heat for regeneration.

Belliardi [106] provide a detailed report on the monitoring results
of a residential building in Switzerland. As minimum inlet temperature
they chose 21 °C. The greatest temperature difference occurred at the
heat exchanger between BHE field and building, which lead to a much
lower temperature difference of the floor heat exchanger than the ex-
pected 5 K. As improvements after two years they reduced the pump
flow rates in summer in order to reduce electricity consumption. Ac-
cording to the authors a temperature difference based control of the
underfloor circuit pump would increase the efficiency of the floor cool-
ing. They also increased the temperature of the floor cooling circuit in
order to stay above the dew point. Belliardi et al. [110] later derived a
generalised method for analysing the effectiveness of passive floor cool-
ing.

Further studies concerning regeneration with passive cooling are
listed in Table 2.

Active space cooling Using active instead of passive space cooling for re-
generation, the thermal energy converted by the compressor is injected
into the BHEs in addition to the heat that is removed from the con-
ditioned space. Schibuola et al. [125] investigated the performance of
an inverter-driven GSHP system in Italy. They report that even though
the heating demand of the building exceeds the cooling demand, the
thermal load on the ground is almost perfectly balanced due to the com-
pressor contribution. This fact leads to a low sensitivity of BHE spacing
regarding the system performance. Similar to Wu et al. [118], Wu
et al. [126] investigated different absorption heat pump systems for
heating and cooling in Beijing and Shenyang, China, with the result of a
reduced ground imbalance ratio compared to compression heat pumps.
Wu et al. [127] propose a combination of absorption and compression

HP to make use of the higher long-term heating primary energy effi-
ciency (PEE) of the absorption HP and the higher cooling PEE of the
compression HP. Ally et al. [128] performed an exergy analysis of a
GSHP for space heating and cooling of a residential building in USA
equipped with PCM. They find that the total irreversibility is highest
during the peak cooling and heating season when runtimes are high,
with the highest irreversibility occurring at the condenser, followed by
the indoor heat exchanger. Ruesch et al. [14] propose to use active cool-
ing for regeneration of the ground in suburban districts in Switzerland
with area-wide usage of GSHP. According to the authors passive cool-
ing is cheaper in less intensively used areas (up to extraction rates of
40 to 60 kWh-m~2). Further sources of regeneration are necessary in
densely populated and stock districts. However, when the potential for
PV electricity production is made use of, the extra electricity needed for
cooling can be covered locally.

Many authors have analysed systems with active space heating and
cooling, but do not focus on ground regeneration [129-135]. As these
studies show potential for the analysis of regeneration, but do not ac-
tually address it, they are not considered in the detailed analysis in
Section 4.

3.1.3. Further heat sources

Heat extraction of outside air has the additional advantage of im-
proving the microclimate in hot summers. However, no studies could
be found to quantify this effect. Persdorf et al. [13] simulated an out-
side air/brine heat exchanger directly in the BHE circuit. They report
a regeneration fraction of maximum 50% for a multi-family home in a
Swiss district with area-wide usage of BHEs. According to Kriesi [11]
an outside air cooler needs to be operated all day in Switzerland, im-
plicating the necessity of a battery if PV electricity is to be used for the
additional pump electricity. As further heat sources the authors propose
a street collector and a garden pond. They estimate the additional costs
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Table 2
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Studies considering artificial regeneration with passive cooling.

Study

Investigation (I) and findings (F) relevant to the current research

Gasparella et al. [111] (2005)

(D) A cooling system with an air handling unit with dessicant dehumidification including heat recovery and
passive cooling of the fan-coils by the BHEs.

(F) Primary energy savings of 30% compared to gas-fired heater and compression chiller and a BHE length
reduction of nearly 50% compared to a GSHP system without desiccant dehumidification.

Eicker and Vorschulze [112] (2009)

(I) Proposal of a low pressure drop design for passive space cooling.

(F) Annual efficiencies of above 20 at a cooling power of 26 Wm~', limited by the building side.

(I) Parameter study considering different climates.

(F) Even in office buildings in warm climates like Crete the BHE outlet temperature does not exceed 21 °C.

Saner et al. [113] (2010)

(I) Comparison of CO, emission savings for GSHP systems in European countries to conventional systems.
(F) These savings can significantly increase by using passive cooling when compared to additional air
conditioning systems, in particular in warm climates.

Desideri et al. [114] (2011)

(I) Active and passive space cooling for a residential building near Perugia, Italy. A parameter study with
different BHE lengths, distances, parallel and series configurations and soil properties.

(F) Passive cooling is beneficial for regeneration due to the more continuous operation than active cooling. A
parallel BHE configuration leads to higher average ground temperatures.

Arteconi et al. [115] (2013)

(I) Proposal of a system with passive cooling in spring and autumn and active cooling in summer.
(F) The storage temperature and volume are the most sensitive values regarding the system performance.

Luo et al. [116,117] (2013, 2015)

(I) Experimental comparison of three BHE fields with different borehole diameters for heating and cooling of an
office building in Germany.

(F) A larger diameter increases the performance slightly.

(F) A clearly increasing trend for the cooling and decreasing trend for the heating SCOP is shown.

Wu et al. [118] (2014)

(I) Combination of an absorption heat pump with free cooling.
(F) Regeneration increases the ground temperature >3 K after ten years in different cold locations in China.

Man et al. [119] (2015)

(I) Proposal of a low energy consumption cooling mode to prevent floor condensation.
(F) A cooling COP of 25.

Persdorf et al. [13] (2015)

(I) Investigation of GSHP long-term performance with different regeneration methods in Switzerland.
(F) Geocooling increases the minimum BHE inlet temperature but does not decrease the necessary BHE length
comparable to solar regeneration.

Piscaglia et al. [120] (2016)

(I) Experimental performance analysis of a GSHP with passive and active cooling of a commercial building in
Italy.

(F) The SCOP (including pump electricity) rises noticeably using free cooling. During the three years of
monitoring the decrease in heating SCOP and increase in cooling SCOP are already apparent.

(F) Report of the impact of a weather anomaly, where intense snow fall and subsequent melting influenced the
GW temperature and thereby the sedimentary heat reservoir for almost a year.

Speerforck and Schmitz [121], Niemann et al. [122]
(2016, 2019)

(I) Combination of a cooling ceiling with desiccant assisted air dehumidification.
(F) Balanced heating and cooling load for an office building in Germany.

Allaerts et al. [123] (2017)

(I) Comparison of different retrofit possibilities for a school building in Belgium: Proposal of an additional
cooling coil in the exhaust air stream and passive floor cooling.

(F) They find that the cooling demand during the holidays is low, but in combination with the cooling coil the
primary energy demand can be reduced by 11% due to an increased SCOP and thermal load coverage factor of
the heat pump.

Fidorow-Kaprawy and Stefaniak [124] (2022)

(I) A case study with sensitivity analysis of passive cooling by two BHEs in Warsaw, Poland.
(F) The brine temperature drop is reduced by 0.5 to 1 K over 25 years, saving 4.5% electricity for heating and
almost emission-free cooling.

Ruesch et al. [14] (2022)

(I) Comparison of different space cooling methods for BHE regeneration in Switzerland.
(F) Passive cooling is the best option regarding costs and commissioning, when the influence of neighbouring
plants is moderate and low regeneration fractions are acceptable.

for the street collector as quite low, when road works are due anyway.
An additional benefit could be the cooling effect of the asphalt and thus
increased lifetime. The authors prefer this approach to the more expen-
sive pond collector and the utilisation of excess PV electricity. Xiang
et al. [136] perform a 10 year simulation of a photovoltaic thermal
road as heat source for regenerating a BHE field, and report an aver-
age SPF of 2.31 for the examined case in Beijing, China. Besides solar
heat, space cooling and outside air, Sliwa and Rosen [12] analysed a
system for snow melting on a parking lot as regenerating heat source.
They report a maximum heating power of 17.5 Wm™2.

Waste heat that is generated all year round, but whose potential
cannot be fully utilised in summer, can be used for BHE regeneration.
Possible sources are waste water, exhaust air, industrial processes, com-
mercial cooling applications, substations, tunnels and so on. Ideally, a
dependency on a specific industry for the functionality of a heating grid
should be avoided. However, few scientific studies that combine these

heat sources with BHE regeneration could be found. Wang et al. [137]
propose a HX to make use of kitchen exhaust air of new commercial
buildings with open fire cooking and high temperature exhaust air,
aiming at a minimum of HX pollution. They report a reduction of the
ground temperature decrease of 3.2 K in 15 simulated years of opera-
tion in Beijing, China.

3.1.4. Combinations

Some authors investigate the combination of different heat sources
for regeneration. Wu and Zheng [138] describe an experimental setup
with PCM storage for a detached house in Harbin, China. Half of the
BHEs are used for passive space cooling and half for solar thermal in-
jection during the cooling period while during the heating period solar
thermal collectors and BHEs are used in parallel for space heating. Wang
et al. [139] analysed a similar setup for a detached house in Harbin
and report a negative influence of the solar thermal heat injection on
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the cooling performance, exceeding the heat extraction in winter. Rad
et al. [84] report that a higher flow diversion to solar thermal collectors
is beneficial for the performance in the heating season, but the oppo-
site in the cooling season. In their case the system does not function
properly in the cooling season due to too high inlet temperatures at the
reversible HP. However, stopping the flow to the solar panels would
impede the potential benefit of preventing overheating of the collec-
tors. Wang et al. [140] propose a system using a BHE field for cooling
and heating as well as a BTES charged with solar heat from evacuated
tube collectors for heating. They emphasise the importance of the first
operation time regarding the advantageous ground temperature when
injecting heat into the ground before the first extraction period. They
also determined a suitable control strategy and find, that the solar col-
lectors’ and thermal storage’s upper and lower temperature limits have
a significant impact on the system performance. You et al. [141] pro-
pose a HGSHP for heating and cooling with a heat compensation unit
that makes use of the high outside air temperature in summer using a
thermosyphon / air source heat pump. Reda et al. [142] analysed differ-
ent operation strategies in three Italian cities with dominating heating,
cooling and balanced demand respectively using solar thermal collec-
tors and passive space cooling. They conclude that solar thermal heat
injection into the ground makes sense in humid subtropical (Cfa) cli-
mates like Milan, but not (only to prevent overheating of the solar
collectors) in hot-summer mediterranean (Csa) climates like Rome and
Palermo. They also find that it is important to limit solar injection into
the ground in order to minimise the final energy demand by providing
passive space cooling in the heating-dominated Cfa climate, where the
solar collector area should also be largest. Wang et al. [143] introduce
a double-evaporator heat pump for an integrated PVT and GSHP sys-
tem with passive cooling. In their study they assume a constant ground
temperature.

3.2. Cooling-dominated applications

In cooling-dominated applications, usually in hot climates, the goal
of regeneration is to extract heat from the ground. In comparison to
heating-dominated climates, BHE fields usually need to be dimensioned
larger due to higher peak loads. Qi et al. [144] conducted a literature
review on hybrid GSHP systems and report, that in combination with a
cooling tower the BHE field can be dimensioned for the heating loads
(see Section 3.2.2). Yang et al. [145] discuss several technologies for
balancing the load in cooling-dominated climates: fluid coolers, cooling
towers, surface heat rejecters, cooling ponds and desuperheaters for pre-
heating domestic hot water. They conclude, among other things, that an
optimal design methodology for HGSHP systems, which can solve the
simultaneous interactions between the building systems, supplemental
heat rejecters/absorbers and BHEs, is highly needed. Similarly, Balaji
and Sharma [146] describe ejector cooling, cooling towers and absorp-
tion heat pumps for balancing the load on the ground. Zhai et al. [147]
give an overview about system integrated approaches of GSHP includ-
ing the usage of cooling towers. They suggest to establish an optimal
operational control strategy according to the climatic conditions, build-
ing functions and thermal balance of the ground.

3.2.1. Space heating

Most of the GSHP systems in cooling-dominated areas are used for
space heating or domestic hot water production as well, already men-
tioned for example in 1998 by Zogou and Stamatelos [148]. Within a
research project the GSHP system for space cooling and heating of a
university building in Valencia, Spain was studied and monitored over
an observation period of several years [149-152]. Although the loads
are cooling dominated, the authors report an unchanged temperature
response (BHE outlet temperature) over the years, accounted for by
natural regeneration by groundwater flow and load reduction during
holiday season.
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Rather than regenerating the ground, Yu et al. [153] used heat re-
covery of the exhaust air to limit the amount of heat rejected to the
ground in an archive building in Shanghai, China. As an optimisation
measure, Zhai et al. [154] propose to increase the indoor set temper-
ature of the archive. Zhao et al. [155] further investigated the benefit
of heat recovery in Shanghai and find, that after 20 years of opera-
tion ground thermal balance is reached at a heat recovery ratio of 53%,
decreasing the total BHE length at the same time. Several more case
studies have been performed addressing GSHP space cooling and heat-
ing [156-159].

Cooling-dominated buildings in heating-dominated climates Wrobel and
Schmitz [160] and Wrobel et al. [161] analysed similar systems as
Speerforck and Schmitz [121] and Niemann et al. [122] took up later.
However, they used a chiller for cooling purposes. According to the
authors, the combination of floor cooling and ventilation leads to re-
duced energy consumption compared to air conditioning only. Allaerts
et al. [162] split the BHE field supplying an office building using passive
space cooling and active heating in Belgium into a hot and a cold part
and used supplementary dry coolers for additional heat injection/re-
jection. They report a total borehole length reduction of 47%. Beckers
et al. [163] propose to use a GSHP system for the thermal condition-
ing of cellular tower shelters. They included an air-economiser, which
directly blows cold ambient air into the shelter, and dry-fluid cooler,
which uses cold ambient air to cool down the BHE fluid.

3.2.2. Cooling towers

The combination of a GSHP with cooling tower as additional heat
ejector is widely spread. There are several studies, where an additional
heat ejector, often a cooling tower, is dimensioned according to the
difference in annual heating and cooling demand [164,165] based on
the works of Kavanaugh and Rafferty [166] and Kavanaugh [167].

Yavuzturk and Spitler [168] analysed different control strategies us-
ing a cooling tower with a plate HX. They compared three basic control
strategies: (1) heat pump entering or exiting fluid temperatures are
greater than a set value (2) The difference between either the heat pump
entering or the exiting fluid temperatures and the ambient wet-bulb
temperature is used as the control criterion (3) The operating and con-
trol strategy is based on cooling the ground (‘cool storage’) to avoid a
long-term temperature rise. The cool storage effect is achieved by oper-
ating the supplemental heat rejecters for six hours during the night. The
authors conclude that for the office building in question, option (2) is
the most beneficial, as it avoids operation at unfavourable weather con-
ditions like in option (1) and unnecessary electricity consumption like
in option (3). Fan et al. [53,169] used a BHE field for heating in winter
and as a cold storage, charged by a cooling tower during nighttime, in
summer. Similarly, Zhu et al. [170] used a PCM storage charged by a
cooling tower. Shang et al. [171] propose to operate the cooling tower
in series with the BHE in transition season in order to extract additional
heat.

According to Hackel [172], the operation of the cooling tower is
usually most cost effective in series and upstream the BHEs, where it
gets the largest temperature difference. Hackel and Pertzborn [173]
add, that in areas with high ground temperatures and low wet bulb
temperatures (hot and dry climate like Las Vegas, USA), it can make
sense to place the cooling tower downstream the BHEs. They also em-
phasise the importance of a careful dimensioning, reporting potential
savings of 37 $ per m? in their studied cases. Park et al. [174] again
compared the GSHP in series and parallel with a cooling tower and
find that a parallel configuration leads to higher performance factors
in Daegu, South Korea. According to Qi et al. [144], common control
strategies include maximum temperature, temperature difference and
schedule control strategy (see also [168]). The authors emphasise the
need for more sophisticated control strategies. Cui et al. [175] addition-
ally introduce the fixed load ratio control, activating the cooling tower
when the cooling load exceeds a certain level. They find 50% to be the
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optimum auxiliary cooling ratio both for parallel and serial GSHP and
cooling tower systems for a 20 year operation in an office building in
Chongqing, China. According to the authors, the fixed load ratio con-
trol is best suited for the parallel configuration, while the fixed entering
temperature control is best suited for the serial configuration in their
case.

3.2.3. Further heat sinks

Yavuzturk and Spitler [168] name (closed-circuit) fluid coolers and
surface heat rejecters as additional heat rejecters besides (open-circuit)
cooling towers. Like the before mentioned asphalt collectors, surface
heat rejectors refer to a series of pipes inserted in pavements, parking
lots or ponds. Singh and Foster [176] describe two examples employing
a closed circuit cooler as additional heat sink. Ramamoorthy et al. [177]
analysed the usage of a cooling pond connected in series with the BHEs.
Man et al. [178] propose a nocturnal cooling radiator on the roof of a
building for nocturnal regeneration of the BHE field. Several more case
studies have been performed in cooling-dominated climates [179,180].

4. Detailed analysis of artificial regeneration methods

The actual number of installed GSHP systems using artificial re-
generation is not comprehensively possible to estimate, as well as the
number of system failures due to a lack of regeneration. There are re-
views on the usage of GSHP systems, for example in Europe [181] or
worldwide [182]. However, few data is available on the performance of
these systems, as monitoring is usually not mandatory. [EA HPT Annex
52 (end of term 2022) aimed to refine and extend current methodology
to better characterise GSHP system performance serving commercial,
institutional and multi-family buildings, and to provide a set of bench-
marks for comparisons of such GSHP systems around the world. They
describe the current situation as follows [183]: ‘Though some field
measurements have been reported in the literature, there is little or
no consistency on how to measure the performance or how to report
the results.” Furthermore, a poor SCOP may indicate undercooling or
overheating of the ground, but may have a variety of other reasons,
like incorrect installation, undersizing of components or poor control
strategies [184]. Hence, we are focusing on the previously presented
literature rather than giving a comprehensive overview about installed
systems.

4.1. General statistics

Of the available literature, 103 studies meet the criterion of covering
artificial regeneration and are analysed in more detail in this section. Of
these studies only 5 fall into Category 1 introduced in Section 1 (area-
wide usage of single BHEs), all in Switzerland. All other studies fall in
Category 2 (centrally controlled BHE fields).

In Fig. 2 the spacial distribution of the analysed studies is shown.
China is by far the most frequently chosen country. Apart from that,
many studies are conducted in Europe, especially in Switzerland, Italy
and Germany.

The temporal distribution of publications is shown in Fig. 3. Since
2005, 2 to 9 studies have been published annually, with an exception-
ally high number of 18 publications in 2015.

The regeneration technologies investigated in these studies are
shown in Fig. 4 for heating and cooling-dominated climates. In heating-
dominated climates space cooling and flat plate collectors are by far the
most used technologies. In cooling-dominated climates all studies use
space heating respectively DHW production as heat sink. Additionally,
in 4 studies cooling towers are used.

4.2. Heating-dominated applications

The following analyses are focused on heating-dominated applica-
tions, covered by 64 papers. Regarding the methods, in 38 publications
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numerical simulations are conducted, 14 use experiments and 12 pub-
lications cover both (see Fig. 5). The latter often use monitoring data
of a short time span to validate the numerical model and conduct a
simulation for a longer time span. In general, most experimental works
investigate energy systems with up to 25 BHEs and up to four years
of monitoring. Simulation studies show a higher diversity with some
long-term investigations up to 50 years and most BHE field sizes up to
70 BHEs. 12 studies consider only one BHE. The median of the investi-
gated number of BHEs is 6.

The most frequently used software for energy system simulations
is TRNSYS (see Fig. 6a), which is very flexible in terms of system de-
sign. The often used BHE model Type 557 (duct ground heat storage or
DST model) does not take into account ground water flow, irregular ge-
ometries, grout and fluid heat capacity and ground stratification. Not
considering the heat capacity leads to deviations in the short-term be-
haviour. However, as the typical heat pump running time is in the range
of several minutes, a high short-term accuracy of the BHE model is im-
portant [185]. The heat pump can be included using catalog data [186].
Polysun and Energy Plus are also used in several studies. Polysun makes
use of the EWS model presented by Huber and Schuler [187]. For
the standalone BHE field simulation, EED is the most frequently used
software, followed by Pilesim. In EED monthly and peak loads are con-
sidered. The COP of the heat pump is fixed [186].

Of the 64 considered studies, only 5 investigate districts. Of cate-
gory 2 (centrally controlled BHE fields) introduced in Section 1, only
one paper considers a district. All other studies investigate single build-
ings, mainly residential buildings, also some office, university and ac-
commodation buildings (see Fig. 6b). The most common room heat
exchanger is the radiant floor (see Fig. 6¢). Heat transfer by air and ra-
diators is also common. 14 of the studies do not specify the room heat
exchanger. Of the simulation studies, 21 integrate the building load as
multizone model (see Fig. 6d). In 12 studies the load integration is not
specified, and in 11 a load profile with unknown origin is used.

The reported nominal power lies between 0.2 and 886 kW with a
median of 18 kW. The BHE depth varies between 21 and 400 m with a
median of 90 m, not considering studies with varying BHE depth. Three
of them range from 200 to 400 m and are thereby deeper than typical
shallow systems. Regarding the ground, the level of detail differs a lot
between the studies. Some report bore profiles, while most specify an
assumed effective thermal conductivity.

Evaluation criteria Depending on the research question a variety of
evaluation criteria for the studied system designs are used in the lit-
erature (see Table 3).

Most of the enumerated characteristics only give an idea about a
temporary performance of a system section. For a comparable system
evaluation the usage of relatively independent and comprehensive val-
ues like the SPF would be desirable. As regeneration only makes sense in
the long run, the evaluation period should at least cover the time span
until the annual heat exchange between the BHEs and the surrounding
ground reaches steady state and the average borehole temperature does
not increase/decrease further. This is already done in many simulation
studies (see Fig. 5).

In the considered studies SCOPs from 1.4 (absorption HP) to 6.2
and SPFs from 2.3 to 4.97 are reported, but the system boundaries are
not always clearly defined. Due to highly location, market and project
specific evaluation criteria and boundary conditions like weather condi-
tions, geological and hydro-geological situation, available technology,
emission factors, energy prices, investment costs, financing and so on,
it is difficult to compare the system performance between the differ-
ent studies. Thus it is useful — and already done in some studies - to
perform a sensitivity analysis.
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Fig. 2. Spacial distribution of the investigated studies. The size of the circles indicates the number of studies conducted in the respective country.

Table 3
Evaluation criteria used in the literature.

Criterion

Studies

(average) COP

SCOP

SPF

operating emissions

embodied emissions

operating costs

invest

present value

levelised cost of energy (LCOE)
payback time

BHE length

final energy demand

final energy efficiency

external energy import
primary energy demand
primary energy ratio

exergy losses

regeneration fraction, ground thermal balance
ground temperature

[128,141,117,119,99,89,143]
[138,108,90,84,139,114,95,96,115,125,91,101,67,120,123,106,110,124,74]
[76,68,77,85,94,140,69,87,80,98,122,92,73,136,72]

[93,115,79,83,124,72]

[78,79]

[115,116,78,79]

[116,79]

[93]

[84,91,127,100,106,73,110,83]

[111,87]

[111,84,85,95,96,86,107,91,80,731

[69,86,141,137,82,14,15]

[106,110]

[136]

[111,87,115,125,98,123]

[9,126,118,127,100]

[128]

[97,106,82,136,14,15,124]

[90,9,126,118,127]

average/bottom borehole temperature [70,105]
operating temperatures [116,137,102]
room temperature [108]
power [12]
extraction potential [59]
B 5.1. Universally applicable conclusions drawn directly from the reviewed
g1 literature
2
3 10 ) )
5 + Regeneration can be used to increase the SPF, reduce the necessary
ER BHE length or compensate over-consumption (including neigh-
Z bouring plants).
0 + The benefit of artificial regeneration increases with system size.
PSS LTI TLIL LS TP A systomi b reau e cvaluarion critoria like SPF
S T T TN TTLSS systemic approach requires systemic evaluation criteria like SPF,

Year of publication

overall GHG emissions and LCOE.

Fig. 3. Number of publications regarding artificial BHE regeneration over time.

5. Conclusion and outlook

In this study we conducted a literature review about the regener-
ation of shallow borehole heat exchanger fields, focusing on artificial
regeneration in heating-dominated applications in the detailed analy-
sis. The following conclusions can be drawn:

11

In order to achieve a justifiable heat transfer compared to the auxil-
iary energy, a minimum temperature difference between the source
of regeneration and the ground should be maintained.

All possible heat sources and sinks should be taken into account in
the system design.

5.2. Specific conclusions for individual technologies

Parallel usage of solar heat is usually preferable over regenera-
tion operation, which should be activated when the solar heat can
not be used directly and at a certain temperature difference to the
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Fig. 5. Type of the study and investigated time span over the BHE field size
(heating dominated). Typical days and no specification are set to zero, one
heating or cooling period is set to 0.5 years, monitoring time is taken for studies
which do both simulation and experiment. One outlier with 1761 BHEs [14] is
not considered.

ground. Regarding the usage of different collector types, different
studies come to different solutions, depending on the main goals
and boundary conditions. Selective collectors reach higher regen-
eration fractions than unselective ones.

In heating-dominated buildings without high cooling load peaks,
passive space cooling is a good option for regeneration. The com-
bination with TABS leads to a more even load. Special care has to
be taken designing the HX separating ground and building circuit
and the pump sizes. To guarantee a cooling effect the regeneration
fraction should be limited.

The cooling power of passive space cooling is limited by its supply
temperature to avoid condensation. To cover higher cooling loads,
passive space cooling may be combined with air cooling and dehu-
midification of the room air.

A reversible heat pump leads to higher heat rejection to the ground.
However, the auxiliary energy increases at the same time.

Cooling towers are reported to be more beneficial upstream of the
BHEs, with an exception of hot and dry climates, or in parallel
operation to the BHEs. The optimum operation strategy depends
on the placement of the additional heat sink.
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5.3. Overarching conclusions drawn from the holistic analysis of the
reviewed literature

In cooling-dominated climates, reversible heat pumps are an ob-
vious choice to minimise ground thermal imbalance. In heating-
dominated climates, mostly space cooling and flat plate collectors
are used for regeneration.

There is a lack of long-term, large BHE field size experimental work
in heating-dominated climates.

Most studies consider one additional heat source/sink. There is
a lack of studies about the detailed interaction of different heat
sources/sinks.

Very few studies combine waste heat with BHE regeneration.
While studies about enhancing natural regeneration methods usu-
ally consider BHE fields with a focus on the ground properties,
there is a lack of system integrated studies. In contrast, stud-
ies about artificial methods are usually system integrated, but
mostly consider small systems/single buildings and only consider
the ground superficially. In particular there are barely any inte-
grated studies about the regeneration of BHE fields for district
heating or cooling.

TRNSYS is the most commonly used software for the simulation of
artificial ground regeneration.

There are only few studies that consider combined enhancing nat-
ural and artificial regeneration methods.

Regeneration seems especially useful in climates with hot summers
and cold winters (or hot days and cold nights), where PE efficient
regeneration technologies can be used off peak operation.

5.4. Future work as proposed in the reviewed literature

According to the examined studies, the following points require fur-
ther investigation:

Optimisation of control strategies. This is especially emphasised for
HGSHP systems.

Design optimisation of system integrated GSHP systems.

Energy flexibility potential of these systems. This refers to locally
produced PV(T) electricity which can be used for regeneration pur-
poses, while the electricity demand of the heat pump is decreased
in times of low electricity production, especially in cold climates.
User behaviour with passive cooling.

Technical barriers for using shallow geothermal energy in future
DHC grids and impact of groundwater flow on the technical poten-
tial.

Environmental consequences of long-term warming or cooling
trends of the ground.

5.5. Recommendations for further case studies

From the holistic literature analysis the following recommendations
can be made for further case studies, regarding methodology and possi-
ble focus:

« Transparent description of boundary conditions including load
specifics and the simulated time period.

« Inclusion of transparent evaluation criteria, preferably SPF (for the
whole year including heating and cooling season) as defined by
IEA SHC Task 44 / HPP Annex 38 respectively IEA HPT Annex 52
if applicable.

+ Conduction of a sensitivity analysis at least regarding evaluation
criteria (emission factors, costs,...).

An interesting point, which should be studied further, is the thematic
overlap of regeneration with demand side management. Regeneration

usually causes an increased electricity demand for circulation pumps.

12
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Fig. 6. Comparison of studies investigating artificial regeneration in heating-dominated climates. For studies with more than one suitable property, each one is

counted (that means the total number of studies varies).

However, in heating-dominated climates, this demand occurs at times of
high renewable electricity production, while the electricity demand in
times of low renewable electricity production decreases (not necessarily
to the same extent though).

Another interesting point is regeneration and the human factor: On
one hand, it can counteract unbalanced use. On the other hand, pas-
sive space cooling can help to prevent an increase in individual air
conditioning in climates where active space cooling is not common,
but summer thermal comfort gains importance with progressing climate
change.

Abbreviations The following abbreviations are used in this manuscript:

BHE Borehole heat exchanger

BTES Borehole thermal energy storage
DHC District heating and cooling

DHW Domestic hot water

ETC Evacuated tube collector

FPV Flat plate collector

GHG Green house gas

GSHP Ground source heat pump (BHE coupled in this study)
GW Groundwater

HGSHP Hybrid ground source heat pump
HP Heat pump

HX Heat exchanger

LCOE Levelised cost of energy

PCM Phase change material

PEE Primary energy efficiency

PV Photovoltaic

PVT Photovoltaic-thermal

SCOP Seasonal coefficient of performance
SPF Seasonal performance factor

ST Solar thermal

TABS Thermally activated building structures
TES Thermal energy storage
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Appendix A

Table A.4
Terminology.

Term Explanation Synonyms

Borehole heat heat exchanger in a vertical vertical borehole, vertical

exchanger borehole; shallow / surface-near: ground heat exchanger,
(BHE) up to 400 m depth (typically up to vertical (closed) loop
150 m [188]); field/array: multiple (includes energy piles),
BHEs, thermally influencing each geothermal probe.
other.
Regeneration reducing long-term thermal recovery, compensating

thermal imbalance /
accumulation / depletion,
replenishment, recharge.

anomalies in the ground in the
vicinity of the BHE field due to
predominant heat extraction or
injection (without replacing the
useful heat flow from/to the BHEs
with other heat sources/sinks).

Ground source
heat pump
(GSHP)

a HP coupled to a vertical or
horizontal, open or closed system;
in this study always refers to a
BHE-coupled HP.

ground coupled heat
pump (GCHP).

Reversible heat
pump

a heat pump used for active
heating and cooling.

(continued on next page)
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Table A.4 (continued)

Term

Explanation Synonyms

Hybrid ground

using additional heat sources /

source heat sinks besides the ground.

pump According to this definition,
(HGSHP) HGSHP systems include GSHP
systems systems with artificial
regeneration, but also other heat
sources/sinks in parallel or serial
operation.
Regeneration fr= % with Q; being the ground recharge ratio.
fraction annually iI’l:]'eCCted and Q, extracted  Similar: ground thermal

imbalance ratio (positive:
heat injection) (IEA HPT
Annex 52)

heat into/from the BHE field.

Passive space

direct heat transfer (without
chiller) from the building(s) into
the BHE (field), usually by floor
heat exchanger.

geocooling, (geothermal)
free cooling, free ground
cooling, natural cooling.

cooling

COP, EER

the coefficient of performance
(COP) for heating, and energy
efficiency ratio (EER) for cooling
applications are the ratio between
the heating/cooling capacity of the
heat pump and its overall
electricity consumption, both
measured under steady-state
operating conditions.”

SCOP, SEER

the seasonal COP (SCOP) in
heating applications, or seasonal
EER (SEER) in cooling application
express the calculated seasonal
efficiency of the heat pump for an
assumed climate, building load etc.
The system boundary is the heat
pump.”

SPF

the seasonal performance factor
(SPF) gives the final energy
efficiency of the whole system or a
defined subsystem, calculated as
the overall useful energy output to
the overall driving final energy
input for an adopted system
boundary over a year or a season.”

2 IEA SHC Task 44 / HPP Annex 38.
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