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Review Article 
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A B S T R A C T   

Pit thermal energy storage (PTES) is one of the most promising and affordable thermal storage, which is 
considered essential for large-scale applications of renewable energies. However, as PTES volume increases to 
satisfy the seasonal storage objectives, PTES design and application are challenged. These difficulties trigged an 
interest in PTES investigations. This paper aims to identify the success factors and research gaps of PTES by an 
up-to-date evaluation of 160 recent publications. Existing technical elements that affect PTES thermal properties 
inclusive geometry design, inlet/outlet design, cover design, and materials, are outlined in depth. Numerical 
studies are categorized in terms of their mathematical theory and research purposes for a systematic discussion. 
The current application status of PTES systems worldwide is summarized from four aspects: storage material, 
geological design, operation strategy, and storage duration. For projects in operation, special attention is given to 
gathering and comparing operational data on solar fraction, storage efficiency, storage cycle, and PTES tem-
perature. This review outlines the progress and potential directions for PTES design and numerical studies by 
identifying the research gaps that require further effort.   

1. Introduction 

Buildings account for approx. 40 % of the world's annual energy 
consumption. The operations of buildings, including ventilation, heat-
ing, and cooling, have the highest energy demand for buildings. How-
ever, the heating market is still dominated by fossil fuel-based 
equipment and less efficient traditional electric heating products, ac-
counting for nearly 80 % of new sales [1]. As a result, the transformation 
of the heating industry must be accelerated to meet the climate and 
energy goals. 

As the most sustainable energy source at present, solar thermal can 
cover the heating demand of buildings. Many countries have taken 
active and effective measures to increase the applications of solar 
heating systems. Solar heating systems can be divided into two cate-
gories: solar heating systems for individual buildings (i.e., small and 
medium scale) and solar heating systems for a group of buildings via a 
thermal grid (i.e., large-scale) [2]. Large-scale solar heating systems 
perform better than small-scale systems in terms of system efficiency 
and energy cost. Therefore, the number of large-scale systems has grown 
significantly over the past decade, especially outside Europe (as shown 

in Fig. 1 [3]) [4]. By the end of 2020, there are approximately 470 solar 
district heating systems (>350 kWth; 500 m2) in operation worldwide. 

However, solar thermal energy faces challenges in terms of stability 
and reliability, as it is intermittent. In this context, the integration of 
thermal energy storage into solar heating systems has been proposed to 
address these challenges [5,6]. Thermal energy storage can be classified 
into diurnal thermal energy storage (DTES) and seasonal thermal energy 
storage (STES) [5,7,8] according to the energy storage durations. 
Nevertheless, STES systems are often seen as challenging from a tech-
nical point of view. The requirement for large capacities for seasonal 
storage continues to drive up the construction STES systems. Fisch et al. 
[9] found that solar district heating systems with STES could deliver 
50–70 % of the yearly demand, whereas those with DTES could only 
provide 10–20 % of the annual demand, demonstrated explicitly by 
summarizing twenty-seven large-scale solar district heating systems. 
The benefit of STES systems has also been shown in terms of solar 
fraction (defined as the percentage of the total thermal load satisfied by 
solar energy) [2,10–12], where utilizing STES could increase the solar 
fraction from 5–15 % to 25–50 % compared to using DTES. Therefore, 
STES is an effective way to improve the efficiency of large-scale solar 
district heating systems [13]. 
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The best-known types of STES in a solar district heating system can 
be generally categorized into four categories [14–18]: tank thermal 
energy storage (TTES), pit thermal energy storage (PTES), borehole 
thermal energy storage (BTES), and aquifer thermal energy storage 
(ATES). The number of articles related to these four systems are illus-
trated in Fig. 2. Regarding these four types of STES systems, the majority 
of research has been done on BTES, followed by TTES, ATES, and PTES. 
This is because more projects for the BTES and ATES systems are un-
dertaken as a result of the low construction costs in the early years. TTES 
is more flexible in geometry and less location-dependent. However, as 
far as we know, TTES is typically insulated with an insulating layer due 
to its enormous surface area [19]. Additionally, its size is constrained 
when TTES is built above the ground. 

Although the number of PTES investigations is lower than the 
number of other STES, it is broadly seen that PTES system is superior to 
other STES systems in terms of energy density, geometry size, con-
struction site independence, operation characteristics, and construction 

costs, especially the investment costs per m3 water equivalent of PTES 
have proven to be the lowest when the storage volume exceeds 60,000 
m3 [2,20]. Therefore, it has been regarded as a promising thermal 
storage technology in recent years due to the requirement for large 
storage capacity. 

Since 1985, the solar district heating system with PTES has been 
developed and reviewed in several documents [4,13,14,16,21–24]. 
However, most of these papers mainly focus on general information and 
comparisons with other types of STES, and discussions on PTES are not 
in-depth. Only a few reviews are entirely relevant to PTES, including 
those by Novo et al. [22], Bott et al. [14], and Dahash et al. [24]. The 
technological basis and application status of waterproofing and thermal 
insulation materials were summarized [14,22]. As the key to determine 
the service life of PTES, comparative studies on material performance 
are not enough. Moreover, as constructing large-scale PTES systems 
trends to be costly, the importance of modeling these systems to ensure 
the economic viability of the system and the efficient planning layout is 
powerfully demonstrated. In this context, a typical research recently 
presented by Dahash et al. [24] paid more attention to discussing the 
PTES modeling parameters and models. 

Despite the efforts by the authors mentioned above regarding 
introduction, construction, modeling method, and performance in-
dicators, we detected there are still some deficiencies in the summary of 
PTES. Newly developed technical elements and modeling methods have 
not been updated. The technical challenges in practice have not been 
addressed properly. Furthermore, the different numerical approaches 
developed for PTES have not been thoroughly analyzed and compared. 

Therefore, this work aims to provide a thorough update to help better 
understand the research and development of PTES. Compared with the 
previous review works, the innovations of this paper are: 

• It covers all the technical aspects that affect PTES thermal perfor-
mance, especially novel designs in recent years;  

• It provides a list of thermal properties of various materials currently 
used on PTES, along with their strengths, weaknesses, and applica-
tion status;  

• It reviews systematically the numerical studies, focusing on the 
analysis of the mathematical theory concerning different methods;  

• It discusses the application status of PTES and emphasizes the lessons 
learned from operational data across all projects. 

This paper can be easily used by researchers and industry experts 

Nomenclature 

AL aluminum 
ATES aquifer thermal energy storage 
BTES borehole thermal energy storage 
DTES diurnal thermal energy storage 
ECG expanded clay granules 
EGG expanded glass granules 
EPS expanded polystyrene 
FGG foam glass gravel 
GFG glass foam gravel 
HDPE high-density polyethylene 
LDPE low-density polyethylene 
PTES pit thermal energy storage 
PE polyethylene 
PIR polyisocyanurate 
PP polypropylene 
PUR polyurethane 
PVC polyvinyl chloride 
STES seasonal thermal energy storage 
SST stainless steel 
TTES tank thermal energy storage  
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Fig. 1. Number of existing solar district heating systems worldwide during the last 35 years [3].  

Y. Xiang et al.                                                                                                                                                                                                                                   



Journal of Energy Storage 55 (2022) 105716

3

who need a quick and handy reference in PTES system design. Addi-
tionally, based on this review, readers may identify the existing research 
gaps in technical elements, numerical studies, and applications, which 
will aid them in proposing new research directions to fill the gaps. 

The structure of this paper is illustrated in Fig. 3. 
First, a summary of the key technical elements of PTES design is 

provided, including geometry, inlet/outlet diffusers, cover, insulation 
material, and liner material, highlighting PTES structure design chal-
lenges to understand possible further solutions and improvements. 
Recent research limitations are remarked by comparing recently used 
insulation and liner materials. The analysis of up-to-date numerical 
studies on PTES follows. They are categorized so the readers can un-
derstand the characteristics and applicability of various models. Addi-
tionally, models' calculation accuracy through experimental validation 
is compared, along with a detailed analysis of recent model assumptions 
and corrections with an aim to point out potential research directions. 

Finally, the implemented PTES systems worldwide are summarized with 
particular attention to storage material, geological design, operation 
strategy, and storage duration. In order to learn lessons from actual 
operations, particular efforts are paid to collect and compare operational 
data on solar fraction, storage efficiency, and operation temperatures of 
PTES. 

2. Technical elements of PTES 

Due to the dispatchability and flexibility to incorporate various 
renewable energy systems, PTES is an essential part of solar district 
heating systems [25]. The thermal energy can be stored in an excavated 
ground enclosed with waterproof liners or can be stored in an artificial 
store composed of concrete or stainless steel for solar district heating 
systems with PTES [22,26]. 

The structure and the materials used on PTES are primarily the two 
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factors that limit its development. Though conceptually comparable to 
TTES, PTES is more difficult to implement because of its structure and 
installation location. Given that the thermal performance depends on a 
wide range of interrelated factors, the design of a PTES is frequently 
considered sophisticated. Such factors are geometry, inlet/outlet design, 
and cover design. In addition, the materials used for PTES (i.e., insu-
lation and liner) can severely affect the performance and the lifetime. In 
the following section, a thorough summary of the current technological 
status of the structure and materials, discussion and recommendations 
for future development are provided. 

2.1. Structure of PTES 

2.1.1. Geometry of PTES 
Due to lower construction cost, storage geometries with slopes have 

been developed, such as pyramid stumps with rectangular cross-sections 
(Fig. 4 (a)) and truncated cones with circular cross-sections (Fig. 4 (b)). 
Geometry (a) is more commonly used due to conventional construction 
than geometry (b). Additionally, to satisfy the greater PTES volume re-
quirements, a complex pyramid stump was created and used in the 
Vojens plant (see Fig. 4 (c)). 

The slope angle is the angle between the sidewall and horizontal 
plane. It should be noticed in Table 1 that the slope angle is around 30 
for PTES larger than 10,000 m3 to prevent sidewall collapse [22,27–29]. 
In addition to the influence of the construction site's geological condi-
tions on the slope angle determination, the selection of slope angle is 
also constrained by the thermal performance of PTES since the slope 
angle impacts the surface-to-volume ratio, which in turn affects heat loss 
[5,14,30]. A simulated analysis by Chang et al. [26] revealed that high 
slope angles were better for establishing and maintaining thermal 
stratification, and the heat loss could be reduced by increasing the slope 
angle. In this case, it seems reasonable to use the highest possible slope 
angle from the standpoint of reducing heat loss, improving thermal 
stratification, and reducing costs. 

However, moving groundwater can enormously increase heat loss 

from the lower parts of PTES. Therefore, future research is required to 
elucidate the ideal geometry for PTES installed in groundwater-moving 
sites. 

2.1.2. The inlet and outlet design 
Thermal stratification in solar stores significantly impacts the ther-

mal performance of solar district heating systems, regardless of the type 
of system [59]. Investigations have shown that water supplied to hot 
water tanks can create mixing that spoils the thermal stratification in the 
storage tanks. As a result, all inlets and outlets must be designed to make 
the mixing as small as possible [60]. Compared with the widely used 
domestic hot water tanks, the size of thermal energy storage in solar 
district heating systems is larger. Diffuser design is typically adopted to 
reduce the velocity of water entering the thermal energy storage and 
encourage stratification by promoting laminar flow during charging and 
discharging processes. 

Various structural characteristics may have an impact on the per-
formance of the diffuser, and different diffusers may be useful for 
different thermal energy storage. Some diffuser designs, including H- 
type, octagonal, and radial diffusers, have successfully been investigated 
[61]. Shah and Furbo [59] investigated the impact of three inlet designs 
(i.e., pipe design, metro design, and plate design) on the thermal con-
ditions inside the storage tank. Both simulation and experimental results 
proved that the plate type design had the highest degree of stratification. 
Chung et al. [62] studied the effect of design factors on the stratification 
of a rectangular storage tank by comparing three diffuser designs (i.e., 
the H-beam type, the radial plate type, and the radial adjusted plate 
type). Study results showed that the Reynolds number was the most 
critical parameter, and the radial plate type diffusers suppressed the 
local mixing more effectively than the H-beam type. Fagerlund Carlsson 
[63] compared the effect of different inlet designs and volume flows on 
mixing and found that the parallel plates were the best design that 
reduced mixing most, while the T-piece was the second-best design. The 
perforated and the direct pipe designs ranked third and fourth. Moncho- 
Esteve et al. [64,65] studied the influence of different inlet constructions 

(a)                                                                      (b)  

(c)  

Fig. 4. Geometries of PTES: (a) truncated pyramid stump; (b) truncated cone; (c) complicated pyramid stump.  
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on thermal stratification in the storage tank. In their case, the sintered 
bronze conical diffuser performed better than other inlet constructions. 
Also, Assari [66] investigated the influence of the inlet and outlet 
location inside the storage tank on thermal stratification by simulation 
and experiment, respectively. He discovered that better thermal strati-
fication occurred with an inlet of hot water in the highest position and 
cold water outflow from the lowest part. Findeisen et al. [67–70] con-
ducted comprehensive studies to investigate the influence of radial 
diffusers on thermal stratification using CFD. They pointed out that 
thermal stratification could be significantly improved due to an opti-
mized position of the diffuser in the storage tank. Besides, they proposed 
a new radial diffuser with a flow-optimized shape. Recently, Deng et al. 
[61] proposed a novel non-equal diameter radial diffuser and demon-
strated that it had nearly the same thermal stratification performance as 
the equal diameter radial diffuser but significantly reduced the cost. 
Besides, the thermal stratification was optimized when the ratio of the 
long baffle diameter and the tank diameter was 1/3, the ratio of the 
short baffle diameter and the long baffle diameter was 1/3, and the 
distance between the two baffles was as small as possible. 

In summary, radial diffuser design has been adopted in most existing 
PTES due to its simple structure, convenient installation, low cost, and 
good thermal stratification [61]. Radial diffuser design typically consists 
of two circular plates mounted parallel to each other (shown in Fig. 5 
(a)), connected to the inlet/outlet pipe to form the water path. To help 

produce uniform flow, guiding elements can be build-in (shown in Fig. 5 
(b)). In real PTES application, diffusers are arranged at different heights 
at the top, the middle, and the bottom. Depending on the year-round 
operating conditions and PTES temperature distribution throughout 
the year, diffusers are either taken as inlet or outlet. 

At present, there are generally two ways for the leading pipes to enter 
the PTES to connect the diffusers. One way is to enter through the 
bottom of the PTES (Fig. 6 (a) [71]), which is used in the Dronninglund 
and Langkazi plants. The other way is to enter through the side of the 
PTES (Fig. 6 (b) [25]), which is used in the Marstal, Vojens, and Toftlund 
plants. Compared to the design entering through the side, leading pipes 
entering the bottom perpendicular to the liner makes it easier to connect 
the concrete structure and flange under the liner [72]. However, the 
leading pipes have to be buried deeper in the ground, which may in-
crease the thermal loss. 

2.1.3. The cover 
Most heat losses occur at the top of the PTES, based on the lessons 

learned from completed projects. Additionally, the cover accounts for 
most of the cost due to the complicated structure. For these reasons, 
much effort has been put into investigating different designs and ma-
terials [20,44,72–74]. There are now three main technical challenges. 

One of the challenges is the insulation and liner material. Usually, 
the cover has three main layers (an insulation layer in the middle and 

Table 1 
Information on PTES of the existing plants.  

Location Heat store 
material 

Volume 
(m3) 

Areaa 

(m2) 
A/Vb Height 

(m) 
Slope 
angle (◦) 

Inlet/outlet arrangementc Liner 
material 

Insulation 
material 

References 

Lambohov Gravel & 
water  

10,000 1750 – – 90 – Butyl 
Rubber 

Clay granules [30,31] 

Stuttgart Gravel & 
pebbles & 
water  

1050 835 0.84 5 45 Heat exchanger from bottom 
to top 

HDPE Pumice and 
PUR 

[32–34] 

Julich Water  2500 – – – – Horizontal heat exchanger in 
the bottom, the middle and 
the top 

PP Mineralwolle [35] 

Augsburg Gravel & 
water  

6500 – – – 90 – – – [36,37] 

Chemnitz Gravel & 
water  

8000 3375 0.43 6.76 90 Heat exchanger from bottom 
to top 

HDPE XPS [30,31] 

Steinfurt Gravel & 
water  

1500 1305 0.87 – 50 Heat exchanger from bottom 
to top 

Foil 
PP Film 

FGG 
EGG 

[30,38] 

Eggenstein Gravel & 
sand  

4500 1924.9 0.428 9 26 (top) 
35 
(bottom) 

One is embedded in the 
bottom, the other in the top 

HDPE FGG 
Cellular 
particles 

[27,39,40] 

Marstal Water  75,000 20,298 0.233 16 32.78 (b) HDPE Nomalen [22,25,41–43] 
Dronninglund Water  60,000 17,076 0.288 16 26.6 (a) HDPE 

Al 
Leca [28,41,44–47] 

Gram Water  122,000 28,893 0.237 15 20 (b) HDPE  [4,48,49] 
Vojens Water  200,000 – – 15 – (b) HDPE Leca [50–52] 
Toftlund Water  70,000 19,204 0.274 14.5 27 (b) HDPE Leca [53–55] 
Langkazi 

Tibet 
Water  15,000 6748 0.447 – 27 (a) HDPE  [56–58]  

a Surface area of PTES (including the top surface, sidewalls, and bottom surface) 
b Ratio of PTES surface area to PTES volume. 
c The inlet and outlet arrangement of (a), (b) are shown in Fig. 6. 

Fig. 5. Diffuser design: (a) diffuser design without guiding elements; (a) diffuser design with guiding elements.  
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two liner layers on both sides of the insulation). Fig. 7 (a) [10,25] shows 
the cover design of the Marstal and Dronninglund projects. Three layers 
of 80 mm Nomalén insulation were installed in the middle. One 1.5 mm 
and one 2 mm HDPE line, correspondingly, were put above and below 

the insulation layers. Steel anchors were buried within the insulation 
layer to maintain the shape, and the hypenet CN-E layer was used to 
protect the liner. The cover design of Vojens and Gram projects is 
depicted in Fig. 7 (b) [75]. For two reasons, Leca was chosen as the 

Fig. 6. Arrangement of inlet/outlet of existing PTES application: (a) leading pipe enter PTES through the bottom [71]; (b) leading pipe enter PTES through the 
side [25]. 

Fig. 7. Cross-section of the cover: (a) cross-section of the cover of Marstal and Dronninglund PTES [10,25]; (b) cross-section of the cover of Vojens and Gram 
PTES [75]. 
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insulation material instead of Nomalén. One was that Leca was flexible 
and easy to install. The other was that Leca outperformed Nomalén in 
terms of thermal performance. However, there is no document to state 
the improvement clearly. 

One of the challenges is to remove the moisture inside the cover. 
Moisture may result from the implementation phase of the cover, water 
diffusion through the liner, or damage to the liners. In this case, the 
insulation material will be degraded, resulting in increased thermal 
conductivity and reduced service life. Setting a ventilation gap (3–6 
mm) between the liner and the insulation is a practical construction to 
remove moisture. At the same time, ventilation hoses are connected to 
the gap to help suck the moisture out in time. 

The rainwater presents another challenge. Rainwater introduces a 
risk of puddles of water on the cover, which presses or even destroys the 
bulk insulation. Because of this, the cover is typically constructed with a 
2 % slope towards the center of the cover. Additionally, the weight pipes 
made of HDPE with concrete inside will place on the top of the cover 
[76]. On the one hand, to help keep the liners in position in case of wind. 
On the other hand, direct rainwater collected on the top of the cover to 
the center pump. The weight pipe layout on the top of the cover of the 

Marstal project is presented in Fig. 8 (a) [77]. The diameter of the pipe 
increases with distance from the center. In this manner, rainwater can be 
gathered in the center to lessen the possibility of water puddles on the 
cover [28]. Worth pointing out that additional effort should be paid 
when the geometric shape of the cover is changed. The arrangement and 
dimensions of the weight pipes need to be adjusted, as seen in Fig. 8 (b) 
[10]. 

Recently, Aalborg CSP created a new cover design in which the cover 
was divided into smaller sections (Fig. 9 (a) [78]), each with an indi-
vidual drop towards the center pump (Fig. 9 (b) [79]). This makes it 
considerably simpler to direct rainwater away from the surface and 
makes it possible to build larger PTES [78]. Additionally, the fall on the 
under and upper sides of each section shown in Fig. 9 (b) [79] ensures 
that the air pockets are discharged [79]. Moreover, a diffusion-open 
structure is another innovation of the new design, preventing vapor 
accumulation inside the insulation layer. The functional performance of 
the new design has been inspected and verified, but no data exist to 
demonstrate the improvement effect. 

Fig. 8. Weight pipe layout on the top of the cover: (a) weight pipe layout of Marstal plant [77]; (b) weight pipe layout of Dronninglund plant [10].  
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2.2. The materials used for PTES 

2.2.1. Insulation materials 
Most of the heat loss in uninsulated PTES is lost through the cover 

and upper edges [80]. As a result, a thicker layer of insulation will be 

added inside the cover, as previously mentioned. The side and bottom 
walls of PTES are rarely insulated because the surrounding soil can act as 
a heat reservoir and transfer heat back to the PTES during discharge. 
However, insulation of the bottom wall is still recommended when it is 
closed to groundwater [81]. 

(a) Top view   (b) Principle sketch  

Fig. 9. New cover solution developed by Aalborg CSP [78,79].  

Table 2 
Properties for insulation materials.  

Material Grain 
size 
(mm) 

Thermal 
conductivity (W/ 
(m‧K)a 

Density 
(kg/m3) 

Moisture effect on thermal 
conductivity 

Advantages Disadvantages References 

EGG 2–4 0.07b 

0.08c 
200b 

190c 
5 times 
(T = 60 ◦C; M = 200 kg/m3)e 

10times 
(T = 60 ◦C; M = 200 kg/m3) 

Easy to install 
Cost-effective 
High temperature 
resistance 

High cost [25,81,82,86] 

4–8 0.08b 185b 

8-16 0.08b 140b 

ECG 1–4 0.08c 300c – Lightness 
High strength 
High drainage 
capacity 

Low moisture resistance 
Lack of demonstrated in 
reality 

[20,44,81,82,87] 
4–8 0.1b 270b 

FGG 0-20 0.06b 150b – Lightness 
Dimensionally 
stable  

[81,88,89] 

GFG 10–50 0.09c 

0.08d 
195c 

170d 
– Lightness  [81,82] 

PUR/PIR 
foam 

– 0.02–0.03 80 Increase from 0.025 W/m K to 0.046 
W/m K with increasing moisture 
content from 0 vol% to 10 vol%. 

High temperature 
resistance 
High moisture 
resistance 

High temperature 
expansion 

[25,37,89,90] 

Nomalén28N – – 28 – High heat resistant 
High-temperature 
resistance 
High moisture 
resistance  

[44,91] 

Mineral wool – 0.03–0.04 160 Increase from 0.037 W/m K to 0.055 
W/m K with increasing moisture 
content from 0 vol% to 10 vol%.  

Low moisture resistance 
Hard to dry out 

[20,89,90,92] 

EPS – 0.03–0.04 15–40 Increase from 0.036 W/m K to 0.054 
W/m K with increasing moisture 
content from 0 vol% to 10 vol%. 

Low thermal 
conductivity 
High water 
resistance 

Stiff 
Become fragile after 
absorbing water 

[20,90,93] 

Perlite 0–1 0.05b 90b – Suitable for high 
temperature 

Light-weight 
Difficult to control 
during implementation 
Difficult to make solid 
enough for treading on 

[81,84] 

Mussel shells – 0.11–0.15 1070 – Low material cost Heavier than water; 
Higher thermal 
conductivity 
Difficult to be self- 
sustaining 

[20,25,94] 

Poraver – – – – – High material cost [20]  

a The thermal conductivity is under manufacturer specification. 
b Type I. 
c Type II. 
d Type III. 
e Moisture content at temperature 60 ◦C. 
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In the earlier stages of PTES design, the choice of insulation material 
is a crucial step that ultimately impacts PTES performance. The 
following desired specifications for insulation materials are generally 
agreed-upon: high thermal conductivity, high moisture resistance, high- 
temperature resistance, low density, low cost, and easy to install. There 
is, however, no perfect insulation material that satisfies all the re-
quirements, and each material has its advantages and disadvantages. A 
list of tested insulation materials that met manufacturer requirements is 
shown in Table 2. Additionally, their thermal properties under specific 
experimental conditions, as well as strengths and weaknesses based on 
practical application, are included. 

Together with Table 1, it can be observed that in earlier projects, 
sheets of rock wool, mineral wool, or polystyrene (expanded polystyrene 
(EPS) or extruded polystyrene (XPS)) were installed on the walls and the 
cover. But mineral wool and EPS will become too vulnerable if water 
infiltrates the insulation [81]. In this context, it is replaced by bulk 
insulation like expanded clay granules (EGG) or foam glass gravel 
(FGG). Bulk insulation also has the benefit of requiring less installation 
time and cost, particularly for large-scale PTES, since it can be installed 
by blowing from a silo truck [27,82]. Nomalén and Leca have lately been 
suggested to be more suited for insulation usage due to their superior 
thermal performance. 

As far as we can obtain in the literature, the majority of insulating 
materials have their thermal properties tested under typical application 
conditions, and it is yet uncertain how thermal properties change under 
high temperature and high humidity conditions. Limited literature has 

revealed that, especially at higher temperatures, the thermal conduc-
tivity of the insulation increases dramatically with increasing moisture 
content [82,83]. Consequently, it has been found that the yearly thermal 
losses of most solar district heating plants with buried PTES are around 
30–50 % or even considerably greater than the design values 
[30,81,82,84,85]. 

2.2.2. Liner materials 
The liner encloses the water body on both sides of the cover to 

protect the insulation materials so that it has a significant role in 
determining the lifetime of a PTES. Moreover, by preventing vapor from 
traveling through insulation, the liner can help reduce heat loss [24]. 
The most common liners used for PTES are made of stainless steel, 
polymers, and elastomers [24,30,44]. Stainless steel was used as the 
liner in early plants (as shown in Table 1), but it was replaced by 
polymeric liners due to lower material costs and installation costs, 
especially for storage volumes larger than 20.000 m3 [95,96]. However, 
offers for pilot storage in Rottweil had pointed out that a stainless steel 
liner with 0.5 mm thickness could be installed for roughly the exact cost 
as a thicker PP liner. In this context, a novel approach for assessing the 
liner material should be developed to consider many objectives. 
Otherwise, thicker polymer liners could be more expensive than thinner 
stainless steel with the same water resistance. 

The thermal properties of liner material used to date are listed in 
Table 3. All listed polymer liners realized high water vapor permeability 
except for high-temperature polymer liners (HDPE). As a result, the 

Table 3 
Properties for liner materials.  

Category Material Thermal 
conductivity 
(W/(m K) 
(at ◦C) 

Water vapor 
permeability 
(g/m2/day) 

Lifetime 
(years)a 

Advantages Disadvantages References 

Polymer 
liners 

HDPE 0.44 (25 ◦C) 0.03 
(σb = 1 mm, Tc =

20 ◦C) 
1.5 
(σ = 2.5 mm, T =
80 ◦C) 

<3 (T = 90 ◦C) 
24.3 (T < 70 ◦C) 
1.45 (T =
100 ◦C) 
0.92 (T =
107 ◦C) 
180 days 
(115 ◦C) 
>20 (T = 90 ◦C)d 

Low material cost 
Easy to install 
Low installation cost 

Complicated 
temperature resistance 
Poor water vapor 
permeability 

[20,30,44,72,74,98–100] 

PP 0.11 (25 ◦C) 4 times as high as for 
HDPE 

<6 (T = 80 ◦C) 
22.6 (T < 70 ◦C) 
1.1 (T = 100 ◦C) 
0.55 (T =
107 ◦C) 
0.33 (T =
115 ◦C) 
16 (T = 85 ◦C) 

Less degradation in 
contact with water 
Low material cost 
Easy to install 
Low installation cost 

[20,44,72,95] 

PE 0.4 (23 ◦C) – 15 (σ = 2 mm, T 
= 95 ◦C) 
18 (σ = 3 mm, T 
= 95 ◦C) 
1 (T = 85 ◦C) 

Low material cost 
Easy to install 
Low installation cost 

[20,44,95,101] 

LDPE 0.33 (23 ◦C) 45 times as high as 
for HDPE 

– [44,102] 

PVC 0.14–0.17 
(25 ◦C) 

115 times as high as 
for HDPE 

– [44,103] 

Elastomer 
liners 

EPDM 0.29 (25 ◦C) 2 times as high as for 
HDPE 

– Low material cost 
Higher temperature 
resistance 

Not weldable 
Need special glue 
Higher installation cost 

[44,72,104,105] 

Metal liners SST 25 (20 ◦C) – – Long term stability 
Higher vapor tightness 
Highest temperature 
resistance 

High material cost 
High installation cost 
Need special welding 
equipment 

[44,72,106,107] 
ALe 239 (20 ◦C) – – [44,72,107]  

a Most of the results were tested by the Danish Technological Institute or assessed using a micro specimen. 
b Thickness of liner. 
c Experimental temperature. 
d It is offered by the supplier, but has not been tested yet. 
e Aluminum is not appropriate because of the pH in the storage water. 
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demand for HDPE liners has accelerated [30]. However, the water vapor 
permeability of polymer liners is strongly independent of temperature 
[97], which can be seen from the change in water vapor permeability of 
HDPE at different temperatures. When HDPE is tested at 1 mm thickness 
under 20 ◦C, the water vapor permeability is 0.03 g/m2/day, while when 
HDPE is tested at 2.5 mm thickness under 80 ◦C, the water vapor 
permeability can reach 1.5 g/m2/day. 

Considering the service life of liner materials, only three of them can 
be found in the literature, and most of the data are supplied by the 
Danish Technological Institute. Compared to the applications of such 
materials for hot water piping, the maximum service temperature and 
the exposure times are significantly higher for PTES. Therefore, reliable 
information on the service life of liners used for PTES under higher 
temperatures, especially under actual operation conditions, needs future 
investigations [30,72]. A newly developed high-temperature HDPE liner 
that can last >20 years at 90 ◦C was claimed and guaranteed by the 
supplier recently. Still, it was not yet tested according to reliable 
methods [15]. 

2.3. Summary and outlook of PTES technical elements 

The technical elements will determine the investment costs of PTES 
and, more importantly, will significantly affect the storage efficiency 
over its lifetime [84]. The optimal design of PTES still face several 
difficulties. 

2.3.1. Structure of PTES 
At present, the geometry of PTES of most projects is regular, but due 

to the influence of geological conditions, more and more irregular- 
shaped PTES may appear. In this context, it is vital to understand the 
impact of geometry changes on PTES thermal and economic perfor-
mance. Moreover, providing bottom insulation depends on many as-
pects, such as operation conditions, PTES bottom temperature, and soil 
parameters. These factors should be considered in the cost-benefit 
analysis of different insulation designs. 

Investigations into the diffuser design have been conducted numer-
ically and experimentally. The majority of studies, however, have 
focused on small-scale thermal energy storage. The structure of large- 
scale PTES with diffusers has not received much attention since it is 
time-consuming. The results from small-scale investigations must be 
carefully considered when scaling up because the PTES has a much 
bigger volume than a heat storage tank. What is more, the effect of inlet/ 
outlet position or operating parameters on the performance of PTES has 
been partially understood, making engineers rely heavily on experience. 
Consequently, it is necessary to perform a full-scale simulation of PTES 
to identify the optimal inlet/outlet designs under different conditions. 

As a crucial part of PTES, proper configuration and installation of the 

cover with insulation layers are challenging since thermal insulation and 
vapor permeability must be considered simultaneously. To prevent 
damage to the insulation, the amount of moisture entering the insulation 
layer is reduced as much as possible. Additionally, more attention 
should be paid to thermal bridges caused by connection parts. 

2.3.2. The material used for PTES 
The envelope of the buried PTES has to fulfill numerous vital pur-

poses. As a summary and comparison of the aforementioned materials, 
Fig. 10 and Fig. 11 plot thermal conductivity against density for insu-
lation materials and thermal conductivity against test temperature for 
liner materials, respectively. Clearly, these are fewer materials available 
for PTES at the moment. 

As demonstrated in Fig. 10, except for mussel shells, the thermal 
conductivities of insulation materials range from 0.01 W/(m‧K) to nearly 
0.1 W/(m‧K) and densities are lower than 300 kg/m3. Changes in ther-
mal conductivities are recorded for only four materials whose moisture 
changed. It is worth noting that the thermal conductivity change after 
water absorption by EGG appears to be unacceptably high. The appli-
cability of other materials is still uncertain because no additional in-
formation is available. 

No waterproofing membranes developed especially for buried PTES, 
so liner materials used in other areas must be used. However, materials 
used in other fields often do not meet the high demands of temperature 
resistance. Currently, recorded thermal conductivity is limited to the 
range of 20 ◦C to 30 ◦C. The thermal conductivity of all other materials, 
excluding metal liners, is <0.6 W/(m‧K). In addition, only the lifetime of 
three materials at different test temperatures can be collected, as shown 
in Fig. 11. The service life of HDPE and PP liners appears to decrease 
with rising temperatures, but research findings are inconsistent, which 
may be due to differences in experimental parameters and methods. To 
elucidate the details, it is necessary to comprehend the aging mecha-
nisms of liner materials, and particular focus must be placed on the 
investigation of polymeric accounting for the more severe temperature 
load profiles [101]. 

In conclusion, in order to reduce heat losses, new insulation mate-
rials with low thermal conductivity need to be developed. It is also 
desirable to compare various thermal insulation materials in terms of 
thermal conductivity, durability, water resistance, as well as installation 
costs [92]. Future research should focus on novel liner materials (e.g., 
bentonite, bitumen, geo-membranes, and high-performance concrete 
[24]), especially its long-term durability for temperatures higher than 
90 ◦C. One aspect that needs special consideration is that the liner ma-
terial research should take into account both the temperature and pH of 
water in the PTES. 

Fig. 10. Thermal properties of insulation materials mentioned in the literature [81,82,84,88–90,92,94].  
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3. Numerical study of solar district heating plants with PTES 

Proper planning is critical to commission the STES and assure the 
projects' economic viability [108]. As a result, the simulation methods 
for STES have received much attention [109], whereas most numerical 
research concentrates on TTES, BTES, and ATES because these three 
storage types are widely used in practice and have more mature simu-
lation models. In contrast, PTES is a relatively new technology with 
limited available monitoring data, and modeling PTES is challenging 
due to complicated geometries. So far, only a few publications on PTES 
modeling studies can be found (see Table 4). The main findings and 
drawbacks of those studies are also added to Table 4 to provide a pre-
liminary understanding. 

Recent numerical studies can be clarified into component-level (i.e., 
considering only the performance of PTES) and system-level (i.e., inte-
grating PTES into solar district heating systems). This section of the 
review presents all the available numerical models, with special atten-
tion to the mathematical theory and their calculation accuracy. 

3.1. Numerical study of PTES 

Over the years, several models have been created to allow quick and 
trustworthy calculation of PTES performance. The energy balance 
equation is typically solved in such models using three approaches, the 
finite difference method, the finite element method, and the finite vol-
ume method. Based on these three approaches, this part discusses the 
numerical study on the component level in depth. 

3.1.1. Approaches based on finite difference method 
For the finite difference method, the water and soil regions are 

typically divided into nodes. The calculation algorithms consider the 
mass and energy flow, conduction between different nodes, and heat 
transfer through the walls. The commonly used finite difference method 
is implemented as TRNSYS models, including Type 342, Type 343, Type 
UGSTS, Type 1300-1301, and Type 1322. Fig. 12 
[110–112,115,116,127] displays the geometric and grid characteristics 
of different models, as the grid division method determines the 
complexity of the model and impacts the model's calculation accuracy. 

In terms of storage region (i.e., PTES marked in Fig. 12 
[110–112,115,116,127]), all of these models are simplified to one 
dimension. The storage region of Type 342 and Type UGSTS are 

restricted to cylinder geometry, while Type 343 and Type 1300-1301 
extend the geometry to axisymmetric cones. The newly developed 
Type 1322 from TESS can also be used for symmetrical square pyramids. 
Besides, the storage region can be divided equally and unequally in 
height in all these models, which needs careful consideration when 
modeling, as calculation accuracy may be significantly affected. 

For soil region, Type 1322 is three dimensions and other models are 
two dimensions. It is evident from Fig. 12 [110–112,115,116,127] that 
the mesh division of the soil region varies significantly between models. 
For Type UGSTS, Type 343 and Type 1300-1301, the mesh density for 
part 1st and 2st in the z direction are determined by the nodes number in 
the PTES. However, the mesh density of part 2st for Type 342 can be set 
independently, with a factor towards the top and bottom contours of the 
storage region. Common to all models is that denser grid is applied in the 
adjacent area to more accurately calculate heat transfer between the 
storage and soil. Notably, there is an encryption above and below the 
baseline of the storage grid division interface for Type 1300-1301, 
designed to accurately simulate the thermal stratification intersection 
where temperature jump exists. 

Several studies have been devoted to evaluating PTES performance 
using these finite different models. Raab et al. [127] validated Type 342 
with the Hannover solar-assisted district system. Simulation results 
showed that the calculated temperature agreed well with the measured 
temperature, yet the heat loss through the bottom wall was severely 
overestimated. Pan et al. [110] also studied the performance of PTES 
using Type 342, with certain modifications made to fit the operation 
characteristics of the Dronninglund plant. The modified model predicted 
well the storage temperatures and the heat flow. For one year validation, 
the deviations of annual charged/discharged energy, internal energy 
content, and annual thermal loss between the model and the measure-
ment were 2.0 %, 1.9 %, 2.5 %, and 1.1 %, respectively. 

Xie et al. [112] developed a PTES model for the Dronninglund plant 
based on Type 343. Their numerical findings demonstrated that the 
accuracy of the modified model was acceptable, and soil properties had 
an important influence on storage efficiency. However, the calculated 
deviation of PTES and soil temperature near the ground level could 
reach 16 K and 4 K, respectively. 

Bai et al. [115,116] developed Type UGSTS and validated it with 
experimental data of an actual project in Huangdicheng, China. The 
results showed that the model could accurately predict the temperature 
trend in the water and soil. At different heights from the PTES bottom, 

Fig. 11. Thermal properties and lifetime of liner materials mentioned in the literature [44,72,74,95,99,102,103,105,107].  
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Table 4 
Conclusion of the reference publications on PTES.  

Authors Year of 
publication 

Simulation approach/ 
tool 

Model 
dimension of 
PTES 

Creativity and main findings Drawbacks 

Pan X. et al. 
[110] 

2022 PTES/TRNSYS 1D model 
(water part) 
2D model (soil 
part)  

(1) Validated a modified Type 342 with 
measurement data;  

(2) Storage cycle has a significant impact on 
storage efficiency;  

(1) Limited to cylinder structure;  
(2) Large monthly differences heat loss 

between simulation and 
measurement; 

Gauthier [111] 2020 PTES/TRNSYS 1D model 
(water part) 
2D/3D model 
(soil part)  

(1) Propose new model (Type 1300 + 1301 and 
Type 1302);  

(2) Type 1300 + 1301 and Type 1322 gave better 
results than Type 342;  

(3) Type 1300 + 1301 cost less calculation time;  

(1) Limited to symmetrical structure;  
(2) Limited ports for Type 1300 + 1301 

and Type 1302;  
(3) Large predicted side and bottom heat 

loss error for Type 342 
Xie Z. et al. [112] 2020 PTES/TRNSYS 1D model 

(water part) 
2D model (soil 
part)  

(3) Validated a modified Type 343 with 
measurement data;  

(4) Considerable heat extracted from the soil in 
winter;  

(5) The middle diffuser height affect the storage 
efficiency;  

(1) Limited to symmetrical structure;  
(2) Large monthly differences heat loss 

between simulation and 
measurement; 

Narula K. [113] 2020 System/Mathematical 
model 

1D model 
(water part) 
2D model (soil 
part)  

(1) Validation with Marstal monitored data;  
(2) Preliminary assessment of the DH system 

without using specialized software;  

(1) Cannot replace detail simulation 
tools;  

(2) Large monthly differences between 
simulation and reported; 

Kubinski K. et al. 
[114] 

2020 System/Aspen Hysys 1D model 
(water part)  

(1) Model development on Aspen Hysys  
(2) Trnsys is recommended for system simulation  

(1) Limited to cylinder structure;  
(2) Great simulation deviation; 

Bai Y. et al. [115] 2020 PTES/TRNSYS 1D model 
(water part) 
2D model (soil 
part)  

(1) Model development on Trnsys;  
(2) Validated with measurement data;  
(3) The PTES annual storage efficiency increases 

with sidewall slope;  
(4) Steeper slope gives better thermal 

stratification than smaller slope;  

(1) Limited to symmetrical structure;  
(2) Limited to circular cross-section 

geometries;  
(3) Limited to two inlet/outlet diffusers; 

Bai Y. et al. [116] 2020 PTES/Mathematical 
model 

1D model 
(water part) 
2D model (soil 
part)  

(1) Insulation on the side of PTES is also 
important;  

(2) Compared to MIX number, the stratification 
number is more representative;  

(1) Limited to symmetrical structure;  
(2) Limited to circular cross-section 

geometries;  
(3) Limited to two inlet/outlet diffusers; 

Dahash A. et al. 
[117] 

2020 PTES/COMSOL 2D model 
(water part) 
3D model (soil 
part)  

(1) Validated with data from Dronninglund 
project;  

(2) Potential of improving the stratification by 
shifting from sloped-wall thermal energy 
storage;  

(1) Limited to symmetrical structure;  
(2) Limited to circular cross-section 

geometries; 

Dahash A. et al. 
[118] 

2019 PTES/COMSOL 2D model 
(water part) 
3D model (soil 
part)  

(1) Potential of improving the stratification by 
shifting from sloped-wall thermal energy 
storage;  

(2) Similar efficiency appears when tank without 
insulation and Pit with insulation after the 
ground pre-heating period; 

Limited to the groundwater in the upper 
soil region; 

Li X. et al. [119] 2019 System/TRNSYS 1D model 
(water part) 
2D model (soil 
part)  

(1) Control strategies;  
(2) The stratification of the seasonal storage;  
(3) Variable flow control is superior to 

temperature different control;  

(1) Limited to circular cross-section 
geometries;  

(2) Groundwater is not considered;  
(3) Limited to two inlet/outlet diffusers; 

Nageler P. et al. 
[120] 

2019 System/IDA +
DYMOLA DHS +
TRNSYS 

1D model 
(water part) 
2D model (soil 
part)  

(1) Propose a co-simulation framework;  
(2) Climate is important for system selection;  

(1) The co-simulation framework is not 
validated; 

Dahash A. et al. 
[121] 

2018 PTES/COMSOL 1D model 
(water part) 
2D model (soil 
part)  

(1) Provide analysis for underground 
axisymmetric structures;  

(2) Model optimized with the respect to heat loss;  
(3) Low computation efforts;  

(1) Limited to axial symmetric 
geometries;  

(2) Charging and discharging scenarios 
are simplified; 

Sorknæs P. [109] 2018 System/Excel 1D model 
(water part)  

(1) Validated with data from Dronninglund 
project;  

(1) The system model only consists of 
the heat loss from the water pit 
storage and the heat pump itself;  

(2) Did not specify the errors between 
simulation and measurement results; 

Chang C. et al.  
[26,29,122] 

2017 PTES/FLUENT 3D model 
(water part) 
3D model (soil 
part)  

(1) Downward flow appeared next to the 
sidewalls;  

(2) Steeper slope gives significant temperature 
stratification;  

(3) Intense heat transfer process appears at the 
beginning of cooling;  

(4) Average Nusselt numbers on the inner surface 
of the sidewalls and the bottom are higher 
than that of the top thermal insulation layer;  

(1) Small scale simulation;  
(2) Short-term simulation;  
(3) Inlet and outlet are not considered; 

Fan J. et al. 
[123] 

2017 PTES/FLUENT 3D model 
(water part) 
2D model (soil 
part) 

Thermal stratification strongly depend on the 
temperature of water returned to the PTES;  

(1) Demand more calculation time;  
(2) Short period simulation; 

(continued on next page) 
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the average relative error of PTES temperature was around 2.5 %. 
However, the maximum deviation in calculated soil temperature could 
reach 5 K. Furthermore, by examining the influence of height and 
sidewall slope on the thermal performance of PTES, they pointed out 
that there existed an optimum height to minimize the annual heat loss of 
PTES. 

To assess the applicability of various models in the calculation ac-
curacy and time efficiency, Gauthier [111] calibrated three models (i.e., 
Type 342, Type 1300-1301, Type 1322) with measurement data from 
the Dronninglund plant. Calibration analyses with variable parameters 
proved that Type 1300-1301 and Type 1322 gave superior results to 
Type 342, especially for heat losses through the cover. Under the con-
ditions of this study, the relative error of Type 342 for bottom and side 
heat loss prediction could reach 87 %. Moreover, Type 1300-1301 cost 
less calculation time than Type 1322, which was recommended for 
predicting the performance of PTES. Type 1322 could be used for 
detailed studies because of the sophisticated modeling theory. However, 
the heat loss from the bottom and sidewall of PTES could not be 
calculated accurately for all these models. Furthermore, more ports 
should be added to simplify the input file for Type 1300-1301 and Type 
1322. 

In addition to the models implemented in TRNSYS, Ochs [126] 
developed a dynamic model using the Matlab/Simulink platform that 
incorporated a one-dimensional finite-difference storage model and a 
two-dimensional finite element soil model. This model was adjusted to 
various symmetrical shapes. Fig. 13 [126] indicates the difference be-
tween modeling TTES and PTES due to the surroundings based on the 
simulation results. It can be seen that the TTES was less affected by its 
surroundings because of the insulation on its side and bottom walls, 
while PTES was greatly affected by its surroundings since its lack of 
insulation. Therefore, the performance of insulation materials should be 
the main consideration for TTES, and the heat transfer between the 
water and soil region should be the primary concern for PTES. 

3.1.2. Approaches based on finite element method 
Commonly, the finite difference method is used for structure geom-

etry since it is easier to implement than the finite element and finite 
volume method when the computational region can be divided into 
structure grids [128]. However, newly constructed PTES varies from 
symmetric pyramid stump to asymmetric pyramid stump because of 
local geological properties and construction investment, posing signifi-
cant challenges to the finite difference method. 

At this level, Dahash et al. [24,117,118,121,129] developed a new 
model for symmetric PTES shapes with surrounding soil region using 

COMSOL Multiphysics (Fig. 14 (a) [121]) based on their previous 
investigation. They observed that PTES performance would drop under 
realistic conditions because of the existing groundwater. Accordingly, a 
new model considering groundwater (Fig. 14 (b) [24]) was proposed 
and validated. Compared to the Dronninglund PTES measurements, the 
annual charge energy, discharge energy, internal energy, and heat loss 
deviate by <0.5 %, indicating the new model's reliability. Yet, some 
slight discrepancies were seen due to uncertainties such as the cover's 
overall heat transfer coefficient and the soil region's thermal conduc-
tivity. Especially during November and December, the maximum de-
viations of charging energy were >5 %. 

Moreover, the influence of STES geometry on thermal stratification 
was demonstrated by comparing the MIX number between Dronnin-
glund PTES and a corresponding cylindrical TTES. For the cylindrical 
TTES, better stratification and lower thermal losses were observed, 
making it essential to find a compromise between technical performance 
and economic viability. 

3.1.3. Approaches based on finite volume method 
Although approaches based on finite difference and finite element 

methods can be used to predict the performance of the PTES, they are 
not appropriate for detailed studies. The uncertainty in the boundary 
conditions will strongly impact the simulation results because they 
depend on numerous assumptions. As a result, some researchers used the 
finite volume-based ANSYS FLUENT to conduct in-depth investigations. 

Chatzidiakos and Fan [123,124] built a real-scale PTES model in 
ANSYS FLUENT (Fig. 15 (a) [124]). Simulation results were presented 
for different typical cases (Fig. 15 (b) [123]) and showed that the 
simulated model predicted PTES temperatures satisfactorily within a 10 
% difference for all these cases. Moreover, it proved that the mixing 
region was very limited in periods with slight temperature differences 
between inlet water and water inside PTES (Discharge case on October 
7). But significant mixing occurred when the temperature differences 
were more considerable (Discharge case on February 18). Accordingly, 
powerful mixing would destroy thermal stratification and eventually 
affect the performance of PTES. The authors recommended paying more 
attention to investigating the position of inlet diffusers, the influence 
effect of inlet velocity, and the temperature difference between inlet 
water and water inside PTES. 

Chang et al. [26,29,122] set up both experimental and simulation 
models of small-scale PTES. Natural convection along the sidewalls in-
side the PTES was investigated. The experiment proved that the simu-
lation of the temperature curve was reasonable, and the maximum 
relative error was ±9.77 %. Additionally, simulation results illustrated 

Table 4 (continued ) 

Authors Year of 
publication 

Simulation approach/ 
tool 

Model 
dimension of 
PTES 

Creativity and main findings Drawbacks 

Chatzidiakos A. 
[124] 

2016 PTES/FLUENT 3D model 
(water part) 
2D model (soil 
part)  

(1) Thermal stratification can be maintained in 
most cases;  

(2) Backflow and mixing can be avoided by a 
pieced vertical disc at the end of the large pipe 
or a suitable nozzle;  

(1) Groundwater is not considered;  
(2) Ground temperature fluctuation 

with time is not considered;  
(3) Demand more calculation time; 

Reiter P. et al. 
[125] 

2016 System/TRNSYS 1D model 
(water part) 
2D model (soil 
part)  

(1) Heat price is competitive compared to heat 
from gas boilers for Graz;  

(2) Price stays in the economic sound range while 
solar district heating system size varying 
between 150,000 m2 and 650,000 m2; 

Lack of depth investigation 

Ochs F. [126] 2014 PTES/ 
Matlab+Simulink 

2D model 
(water part) 
2D model (soil 
part)  

(1) Dynamic simulation;  
(2) Consider the variable distribution of the 

thermal insulation;  

(1) limited to axial symmetric 
geometries;  

(2) Heat loss is not comparable to the 
measured data; 

Raab S. et al. 
[127] 

2005 PTES/TRNSYS 1D model 
(water part) 
3D model (soil 
part)  

(1) Modeling one volume segment at the storage 
bottom is important;  

(2) Temperatures in the ground and the heat 
losses through the bottom are significantly 
overestimated without bottom segment model;  

(1) Limited to geometries with vertical 
sides.  

(2) Limited to axial symmetric 
geometries;  
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(a) Type 342 [110]                     (b) Type UGSTS [115,116] 

       (c) Type 343 [112,127]     (d) Type 1300-1301[111] 

  (e) Type 1322 [111] 

Fig. 12. Geometric characteristic and mesh method of models based on finite difference method.  

Y. Xiang et al.                                                                                                                                                                                                                                   



Journal of Energy Storage 55 (2022) 105716

15

that both the sidewalls and the surrounding heat loss affected the natural 
convection inside the PTES, which might create downward flow along 
the sidewalls (Fig. 16 [122]). It was worth noting that natural convec-
tion was more intense at the beginning of the cooling process. Further-
more, the influence of geometry on the thermal performance of PTES 
was studied. It concluded that a smaller depth and a smaller slope angle 
of PTES would decrease its thermal efficiency faster. However, the 
investigation time was as short as 40 min and could not demonstrate 
long-term reliability. 

3.2. Numerical study for system integration 

Future solar district systems will rely on variable renewable pro-
duction and provide services for heating, cooling, and electricity [130]. 
Simulation and optimization should also be performed to ensure reliable 
design and operation of solar district heating systems integrated with 
PTES. Although such systems are highly dynamic and computationally 
complex, there is still some effort in the system-level investigation. 

Reiter et al. [125] established the model of the Graz solar district 
heating plant using TRNSYS to predict the plant's performance while 
determining the optimum size of each component. Preliminary 

simulation results showed that the system had the best feasibility, with 
the solar collector field between 150,000 m2 and 650,000 m2, and the 
solar fraction could reach 9 % to 26 %. However, the performance and 
economic potential of the plant were affected by many parameters. 
Therefore, detailed simulations need to be done to clarify all relevant 
parameters further. 

Sorknæs [109] presented a mathematical method in an excel 
spreadsheet to simulate the operation of PTES combined with a heat 
pump of the Dronninglund solar district heating plant. The model pro-
vided a tool that was sufficient to approximate the energy flow between 
components closely. However, the variation trend of the internal tem-
perature of the PTES was quite different from the measurement, and the 
heat loss was overestimated by 36.5 % compared with the actual oper-
ation. This was mainly due to the following simplifications: (1) The 
bottom temperature inside the PTES was set to be constant according to 
the operation period and the top temperature during the summer period. 
(2) The thermal exchanges between the soil and PTES were simplified by 
setting the soil temperature as constant all the year. (3) The fuel boiler 
provided a heat source to the heat pump was operating at full load. 

Li et al. [119] set up a solar heating system with PTES in Hebei, 
China. Meanwhile, a TRNSYS model calibrated by the experimental data 

Fig. 13. Temperature profile in the surrounding ground of a PTES (left) and TTES (right) with ground coupling [126].  

Fig. 14. Schematic of an underground tank with its surroundings: (a) without groundwater [121]; (b) with groundwater [24].  
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was established. The study was mainly focused on comparing three 
control strategies (i.e., constant flow control strategy, temperature dif-
ference control strategy, and variable flow control strategy) between the 
solar receiver and PTES. By comparing simulation and measurement 
results, it was found that a better stratification inside the PTES could be 
achieved in a variable flow control strategy. A reasonable control 
strategy was of extraordinary significance in improving the system ef-
ficiency since it could increase solar collection efficiency and enhance 
the exergy efficiency of the thermal energy storage. Nevertheless, the 
system scale was small compared to solar district heating plants, and the 

model for PTES was limited to tank storage. The research method can be 
considered a reference. 

Narula et al. [113] developed a mathematical method to assess the 
hourly energy flow in a solar district heating system. Four configurations 
with different components could be considered. Simulation results were 
compared with the Marstal project for the configuration that included 
thermal energy storage and a heat pump (seen Fig. 17 [113]). Based on 
the validation with the measured values, the annual energy flow could 
be closely replicated, demonstrating that the tool provided a simple 
alternative to preliminary evaluate the solar district heating system's 

Discharge case on October 7 

(a) 

(b) 

Charge case on August 3 

Discharge case on February 18 

Fig. 15. (a) Geometry and meshes for CFD model in Marstal [124]; (b) Illustration of regions for different cases [123].  

Fig. 16. Isotherms and streamlines distributions on cross-section over time [122].  
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yearly energy flow. However, the monthly energy flow deviations of 
different components were quite large. Two reasons could explain this. 
First, the energy supply and demand profiles used as input were incor-
rect. Second, the PTES was neither fully charged nor discharged due to 
the operation control strategy. To conclude, the developed model could 
not replace the specialized software, primarily detailed investigations. 
Further modification and exploitation need to be done to improve the 
model. 

Nageler et al. [120] developed a co-simulation framework shown in 
Fig. 18 [120], which coupled with different tools (DYMOLA, IDA ICE, 
and TRNSYS) to assess energy supply. DYMOLA was used for the heating 
network simulation, IDA ICE was used for the building and substation 
simulation, and TRNSYS was used for the energy supply system simu-
lation. Six cases were carried out to evaluate the tool, of which two cases 
included PTES aimed to overcome the seasonal fluctuating of waste 
heat. The co-simulation framework was reliable based on a virtual solar 
district heating system simulation. Significantly, the utilization of PTES 
was proved to be an effective way to balance the seasonal fluctuating 
waste heat. Moreover, climate conditions needed to be heavily consid-
ered to avoid oversizing the system components. This paper proposed a 
new way to evaluate the energy system by utilizing the advantages of 
different software. However, the accuracy needs to be further verified by 
comparing it with actual projects. 

Kubinski and Szabłowski [114] developed a simplified dynamic 
model in the ASPEN HYSYS software based on the existing installation of 
the Vojents project. The model consisted of the collector field loop, the 
PTES application loop, and the heat distribution loop. The proposed 
model was expected to assess the achievable solar fraction. However, the 
simulation results, such as the solar fraction and water temperature 
distribution inside the PTES, differed significantly from the actual pro-
jects due to assumptions about the PTES and the system control strategy. 
It was recommended to change the software to TRNSYS, considering the 
inaccurate results, so that problems encountered in the proposed model, 

including missing components, detailed boundary conditions, and the 
time-varying parameters, can be easily resolved. 

3.3. Summary and outlook on PTES numerical studies 

3.3.1. Model classification and model accuracy 
The aforementioned numerical approaches can be classified in 

Fig. 19, where the thickness of curve between platform and dimension 
represents the current research proportion of each source item. As an 
illustration, about 50 % of the research conducted on FLUENT uses 
three-dimensional modes, 40 % uses two-dimensional models, and the 
other 10 % uses one-dimensional models. 

Fig. 19 shows that different simulation approaches have their char-
acteristics and applicability. Recently research on PTES has concen-
trated on the TRNSYS platform, and the model dimensions are mostly 
one-dimensional and two-dimensional. In addition, it clarifies that not 
all geometries can be implemented in the current one-dimensional and 
two-dimensional models, bringing potential avenues for future research. 
Although FLUENT is known to implement various complex re-
quirements, it is less utilized due to high time consumption. It is worth 
noting that the groundwater effect is only considered by Dahash et al. 
[118,131] successfully in a two-dimensional model. However, the 
asymmetric effect of groundwater in the two-dimensional model will be 
ignored, so its three-dimensional features need to be further corrected. 

It is also valuable to compare the calculation accuracy of previous 
studies. Therefore, three indicators of annual deviation, maximum 
monthly deviation, and maximum temperature difference are used to 
compare the different numerical models. Fig. 20 plots the relevant re-
sults from previous studies, where the models implemented in the 
TRNSYS platform are shown with a grey and white background, the 
model implemented in the COMSOL platform is shown with a pink 
background, and the models implemented in the FLUENT platform are 
shown with a brown background. 

Fig. 17. System framework with a renewable source, a boiler, a thermal storage, a heat exchange, and a heat pump [113].  
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Fig. 18. Co-simulation framework [120].  

Fig. 19. Classification of recent simulation approaches for PTES.  
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As shown in Fig. 20, all the numerical models have good calculation 
accuracy regarding annual charge and discharge energy, with the annual 
deviations within 5 %. However, some studies found large deviations 
beyond 10 % in annual heat loss. It is important to note that even with 
the same model, there are significant differences in the annual heat loss 
calculation, which may be due to the settings of boundary conditions, 
including initial soil temperature, soil physical parameters, and heat 
transfer coefficients between water and soil. Moreover, three previous 
studies found large deviations in monthly calculations. The charge/ 
discharge energy deviation in Fan's study is also an instantaneous result, 
as employing FLUENT for long-term simulations is challenging. 

For calculation accuracy of PTES and soil temperature, there are 
considerable differences between different models. For one reason, a 
limited number of nodes are set using TRNSYS models in earlier studies. 
Another reason is that the relative position of soil measurements to the 
PTES walls changes after the PTES is transformed into cylinder 
geometry. 

In conclusion, in the previous research, the model implemented on 
the COMSOL platform demonstrated good computational accuracy in all 
aspects. However, the model built based on COMSOL is not easy to link 
to system simulation software like TRNSYS. Furthermore, it is preferable 
to use the same setting to evaluate the suitability of various models 
further. 

3.3.2. Model assumptions 
Numerous assumptions are used in different numerical models in an 

effort to improve computational efficiency. As discussed above, the 
calculation accuracy is acceptable for annual simulation. Still, more 
significant deviations appear when comparing the monthly or daily re-
sults with measurements since not all assumptions in the models are 
fully met in the actual project [7]. 

Table 5 summarizes the commonly adopted assumptions and cate-
gorizes them according to the aspects they consider. It is essential to 
point out that one of the common assumptions is axisymmetric flow and 
heat transfer. In this context, the temperature distribution inside the 
PTES and the heat loss through the sidewalls can be misleading without 
considering the asymmetrical flow and heat transfer. The plug flow 
assumption is widely used in most simulation platforms without 
considering the inlet/outlet mixing. Moreover, the FLUENT platform 
commonly assumed a laminar flow inside PTES to achieve a stable and 
faster simulation. However, no studies have shown that more precise 
results can be obtained with the laminar flow than with turbulent flow. 

3.3.3. Model correlations 
Four primary corrections are tried in recent numerical models to 

overcome the disadvantages caused by the assumptions, and eventually 
improve the calculation accuracy. They are: (1) heat transfer coefficient 
of the surfaces; (2) eliminate inverse thermocline; (3) minimize nu-
merical diffusion; (4) influence of groundwater. 

Fig. 20. Numerical model calculation accuracy in previous studies [24,110–112,116,122,123,127].  

Table 5 
Main assumptions adopted in PTES numerical models.  

Aspects TRNSYS FLUENT COMSOL Others 

Dimensional problem Axisymmetric flow and heat transfer  Axisymmetric flow and heat transfer Axisymmetric flow and 
heat transfer 

Water properties Constant thermal conductivity  Constant thermos-physical properties Constant thermal 
conductivity 

Soil properties Constant thermos-physical properties Constant thermos- 
physical properties 

Constant thermos-physical properties Constant thermos-physical 
properties 

Heat transfer fluid from 
inlet/outlet diffusers 

Neglect inlet mixing effect   Neglect inlet mixing effect 

Heat transfer mechanism of 
water region 

Neglect radial density gradients 
The water of each layer was considered 
thoroughly mixed before entering the 
adjacent layer 
Temperature inversion is not allowed 
Uniform temperature distribution of each 
layer 
Plug flow 
Uniform initial temperature 

Laminar flow Neglect radial density gradients 
The water of each layer was considered 
thoroughly mixed before entering the 
adjacent layer 
Uniform temperature distribution of each 
layer 
Laminar flow 

Neglect radial density 
gradients 
Uniform temperature 
distribution of each layer 
Plug flow 

Heat transfer mechanism of 
soil region 

Neglect the influence of groundwater 
Uniform initial temperature 

Neglect the influence 
of groundwater  

Neglect the influence of 
groundwater 

Heat transfer mechanism 
between soil and water 
region 

Simplify the influence of natural convection   Neglect the influence of 
natural convection  
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(1) Heat transfer coefficient of the surfaces 
The surface area of the PTES in the TRNSYS models differs from the 

surface area in reality since the actual shape needs to be converted to a 
cylinder or a reversed truncated cone in these models. In this case, a 
calculation error of heat loss will be introduced. Thus, to account for the 
surface variation, the heat transfer coefficient is corrected as Eq. (1) 
[112,117]. 

Usimulation = Uoriginal*
Aoriginal

Asimulation
(1)  

where the Usimulation and Uoriginal represent the surface heat transfer co-
efficient for the modeled PTES and the original PTES, respectively. Asi-

mulation and Aoriginal are the corresponding areas of the modeled PTES and 
the original PTES respectively. 

However, some researchers use actual measurement results as con-
straints to obtain Uoriginal, and some researchers assign Uoriginal empiri-
cally. Consequently, the deviation of monthly heat loss is relatively 
large. Furthermore, during the planning phase, the heat transfer coef-
ficient is unknown. Therefore, research is needed to propose an empir-
ical formula suitable for different geological conditions. 

(2) Eliminate inverse thermocline 
Due to heat loss, a temperature drop may be observed at the very top 

layer near the cover. This drop may create an undesirable phenomenon 
called ‘thermocline inversion’. To eliminate this, three methods have 
been used in recent approaches. The first method is to swap two adjacent 
nodes, which is suitable for the case where the volume of each node is 
equal. However, this method may introduce large errors when dividing 
PTES (with unequal top and bottom cross-section areas) into nodes of 
equal height. Thus a second method is proposed in several TRNSYS 
models, which defines a mixed temperature according to Eqs. (2) and 
(3). When the thermocline inversion occurs, the temperature is replaced 
by the mass average temperature of the two adjacent nodes. 

Tmix =
(
Ti*Cp(i) + Ti+1*Cp(i+1)

)/(
Cp(i) +Cp(i+1)

)
(2)  

Ti = Ti+1 = Tmix (3) 

However, this method deviates from the reality and miscalculates the 
heat loss through the sidewalls. Then, another method proposed by 
Dahash et al. [117] argued that correcting the thermal conductivity of 
water could better address this issue. Accordingly, the enhanced water 
thermal conductivity can be expressed as Eq. (4). 

λw,enh = C*
(

∂Ti

∂zi

)k

(4) 

Both C and k are two constants that are usually determined experi-
mentally. C is related to the dimensional parameters and thermophysical 
properties, and k depends on the application situation. 

(3) Minimize numerical diffusion 
For the one-dimensional models, the water region will be divided 

into several nodes in the vertical direction. The water temperature of the 
entire node near the inlet will be replaced by the thoroughly mixed 
average temperature of incoming water and existing water. Then, due to 
the plug flow assumption, artificial mixing will spread throughout the 
entire water region under different time steps. That causes significant 
numerical diffusion, especially when the mass per node is greater than 
the mass inlet flow within a time step. 

In order to minimize the influence of numerical diffusion, two 
methods are generally adopted. One way is to increase the number of 
nodes, which can produce similar results to the actual situation. How-
ever, there is no straightforward rule for finding the appropriate number 
of nodes influenced by the storage dimensions and the operating con-
dition. Furthermore, a large number of nodes may be required in some 
cases, which is undesirable due to a high computational cost. 

The alternative way is the introduction of a virtual tank with a vol-
ume equal to that of the layer [132]. This method works only if all the 

layers have an equal volume. It assumes that the incoming water accu-
mulates in the virtual tank first. When the virtual tank is full, all the 
accumulated water in the tank enters the storage node with the inlet 
[133]. Bai et al. [116] compared the influence of the plug flow method 
and found that the node's size still needed to be adjusted since it was 
related to the virtual tank's volume. Therefore, when water with sig-
nificant temperature differences in multiple time steps is mixed in the 
virtual tank, the predicted temperature will also significantly differ from 
the experimental results. 

(4) Influence of groundwater 
Awareness of the important impacts of groundwater on the planning 

and construction of PTES is increasing significantly. One concern is that 
groundwater challenges the excavation techniques and increases the 
construction investment. Another concern is that increased heat losses 
from the side and bottom walls of PTES will increase due to the 
enhanced heat transfer caused by groundwater. Additionally, significant 
temperature increases in the groundwater due to heat transfer from the 
water area may deteriorate groundwater quality [131]. However, most 
of the works discussed above neglect groundwater due to the model 
complexity. 

Still, two efforts have been attempted to include the groundwater 
effect in the models. One attempt was to stratify the soil in height by 
different soil properties. In other words, the soil part with groundwater 
has a higher thermal conductivity. Yet, the soil properties of each layer 
of this method are still uniform without considering the groundwater 
flow. In this case, the interaction of PTES and groundwater cannot be 
predicted. 

Another attempt was to take into account the hydraulic process of 
groundwater by introducing Darcy's law into the model. As proposed by 
Dahash et al. [131], the heat transfer equation in the soil layers was 
revised as Eq. (5). 

(
ρcp

)

eq
∂T
∂t

+ ρgwcp,gwu*∇T = ∇*
(
λeq∇T

)
(5)  

where (ρcp)eq and λeq are the equivalent volumetric heat capacity and 
thermal conductivity of the porous medium in which the groundwater 
flows. ρgw and cp, gw represent the density and specific heat capacity of 
the groundwater respectively. 

The second method can better predict the interaction between the 
groundwater and the PTES. This method can be implemented more 
easily on the COMSOL platform but is problematic in TRNSYS. 

3.3.4. Outlook of numerical studies on PTES 
Overall, the research stage of numerical studies for PTES has not yet 

reached a mature level. Therefore, there are several potential directions 
for future research in the numerical analysis of PTES, especially in 
developing sophisticated models that take into account geometrical 
suitability and geological conditions or in making full use of charac-
teristics of different simulation platforms to improve the accuracy of 
existing models. 

Few numerical studies have been conducted on PTES-integrated 
solar district heating systems. PTES complicates the operation of solar 
district heating systems. Consequently, there is a strong need for system- 
level investigation to determine the optimum system design and oper-
ation strategy [134]. 

4. Application of PTES 

The first PTES with a volume of 500 m3 was constructed at the 
Technical University of Denmark and extensive investigations were 
carried out [135–138]. The experience gathered from this project served 
the basis for constructing large-scale projects in Denmark and inspired 
the solar heating industry to establish more plants with PTES [139]. 
More recently, connecting PTES to large-scale solar district heating 
system has become one of the premier technologies to address the issue 
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of solar thermal time-discrepancy. Although technical and economic 
viabilities have been successfully demonstrated, only a small fraction of 
its potential has been exploited. To give a global perspective of PTES 
application, statistics on the application of PTES are essential. 

4.1. Worldwide distribution 

Fig. 21 illustrates the global contribution of large-scale solar district 
heating systems with PTES, high-lighting PTES-active nations in 
different colors based on the number of publications. Over the past ten 
years, researchers in China and Austria produced more than ten articles, 
demonstrating the highest level of interest, followed by Denmark, Ger-
many, Switzerland, and the United States. 

Moreover, as the number of systems marked in Fig. 21, countries 
have effectively integrated PTES into solar district heating plants, with 
Denmark accounting for around 47 % of these installations, Germany 40 
%, and Sweden and China 13 %. Together with Table 6, which sum-
marizes the technical specifics of 15 solar district heating plants with 
PTES (PTES volume > 500 m3), Denmark has emerged as a leader in the 
use of PTES, with significant growth in the installation of PTES reported 
over the past years. However, countries actively researched in the early 
years, such as Sweden and Germany, are now lagging. 

Furthermore, the first solar heating plant with PTES in China was 
successfully realized in 2018 under severe weather conditions, thanks to 
the Danish PTES technology. In Austria, no PTES system has been built, 
but as far as we know, one is being planned. Due to the promotion of 
energy storage policy and the rising number of academics attempting to 
assess the technical feasibility and potential obstacles, more projects are 
anticipated in these two countries. 

Planning and implementing PTES integration on such a large scale is 
problematic because it faces numerous challenges frequently. Despite 
the recent significant discrepancy in PTES worldwide, the application of 
PTES is moving from demonstration to commercialization, and the 
number of PTES is expected to increase in the future. 

4.2. Classifications of PTES connected to solar district heating systems 

Fig. 22 shows four classification categories for PTES connected to 

solar district heating systems: storage material, construction type, 
operation strategy, and application method, according to Table 6. 

The first criterion is indicated in Fig. 23. Earlier projects, like those in 
Lambohov, Stuttgart, Augsburg, Steinfurt, Chemnitz, and Eggenstein, 
commonly used gravel&water as storage material. However, it was 
replaced by water in the new projects for three reasons. One reason is 
that gravel&water have a lower energy density than water. The second 
reason is the requirement for indirect heat exchange coils of gravel&-
water PTES for charging and discharging, which add complexity to the 
system and is inconvenient to maintain. In addition, water can maintain 
an excellent thermal stratification [5,73]. It is worth noting that, 
depending on the quality of the steel used, water may need to be treated 
after filling to prevent corrosion. Typically, if steel is utilized for the 
metal components of the PTES, the pH value of water will be raised to 
roughly 9.8 [5,20,44,72,73]. 

The second criterion is represented in Fig. 24. PTES volumes for 
projects before 2008 were completely buried under the ground level (see 
Fig. 7 (a)) since their volumes were small, and their depths were all <7 
m. However, as newly built PTES increases in volume and becomes 
deeper, the PTES is partly buried, and the above-ground part is sup-
ported by embankments made of the excavated soil (see Fig. 7 (b)). In 
this case, heat losses due to groundwater are avoided through the 
sidewalls. To our knowledge, the sidewalls of PTES can account for 
around 40 % of the heat loss [112], primarily due to groundwater ef-
fects, which increase further [15,16]. Therefore, an in-depth geological 
investigation is recommended before the construction of PTES. 

The third criterion, PTES operates with/without a heat pump, is 
displayed in Fig. 25. For systems without a heat pump, the minimum 
PTES temperature is around 20 ◦C. However, in systems with a heat 
pump, the heat pump extracts heat from the PTES to lower the minimum 
temperature to 10 ◦C when the temperature inside the PTES is not high 
enough for direct heating. Therefore, the storage efficiency can be 
improved by using the heat pump property in this situation [153–158]. 
The achievement of lower storage temperature also allows for a reduc-
tion in heat losses. 

Notably, the choice of the heat pump depends on the local energy 
structure and policy. The proportion of renewable energy share in the 
solar district heating systems can be increased with careful heat pump 

Fig. 21. Global scientific publications on solar district heating plants with PTES.  
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type selection. However, some researchers have pointed out that intro-
ducing heat pumps may not always help improve the overall energy 
perspective [159]. Thus, additional investigations are still needed to 
determine the optimum design and operation strategies for integrating 
heat pumps with PTES. 

The fourth criterion of the PTES application method is shown in 
Fig. 26. PTES has traditionally been proposed for long-term storage due 
to its large size. The primary processes for charging and discharging 
occur in summer and winter, respectively. As a result, an additional 
buffer tank is required to account for short-term variation in heat de-
mand. However, in addition to the seasonal storage process from sum-
mer to winter, PTES can also be employed as short-term storage in 
summer [46]. In this context, storage efficiency is improved, and heat 
loss is reduced, as the average PTES temperature during summer is lower 
than that of the traditional application method. Additionally, the in-
vestment in the buffer tank can be saved. 

4.3. Operation status of solar district heating plants with PTES 

Integrating PTES into a solar district heating system has many ad-
vantages, such as achieving higher solar fraction and system efficiency. 
However, only 15 of the 470 large-scale solar district heating systems 
that have been successfully implemented worldwide integrated with 
PTES, which means the application of PTES remains challenging. The 
system will be more complicated than a system without PTES, and the 
desired efficiency may only be achieved with proper design and opera-
tion strategies [130,160]. In order to comprehend the operating statis-
tics of existing PTES applications, and understand the current technical 
barriers and successful experiences, the project performance indicators, 
successes, and failures are presented in Table 7. Based on Table 7, Fig. 27 
provides a comparison of performance metrics regarding solar fraction, 
storage efficiency, storage cycle, and PTES temperature. 

As can be observed in Fig. 27, the majority of projects have solar 
fractions between 30 % and 50 %, while the Lambohov and Langkazi 
Tibet projects have solar fractions exceeding 60 %. Solar fraction is 
defined as the percentage of the total thermal load satisfied by solar 

Table 6 
Detail information of PTES projects (PTES volume > 500 m3).  

Position Country Year Solar collector 
field area (m2) 

PTES 
volume 
(m3) 

Buffer tank 
volume 
(m3) 

Heat pump (type/ 
capacity (kW)) 

Auxiliary energy 
(type/capacity/ 
number) 

Heat 
demand 
(MWh) 

References 

Lambohov Sweden 1980  2700  10,000 – Compression/– Gas Boiler/–/1 900 [140–142] 
Stuttgart Germany 1985  211  1050 1 Compression/66 Co generation 

plant/– 
100 [32,33,143] 

Julich Germany 1996  1200  2500 1–2 – Gas Boiler/750 kW/ 
1 

590 [140,144] 

Augsburg Germany 1996  2000  6000 – – – – [35,36,143] 
Steinfurt Germany 1999  510  1500 1000 – Gas Boiler/–/1 325 [11,24,38,140,143–145] 
Chemnitz Germany 2000  2000  8000 – – Gas Boiler/–/1 1200 [24,31,35,36,143,146,147] 
Eggenstein Germany 2008  1600  4500 30 Compression/60 Gas boiler/600 kW/ 

2 
1400 [24,27,39,40,143] 

Herlev Denmark 1991  1050  3000 10 Compression/– Gas boiler/–/1 
Gas CHP/–/1 

– [74,143,148] 

Ottrupgård Denmark 1995  560  1500 – – – 43.5 [44,140] 
Marstal Denmark 2012  33,300  75,000 2100 Compression/ 

1500 
Biomass boiler/4 
MW/1 
Bio-oil boiler/8.3 
MW/1 
ORC/750 kW/1 

32,000 [28,41,42,45,77,148,149] 

Dronninglund Denmark 2014  37,573  60,000 None Absorption/4700 Bio-oil boiler/5 
MW/1 
Bio-oil boiler/10 
MW/1 
Gas boiler/8 MW/1 
Gas CHP/1.6 MW/1 

40,000 [4,28,46,149,150] 

Gram Denmark 2015  44,000  122,000 2300 Compression/900 Electric boiler/10 
MW/1 
Gas boiler/5.5 MW/ 
1 
Gas CHP/5 MW/ 
6MWth/1 
Industrial surplus 
heat/2 MW   

30,000 

[10,48,151,152] 

Vojens Denmark 2015  70,000  200,000 – Absorption/5100 Electric boiler/10 
MW/1 
Gas boiler/5.5 MW/ 
1 
Gas CHP/5 MW/ 
6MWth/1 
Industrial surplus 
heat/2 MW 

28,000 [50–52] 

Toftlund Denmark 2017  27,000  70,000 – Absorption/5100 Electric boiler/3 
MW/1 
Gas boiler/4.5 MW/ 
1 
Industrial surplus 
heat/1500- 
4000MWh/year 

28,000 [53–55] 

Langkazi 
Tibet 

China 2018  22,275  15,000 None – Electric boiler/1.5 
MW/2 

37,300 [56,57]  
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energy. Therefore, the operational strategy and component design will 
both affect solar fraction. In the Stuggart and Tibet projects, the solar 
collector fields are slightly oversized, wasting extra heat during certain 
summer months. Notably, the Marstal project's solar fraction in 2017 fell 
below 30 %. The reason is that rainwater has entered the cover con-
struction through leakage, increasing the humidification of the cover 
and further increasing the heat loss through the cover. 

In terms of storage efficiency, a significant gap can be observed. 
There are several points to be clarified. The ratio of the sum of the 

discharged and internal energy changes to the charged energy is known 
as storage efficiency. For the Dronninglund PTES, storage efficiency has 
increased slightly yearly, peaking at 96 % in 2017. The higher storage 
efficiency, when compared to Marstal and Gram, is partly attributable to 
the storage cycle, which is defined as the ratio of the discharged heat to 
the maximum heat capacity of PTES. As demonstrated in Fig. 27, Marstal 
and Gram have storage cycles lower than 1, while the typical storage 
cycle for the Dronninglund PTES is 2. In addition, the proper operation 
of the Dronninglund project lowers the minimum PTES temperature to 

Fig. 22. Classification categories of PTES connected to solar district heating systems.  

Fig. 23. Criterion 1: storage material filled inside PTES: (a) filled with gravel & water; (b) filled with water.  
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Fig. 24. Criterion 2: construction types of PTES: (a) completely buried; (b) partly buried.  

Fig. 25. Criterion 3: operational strategy.  
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approximately 10 ◦C, reducing the heat losses from the side and bottom 
walls. The beneficial effect of the storage cycle on storage efficiency can 
also be proved with the Stuttgart projects. Even though the storage 
temperature is limited to around 30 ◦C due to the use of unglazed col-
lectors, the heat pump can fully utilize the storage capacity and achieve 
a large storage temperature difference. 

4.4. Summary and outlook of PTES application 

As summarized in Table 7, successful projects demonstrated the 
applicability of PTES in different regions and climate zones. PTES can be 
seen as a major player in future district heating systems, incorporating a 
significant amount of renewable energy. In contrast, PTES grows in size 
to fulfill seasonal tasks, which brings more issues to the application. For 
instance, a thorough geotechnical and hydrogeological assessment is 
required prior to PTES construction. For larger volumes of PTES, a better 
cover design must be suggested to reduce heat loss and sustain service 
life. Additionally, the additional potential for using PTES when inte-
grated with different system components is not reflected in current 
operational statistics. So it is necessary to explore the adaptability of the 
combination with different systems further. 

5. Conclusion and future research directions 

PTES has attracted more and more attention. However, certain 
technical challenges that are not yet to be sufficiently covered have 
limited its rapid development. This paper has addressed three aspects, 
namely technical elements, numerical approaches and applications, 
which the authors believe will be the key drivers for the future devel-
opment of PTES. The main findings and the challenges can be summa-
rized as follows: 

Main findings  

• Due to the high energy density and ease of maintenance, 64.3 % of 
the analyzed projects use water as heat storage. 42.8 % of the 
analyzed projects are partly buried to avoid the groundwater level. In 
addition, 25.8 % of the analyzed projects use PTES for both long- 
term and short-term storage, which will improve storage efficiency 
by about 50 %. Moreover, 63.8 % of the analyzed projects are 
coupled with a heat pump, reducing the PTES minimum temperature 
to around 10 ◦C, further improving the storage efficiency by around 
40 %.  

• Due to the failure of cover design and construction, the design value 
of storage efficiency is commonly overestimated by 28 % or even as 
high as 46 %. In the past, the floating cover of PTES has caused 
technical problems and unnecessary heat loss (60 % of total heat 
loss), in the worst cases, accidents. Another important practical issue 
is that the mismatch between solar collector field design and PTES 
size leads to considerable energy waste in summer.  

• At present, the maximum temperature of PTES is generally 
controlled below 85 ◦C because of a significant decrease in the life-
time of liner materials with temperatures higher than 85 ◦C.  

• The existing numerical models for PTES are improved from four 
aspects: correcting the heat transfer coefficient between soil and 
water region, eliminating the inverse thermocline, minimizing the 
numerical diffusion, and considering the influence of groundwater. 
The prediction errors of different models for annual charged and 
discharged energy are within ±10 %.  

• Simulation approaches for system integration are less studied, and 
most of the characteristic parameters such as solar fraction, total heat 
loss, and storage efficiency are significantly different from the actual 
projects due to the simplification of the operation strategy. 

Main challenges 

Fig. 26. Criterion 4: application method of PTES: (a) long-term; (b) short-term.  
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Table 7 
Operational statistics of available PTES projects (PTES volume > 500 m3).  

Project Solar 
fraction 

Storage 
efficiency 

Number of 
storage 
cycles 

Storage max/ 
min temperature 
(◦C) 

Storage 
heat loss 
(MWh) 

Success experience Failure experience References 

Lambohov 85 % 37 % – 65/10 395 (1983)   • Large heat loss due to wet 
insulation  

• No proper tools for predesign 

[141,161] 

Stuttgart 62 % 
(1986) 
63 % 
(1987) 

82 % 
(1986) 
80 % 
(1987) 

2.4 (1986) 
2.4 (1987) 

33/0 (1986) 
31/0 (1987) 

11.7 
(1986) 
13 (1987)  

• PTES used as heat and cold 
storage  

• Water is well maintained, 
free from is fouling and 
corrosion  

• Heat pump not working as 
expected  

• Unglazed collectors cannot 
provide higher temperatures 
to increase the storage 
efficiency  

• Large energy waste from 
collectors  

• Solar fraction of operation is 
18.9 % lower than the design 
value  

• Leakage at the welded part of 
the sealing foil 

[32,141] 

Julich 60 % – – – –   • High investment [144] 
Steinfurt 26 % 

(2000) 
38 % 
(2000) 

– 67/10 (1999) 
57/16 (2000) 

80 (2000)   • Increase moisture content of 
insulation due to drain pump 
failure  

• Storage efficiency of 
operation is 45.7 % lower 
than the design value 

[38] 

Chemnitz 42 % – – 85/ –   • Excavated with vertical walls 
accounts for a large part of 
the cost 

[31,147] 

Eggenstein 40 % – – 80/10 –  • Successful heat pump 
operation strategies 
increase the efficiency of 
PTES  

[11,31] 

Herlev – – – 85/10 –   [165] 
Ottrupgård – – – 60/35 70   • Fastening construction with 

clay was very weather 
dependent and expensive 

[43] 

Marstal 39 % 
(2015) 
35 % 
(2016) 
28 % 
(2017) 

66 % 
(2015) 
66 % 
(2016) 
39 % 
(2017) 

1.1 (2015) 
1.0 (2016) 
0.7 (2017) 

84/20 (2015) 
82/20 (2016) 
69/13 (2017) 

2626 
(2015) 
2424 
(2016) 
4155 
(2017)  

• Backup boilers operate on 
the bio-oil enabling system 
to be 100 % renewable 
energy  

• Rain water seeps through the 
leak into the insulation of the 
cover  

• Sensors are damaged during 
operation  

• Corrosion inside PTES due to 
mixing of iron and galvanized 
metal  

• Storage efficiency of 
operation is 28 % lower than 
the design value 

[28,149,162] 

Dronninglund 41 % 
(2015) 
40 % 
(2016) 
39 % 
(2017) 

90 % 
(2015) 
91 % 
(2016) 
96 % 
(2017) 

2.2 (2015) 
1.9 (2016) 
2.2 (2017) 

89/10 (2015) 
87/12 (2016) 
84/9 (2017) 

1275 
(2015) 
1046 
(2016) 
388 (2017)  

• PTES is also used for short- 
term storage  

• Lower storage 
temperature by rational 
use of heat pump  

• New liner guaranteed for 
20 years when the 
temperature is <90 ◦C  

• The inlet/outlet pipes are 
made of stainless steel  

• The pH of water remains at 
9.8  

• Sensors are damaged during 
operation  

• Storage efficiency of 
operation is 28.8 % lower 
than the design value 

[28,46,149] 

Gram 42 % 
(2016) 
37 % 
(2017) 

50 % 
(2016) 
50 % 
(2017) 

0.9 (2016) 
0.7 (2017) 

84/23(2016) 
79/21 (2017) 

7650 
(2016) 
6463 
(2017)   

• Large heat loss due to wet 
insulation  

• Corrosion inside PTES due to 
mixing of iron and galvanized 
metal 

[48] 

Vojens 45 % – – 80/− –   • Serious water absorption 
problem with insulation  

• Longer time to balance the 
heat transfer between the 
water and soil due to the 
largest volume 

[52,164] 

Toftlund >45 % 72 (2020) – – 4400 
(2018) 
2800 
(2019)  

• Excess heat from industry  
• Leca is used as the 

insulation layer of the 
cover  

• Rainwater entered the lid 
construction during the 
commissioning phase in 2018 

[54,163] 

(continued on next page) 
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• The design and construction of the floating cover remain the biggest 
challenge in PTES construction as it generates the most considerable 
heat loss and accounts for a large portion of the investment. Addi-
tionally, the reliability and durability of the thermal insulation and 
lining materials are critical for such massively buried PTES in a high- 
temperature environment as several projects must be shut down to 
repair the damaged floating cover. 

• At present, the accuracy of PTES numerical approaches is insuffi-
cient, especially the prediction deviation of heat loss, PTES temper-
ature, and soil temperature is still significant. In some cases, PTES 
temperature deviation inside PTES can be as high as 14 K, and the 
heat loss to the side walls is always grossly overestimated. 

This paper contributes to a certain extent to deepen the under-
standing of the development and the challenges of PTES. Future research 
should concentrate on the following investigations:  

• Considerably more work needs to be done to develop a reliable cover 
design and construction methods to maintain stability for long-term 
applications. Ongoing research needs to expand the knowledge of 
insulation and liner materials from multiple dimensions, such as 
physical properties in different physical environments, lifetime, cost, 
and installing method.  

• It would be interesting to assess the effects of different inlet/outlet 
designs on the thermal performance of large-scale PTES as the cur-
rent design of the inlet/outlet diffuser draws on the experience of 
small-scale energy storage.  

• Groundwater is considered one of the important factors affecting the 
performance of PTES. Better modeling of the groundwater will help 
us achieve a higher degree of accuracy by the simulation models.  

• Combining the advantages of different platforms of PTES models to 
build a co-simulation platform is intriguing and should be future 
explored. Furthermore, system modeling is considered necessary to 

integrate PTES in the energy system with different system structures 
and operation strategies. 
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mit direktem beladesystem, in: OTTI 16. Symposium Thermische Solarenergie, 
Stuttgart, 2006, pp. 88–93. https://elib.dlr.de/45161/. 

[35] T. Schmidt, D. Mangold, H. Müller-Steinhagen, Seasonal thermal energy strorage 
in Germany, in: ISES Solar World Congress, 2003, pp. 1–7. 

[36] M. Guadalfajara, M.A. Lozano, L.M. Serra, Analysis of large thermal energy 
storage for solar district heating, Eurotherm Seminar #99 Advances in Thermal 
Energy Storage (2014) 1–10, https://doi.org/10.13140/2.1.3857.6008. 

[37] F. Ochs, W. Heidemann, H. Koch, Soil-water pit heat store with direct charging 
system - Technology and Economy, EuroSun, United Kingdom, 2006. 

[38] M. Bodmann, H. Koch, M. Pfeil, Solare nahwärmeversorgung mit kies / wasser- 
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