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ARTICLE INFO ABSTRACT
Keywords: Large-scale water pit thermal energy storage (PTES) promotes solar district heating (SDH) system as one of the
Water pit heat storage most potential renewable applications for carbon neutrality. PTES needs vast investment and operates in a

Seasonal heat storage
Monitoring data analysis
Mathematical model

complicated system with numerous components, highlighting the need for a suitable simulation tool for tech-
economic and feasibility investigations. This paper experimentally and theoretically investigated the long-
TRNSYS term thermal performance of a 60,000 m® PTES in Dronninglund, Denmark. Five years measurements were
Long term analyzed to investigate the development of temperatures, heat flows, and thermal stratification in heat storage. A
Thermal performance analysis modified 2D model was proposed to calculate the thermal performance of the large-scale PTES based on the XST
model in TRNSYS. The results showed that the developed model predicts well the storage temperatures and the
heat flows. For one-year validation, the deviations of annual charged/discharged energy, internal energy con-
tent, and annual thermal loss between the model and the measurements were 2.0%/1.8%, 2.8% and 1.3%,
respectively. The Dronninglund PTES showed 90.1% storage efficiency in the five-year investigation due to its
high storage utilization cycle of 2.16. Even without any insulation on the sidewall and the bottom of the PTES,
the average thermal loss from the two parts only accounted for 32.3% of total heat loss. Meanwhile, the soil
region needed four years to stabilize. Approx. 24.4% of the heat loss in summer from the sidewall and the bottom
is regained by the PTES in winter, when there is a low temperature in the heat storage. The findings of the paper
serve as a good reference for designers and practitioners of water pit heat storage.

borehole TES (BTES), and aquifer TES (ATES) [5]. Water becomes the
dominant storage medium in STES due to its low cost, abundance, high
heat capacity, and chemical stability [6]. At the same time, the TTES and
PTES don't need special hydrogeological conditions as ATES does.
Accordingly, the PTES and TTES are the most attractive and commer-
cialized types. Yang et al. [7] compared different types of STES from
different perspectives. The results depicted that the storage volume and

1. Introduction

Seasonal thermal energy storage (STES) enhances the rapid growth
of solar district heating (SDH) toward decarbonizing the economy by
eliminating the mismatch between supply and demand [1]. As reported

by IEA, there were around 470 large-scale solar thermal systems (>350 o T
KW, 500 m?2) in the world by the end of 2020, with 36% installed in the efficiency have a positive impact. Although TTES has the best perfor-
mance and less dependence on location, the storage type is expensive for

a large-scale systems. The specific investment of PTES per unit storage
volume decreases with an increase in the storage size. The PTES dem-
onstrates better economic performance than other types when the size is
larger than 10,000 m? [8]. In recent years, many attempts for large-scale
PTES have been conducted in Europe. The storage volume has signifi-
cantly increased, with a maximum storage volume of up to 200,000 m?,
which is so far the world's largest PTES [9].

recent five years [2]. STES can significantly increase the penetration of
solar energy in the energy system. Compared with the short-term TES
system, the STES can increase the solar fraction of SDH systems from 25
to 50% or higher [3]. It can be predicted that the SDH system integrated
with STES can become the primary source for substituting fossil fuel-
based district heating plants [4].

Concerning STES for SDH systems, four main types exist in com-
mercial applications, including tank TES (TTES), pit TES (PTES),
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Nomenclature

Latin symbols

A area, [m?]

C heat capacity, [J/K]

Cp specific capacity, [J/(kg-K)]

E energy content, [J]

F conductive heat flow between adjacent layers, [W]

FB heat flow through the boundary of the storage region, [W]

FCv incoming/outcoming energy flows through adjacent
layers, [W]

FR heat flow through adjacent regions along the r-axis, [W]

FZ heat flow through adjacent regions along the z-axis, [W]

h enthalpy, [J/kg]

K heat transfer ability, [W/K]

MIX mix number, [—]

Mg moment of energy, [J-m]

m mass flow rate, [kg/m?]

N cycle number, [—]

Q heat energy, [J]

Q heat energy flow. [W]

r radius, [m]

R diameter, [m]

R? coefficient of determination, [—]

th thickness, [m]

T temperature, [°C]

TSCE temperature variation caused by direct water flow, [°C]

t time, [s]

U heat transfer coefficient, [W/(m?K)]

14 volume, [m®]

1% volume flowrate, [m3/s]

zZ vertical direction, [m]

Subscripts

0 initial

amb ambient

cha charge

discha  discharge

exp experiment

gr ground

max maximum

mea measurement

min minimum

ij number of elements in 2D region
in inlet flow

k number of elements in 1D region
n number of segments

out outlet flow

r R direction in cylindrical coordinate
ref reference

s soil

st storage

th thickness

tot total

w water

z vertical direction

Greek symbols

p density, [kg/m?’]

A thermal conductivity, [W/(mK)]
n efficiency, [—]

A difference, [—]

Even if PTES is regarded as a promising approach for large-scale
thermal energy storage, most of the projects were conducted only in a
few countries. Approximately 75% of new SDH plants with PTES were
installed in Denmark in the past ten years. The primary barrier is that the
design seems challenging due to the various technical and economic
differences [10-12]. The construction of large-scale PTES needs vast
investment, highlighting the importance of modeling and design opti-
mization of the PTES in order to guarantee its tech-economic feasibility.
However, as STES is still in its early stage, current investigations focus
on optimal design for small tanks. There were little efforts made for
modeling large-scale thermal storages, especially for buried TES [11].
Therefore, it is essential to establish a suitable simulation tool for
modeling and designing large-scale PTES.

The current simulation tools for PTES can be classified into two
types: (a) computational fluid dynamic (CFD) for component-level
modeling and (b) simplified 2D/3D numerical methods for system-
level modeling [13]. CFD has been extensively adopted for detailed in-
vestigations of PTES. Almost all factors can be considered in CFD
models, inclusive thermal properties of storage, design and geometry,
surrounding soil conditions, and heat and mass transfer mechanism.
Chang et al. [14,15] established a transient CFD model for a lab-scale
PTES. Based on the experimental data, the effect of natural convection
was investigated. Fan et al. [16] developed a CFD model to simulate the
real-scale PTES in Marstal (75,000 m>). Several typical operation con-
ditions were considered in the investigations to study the thermal per-
formance of both the storage and the surrounding soil region. Dahash
et al. [17,18] employed a numerical model based on Comsol. The sur-
rounding ground temperature was predicted by considering the effect of
groundwater. The CFD models enable detailed investigations of the
thermal performance of different PTESs minimizing the need for
expensive experiments. Limited by the computational efforts, the

sophisticated CFD models are suitable for short-time calculations [19].
But for PTES, some parameters vary in a few months. Generally, the pits
need four to six years to reach steady condition [20]. On the other hand,
as part of the SDH, simulation of the energy system should consider the
effects of the related components, such as the solar field, heat pump, and
the district heating (DH) network [21]. The current CFD simulations, as
standing-alone models, are too complicated to build a compatible plat-
form allowing calculation of system thermal performance.

The Engineering equation solver (EES) tools are widely used for
system-level simulations. In such models, the PTES is simplified to
reduce the computational efforts. Several researchers employed the
lumped capacity models to calculate buried TES, which usually neglects
the inner temperature distribution in the storage [22,23]. Kubinski et al.
[24] established a dynamic model in Aspen HYSYS to calculate the
entire thermal performance of the SDH system in Vojens, Denmark. The
PTES was modeled as a fully-mixed tank, which differs far from reality.
To investigate the internal heat transfer of PTES, Ochs et al. [25]
developed a heat storage model in Matlab/Simulink coupling finite
difference (FD) and finite element (FE). Simplifications were made on
the geometry, material properties, and boundary conditions, which can
be classified as a coarse model [19]. The TRNSYS environment is widely
used to carry out system-level simulations due to its vast component
library. Several coarse models were developed for buried TES, such as
XST (Seasonal Ground Heat Storage), ICEPIT (Ice Pit thermal energy
storage), and UGSTS (UnderGround Seasonal Thermal Storage) models
[26]. Raab et al. [27] validated a 2795 m> water pit using the XST model
in TRNSYS. The calculated results presented that the deviations between
the measured and the calculated charging/discharging energy quantities
are less than 5%. Bai et al. [28] proposed an under ground seasonal
thermal energy storage (UGSTS) model based on TRNSYS to simulate a
3000 m? buried water pit. A good agreement was shown between the
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measured and the simulated results with a relative difference lower than
2.8%. Recently, the TRNSYS model has been applied in large-scale PTES
designs, such as in Gram [29]. Compared with small-scale PTES, large-
scale PTES presents different characteristics affecting the simulation
accuracy. Reiter et al. [30] simulated the Graz SDH plant with TRNSYS
to predict the plant's output performance. The simulation results illus-
trated that it is technically feasible to build a large-scale SDH system
with a PTES and a heat pump as proposed in the BIG Solar Graz concept.
However, the simplified PTES with two buffers did not match the reality.
Fan et al. [31] modified a TRNSYS model for the SDH system in Marstal,
including a 75,000 m® PTES. In comparison with the measured results,
the simulation could reflect the tendency of temperature developments
in PTES but it failed to reproduce the thermal stratification in the pit,
especially in May-August. Since many intricate factors affect the per-
formance of SDH systems, the focus of the system-level simulations was
mainly on optimization of the PTES capacity or the control strategy
[32,33]. The lack of in-depth study could partly account for the inac-
curacy of PTES simulation based on the TRNSYS model. In recent work,
Xie et al. [34] simulated the PTES in Dronninglund with the ICEPIT
model in TRNSYS. In the period of one year, the simulated results
showed good agreements with the measurement in the energy flow of
PTES and surrounding soil region. The influence of parameters, such as
soil properties and inlet arrangement on the performance of PTES were
elucidated. However, there were still issues remaining unsolved. For
instance, the validity of the model was only examined for a duration of
one year and the long-term behavior of the model remained unclarified.
Since it typically takes four to six years for the surrounding soil of the
PTES to reach stable conditions, investigations of the model accuracy in
a longer duration of up to six years is necessary. Another drawback of
the investigations is oversimplification of the initial condition of the
PTES. A fictitious one year pre-simulation was used to achieve a better
initial condition of the PTES and the soil around it. This over-
simplification caused uncertainties in the calculation.

The literature review shows that it isn't easy to perform a coupled
simulation considering both details of the PTES and the entire SDH
system in a long-term period. Since there are only a few large-scale PTES
in operation, it is difficult to validate and modify the current models due
to the limited experimental data. With an aim to solve the remaining
issues in the previous study (Xie et al. [34]), this work focuses on
experimental and theoretical investigations of multi-year thermal per-
formance of a 60,000 m® PTES in Dronninglund, Denmark. The XST
model (Type 342) in TRNSYS was modified to correspond to the large-
scale PTES of more than two inlet/outlet pipes. Measured data is used
to provide more realistic initial conditions. Compared with five
consecutive years of measured data, the proposed model will be vali-
dated using the key performance indicators, inclusive storage temper-
ature, utilized energy, heat loss, thermal stratification index. The long-
term performance of the model will be evaluated. This paper gives a
comprehensive discussion on the degree of influence of different pa-
rameters and insights into the limitations and improvements of this
model. It provides a reference for the planning and design of water pit
heat storage.

2. Methodology

This section introduces the methodology adopted in the in-
vestigations, including the details of the PTES in Dronninglund, the
experimental method, and the numerical model.

2.1. The experimental method

The Dronninglund SDH plant started to produce solar heat in May
2014. The plant was a part of “Sunstore 3 project” supported by the
EUDP funding program of Denmark [35]. The project targeted produc-
ing 70% of the heat demand from renewable resources, of which 40% is
solar energy. To achieve this, a large-scale solar collector field and a
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long-term STES are necessary. Fig. 1 presents an illustration of the entire
system, inclusive of 35,573 m? solar collectors, a 60,000 m? (80 °C)
water pit heat storage, and auxiliary heat devices (an absorption heat
pump, two bio-oil boilers, a gas boiler, and four CHP gas engines). The
forward/return temperatures of the heating network are 75/40 °C
during non-heating seasons and 80/35 °C during heating seasons. The
heat pump starts to work in winter and decreases the return water
temperature to below 20 °C [36]. Therefore, the PTES is emptied before
the start of the solar heating season, achieving a maximum heat capacity
of the PTES and a higher utilization efficiency of the solar collectors.

In the Dronninglund SDH plant, the geometry of the PTES is an
upside-down truncated pyramid stump with a slope of 26.6°, as shown in
Fig. 2. The edge lengths of the top and the bottom surfaces are 90 m and
26 m, respectively [37]. Three inlet/outlet openings are installed in the
top, the middle, and the bottom of the pit, switching between inlet and
outlet modes according to the operation strategy of the system. Table 1
lists parameters of the PTES. Insulating materials are commonly used to
cover the pit top surface to decrease heat loss from the PTES. In Dron-
ninglund, the PTES utilizes a floating insulation cover with a 240 mm
insulation layer. The primary material of the insulation layer is an 80
mm Nomalen 28 N insulation plate from NMC Termonova Oy.
Furthermore, the Sunstore 3 report claimed that thermal loss from the
lid accounts for the most of the PTES heat loss. The side and bottom
surfaces of the PTES are only covered with 2.5 mm HDPE and 2 mm
geotextile without insulation material.

The Dronninglund SDH plant is equipped with monitoring sensors
connected to the supervisory control and data acquisition (SCADA)
system. All data is recorded in the database with an interval of 10 min.
For the PTES, temperatures, flow rates, heat flux, and humidity in the lid
were measured, as illustrated in Fig. 2b. The sensor accuracy of the
temperature is 0.1 K, and the flow rate accuracy is £2% [38]. Thermal
stratification of the storage is measured with internal storage tempera-
ture sensors. Totally thirty-two temperature sensors with a distance of
0.5 m are divided into two vertical lines in the middle of the pit (position
A and B). A heat flux sensor is installed in the middle of the insulation
layer to observe the heat loss through the lid. Several sensors are placed
in the technical room to monitor water's temperatures and volume flow
rates through the three inlet/outlet pipes. The actual response time of
the temperatures highly depends on the flowrate in the pipes due to the
distance between the technical room and the water pit, which could be
up to 20 min under low-flow rate conditions. Besides, four temperature
sensors are set in the soil with a depth of 10, 15, 20, and 25 m below the
water level of the storage (position C).

2.2. The numerical method

The finite difference method (FDM) is used in Type 342 to solve the
heat flow equations. Time derivatives are approximated relying on the
explicit FDM. The original model simulates heat storage in a water-filled
tank, pond, or rock cavern with only one inlet/outlet couple [39]. For
Dronninglund PTES connected with three inlet/outlet pipes, six couples
of ports are needed to model all possible flow conditions. Therefore, a
modified model increases the limits of ports for PTES in Dronninglund.
In this paper, the simulation is carried out based on the following
assumptions:

(1) Thermal conductivity and heat capacity are constant for water in
the storage.

(2) In the storage, water at the same level has a uniform temperature
due to thermal stratification. Natural convection in storage is
modeled as a mixing procedure.

(3) In the soil region around the PTES, only heat conduction is
considered. The influences of regional groundwater flow or nat-
ural convection in the surrounding soil are neglected.

The actual shape is transformed into a cylinder in Type 342. Fig. 3
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Fig. 2. Construction and geometrical illustration of the PTES in Dronninglund. (a) photo of the PTES during water filling, and (b) the position of the different sensors.

Table 1
Parameters of the PTES in Dronninglund [38].
Item Description Value Unit
Geometry Top edge length 90 m
Bottom edge length 26 m
Height 16 m
Volume 59,285 m?
Insulation of the lid 1: HDPE-Geomembrane 1.5 mm
2: Hypernet CN-E 3 mm
3: Nomalen 240 mm
4: Hypernet HF-E 3 mm
5: HDPE-Geomembrane 2 mm
Insulation of side and bottom 1: HDPE-Geomembrane 2.5 mm
2: Hypernet HF-E 2 mm

shows the process of geometry transformation. It means that the surface
areas of the storage in the model differ from the surface areas in reality,
resulting in wrong thermal loss calculations. To deal with it, the dif-
ferences in the surface areas could be compensated by modifying the
heat transfer coefficient of the surfaces proportionally, as shown in Eq.
(1) [34].

Usimutation = Ulriginal X Aorgial_ (€H)

Asimulation

where Usimulation iS the adopted heat transfer coefficient (W/(m?K)) in
simulation, Uoriginal is the real heat transfer coefficient (W/(m?%K)),
Aoriginal is the real surface area (mz), Asimulation 1S the surface area after

Supply Line

Return Line

Side View

L Temperarure sensor

N Inlet/Outlet Pipe

10 m
15m

20 m

25m

(b)

geometry transformation in the simulation (mz). Table 2 lists the critical
geometry parameters of the Dronninglund PTES.

2.2.1. The grid scheme

Type 342 simplifies the storage region into one dimension and the
ground into two-dimension. The storage and soil region are typically
divided into multi-nodes, as illustrated in Fig. 4. As the cylinder shape of
the storage is axisymmetric, it is appropriate to calculate half of the
region. The calculation algorithms depend on the mass and energy flow,
heat conduction between nodes, and heat transfer through the walls. For
the storage region, the geometry is divided into several layers (nodes)
vertically [40]. It's assumed that each layer has a uniform temperature
and the same volume. In this work, the original limit of the storage is
modified for simulating large-scale storage, such as in Dronninglund.
The storage is divided into 32 layers with the same height of 0.5 m as in
the measurement. Three diffusers are installed in layers 1, 16, and 32,
respectively. For the regions above the storage, the mesh relies on the
thickness of the insulation lid. In the Dronninglund PTES, there is only
the lid above the storage. A mesh with variable node size is generated for
the soil regions beside and below the storage, whose node spacing de-
creases with an increase of the distance from the storage boundary.

2.2.2. Heat transfer in the storage region

As mentioned above, the temperatures in the storage volume are
vertically stratified. The vertical thermal conductivity, forced convec-
tion via direct water flow, and heat transfer between the storage and the
ground are taken into consideration in the model. The total mass flow
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Fig. 3. Geometry transformation of PTES in the simulation.

Table 2

Geometry transformation of the PTES in Dronninglund.
Item Reality Simulation Unit
Type Reversed pyramid cone Cylinder -
Edges a: 90 (Top), d: 34.3 m

b: 26 (Bottom)

Angle 26.6 90 .
Hight 16 16 m
Volume 59,285 59,285 m®
Top surface 8100 3696 m?
Side surface 8266 3448 m?
Bottom surface 676 3696 m?

rate is equal to the sum of mass flow rates through all the openings,
described as a steady-state continuity equation:

Z M ot = Z moul,lol = P'Vw 2)

The energy balance for a storage segment (k-th layer) is described as
follows:

OF, . . . .
(];t(t) — Z mk'hk + (Qz — Qz+dz) - Qloss,k (3)

where Sy hy, denotes the input/output enthalpy flows, Q, — Q,.q,
represents the conductive heat transfer between the adjacent layers, and
Qloss’k defines thermal loss from the k-th layer. In this model, the energy
balance of the storage can be further expressed as Eq. (4) based on the
modified Euler method. The coefficients, f; and f» denote the exported
heat transfer coefficient from the element (W/K) and imported heat into
the segment (W), given in Egs. (5) and (6), respectively.

W(Gon) B =T+ @

fi = — Ki — Kyt — AxUsiae %)

(K + M) Tyt + (K1 + Mio)Tirs + AxUsiae T2

h= { (K + M) Tiey + (Kir 4 Mio) Tiet + AxUsiae Ty + mC, Tinier, layer with the inlet port
)

Ground Surface

=Y

Insulation

Symmetry axis

(@, j)

Soil

Fig. 4. Mesh-grid of the PTES in Dronninglund.

where Ay is the touched area of the storage segment and the soil region,
Usiqe is the heat transfer coefficient (W/m?K). K is the heat trans-
ferability between the storage layers (W/K), given by:

Ast

Ky = iR X ——
. . Az /2 + Az /2

)

where Ry is the diameters of the storage layer, Azx denotes the node
distance of the storage layers. In this model, the cylinder shape means
they are constant for each storage layer. For forced convection, heat
transfer depends on flow direction. Mj, and M,; are introduced to
calculate the heat transfer between inlet and outlet due to water flow
movement. According to the position of the inlet and outlet, M, and M,;
could be described respectively:

{Mi0 =mC,; My = 0, Inlet port at lower z position 8)

M;, = 0; My = —mC,, Inlet port at higher z position

Based on the FDM, the heat flows through the boundary of all storage
layers can be calculated at the time ty. They could be considered as
constants during the following timestep (At). The energy balance for

©

layer without the inlet port
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each layer gives the changes in heat content during At. Therefore, new

Journal of Energy Storage 52 (2022) 105001

Ci':A," i — 3 C . 21
temperature for k-th layer at the time to + At can be given as follows: ! i@ —a3) (G p)‘d (21)
Tk(to + At) = Tk(fo) + (Fk(tg) — Fy (to) + FBk(to) + FCVk(fo) )/CS“AI -+ TSCEk(to) 9
where F represents the conductive heat flow between adjacent layers

: Ai=rn(R>, — R (22)
(W), FB denotes the heat flow from the boundary of the storage region i i+ T

(W), FCV means the incoming/outcoming energy flows through adjacent
layers (W), Cy stands for the heat capacity of every layer (J/K), and TSCE
is introduced to reflect the temperature variation caused by direct water
flow (°C). Egs. (10)—(14) gives the detailed expressions.

Fy = (Tx-1 — Ti)-Kx (10)
FBy = (T« — T}) -AUsiae 11)
FCVy = Mio(Ti-1 — Tx)) + Moi (Ti — Tict) 12
Cy = R4z (Cop) 13)
TSCEx = (Tinter — Tx) Vinter/ Vx (14)

2.2.3. Heat transfer in the soil/insulation region
The heat transfer that occurred in the soil region is assumed as pure
thermal conduction and described as follows:

0T
(CI’-bps) al(t)

For the soil region (i, j), the new temperature at the time ty + At can
be given as follows referring to the calculation in the storage region:

T3, (to + A1) =T (10) + (FZi(to) — FZiji1 (1) + FRij (t0) — FRiy14(10)) / CijAt
(16)

where FZ and FR represents the heat flow (W) through adjacent regions

along the z-axis and r-axis, respectively. Cs denotes the heat capacity of

the soil region (J/K). Egs. (17)-(22) represent the detailed expression for
a central soil region.

FZ; = (T —Tj) K} a7
FR; = (Ti—l.j - Ti.j)'K-':j (18)
AZ'—] Az
K: — A - j j 1
b J/(2ﬂna—1 +2/%) 19
Ki; = 2mAz -lfd-log(ri/ri,l) (20)
Table 3

The reconstruction of the measured flow paths into dual ports for the model.

Flow path Direction Division Equivalent port
Top Middle Bottom (Inlet, outlet)
1 1 0 0 M, T) + (B, T) [ORNG)]
2 1 0 1 M, T) + (M, B) @)+
3 1 1 0 (B, T) + (B, M) (5) + (6)
4 0 0 1 (T, B) + (M, B) @ +@®
5 0 1 0 (T, M) + (B, M) @+ ®)
6 0 1 1 (T, M) + (T, B) M+@

a) Direction: 1 means the pipe operates as an outlet, and 0 means inlet.

b) T means the top opening, M means the middle opening, B means the bottom
opening.

¢) Port: (1) (T, M), (2) (T, B), (3) (M, T), (4) (M, B), (5) (B, T), (6) (B, M).

The boundary conditions of the soil or insulation regions are given in
Eq. (23).

Koy = 0,Kp5 =0
Klll = 07 Ki’:cnd =0 (23)
Tiy = Tamp

2.2.4. Parameters

The input parameters consist of the temperatures and flow rates of
the three pipes connected to the PTES. The measurement shows that
there are six possible flow paths through the PTES. One flow path could
include two parallel inlets/outlets with different temperatures and flow
rates. The type 342 model accepts only flow path with one inlet and one
outlet. Therefore, a modified method is proposed to divide one
measured flow path into two flow paths (dual ports) for the model.
Water pits with three inlet/outlet pipes need six inlet/outlet ports to
express the measured flow paths. Table 3 lists the possible flow paths
and corresponding alternative ports. In this work, the original port limit
has been increased to 12 for PTES simulation with multi-pipes (three or
four).

According to the model simplification, the thermal property pa-
rameters of the PTES are constant in the simulation. The storage's vol-
ume heat capacity (Cpp)s; and thermal conductivity A derive from the
annual mean temperature in the period. For example, the (Cpp)s; and Ay
are 4148 kJ/(m®K) and 0.63 W/(m-K) respectively, for an average
temperature of 39 °C in 2017. Referring to PlanEnergi's investigation
[371, the soil thermal conductivity s is 1.5 W/(m-K), and the volume
heat capacity (Cpp)s is 1800 kJ/ (m®-K). The thermal conductivity of new
PE/PEX insulation is 0.04 W/(m-K). Considering the 30-50% degrada-
tion caused by high temperature and moisture, 0.06 W/(m-K) is finally
used in the simulation [34]. Since there is no insulation covering the side
and bottom surfaces of the storage, the heat transfer mainly includes
water-side convection and thermal conduction in the liners.

The initial condition of the PTES in simulation has an apparent
impact on the thermal performance of the PTES. One-year pre-simula-
tion is a standard method conducted by many researchers to achieve a
better initial condition [30]. The typical way is to repeat the simulation
with the same inputs and use the results from the first year as the initial
condition for the real calculation. This work uses the actual measured
data, providing more realistic initial conditions for the PTES and the soil
around it.

2.3. Performance assessment

The calculated thermal performance of the PTES is compared to the
measured results. The charged/discharged energy can be derived
directly from Eq. (23) [41]. For calculation of the measured energy, the
fluid density (p, kg/m3) and heat capacity (Cp, J/(kg-K)) can be obtained
using the measured inlet/outlet temperatures, as shown in Egs. (24) and
(25) [42]. In the simulation, C, is assumed to be constant, 4.18 kJ/
(kg-K).

Qcha/discha = (/)incp.inTin 7p0u[C]7.0u17‘0ur) X Vin x At (23)
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p = 1000.6 —0.01287"76 @4

C, = 4209.1 — 1.3287 +0.014327> (25)

Compared with the reference temperature Ty (°C), the internal en-
ergy content of the PTES is defined in Eq. (26). In one year period, the
internal energy change in the period (AQy) can be calculated by the
difference of Q at the start and the end of the year.

k=n

Ou =Y (Ti = Tur) X C, x i X py (26)
k=1

The heat loss of the PTES includes three parts: the top, the side, and
the bottom surface, as expressed in Eq. (27). In the simulation, the three
heat losses can be calculated according to Eq. (11). For the measure-
ment, it's hard to obtain the heat loss from the side and the bottom of the
storage directly due to the lack of proper equipment measuring the
underground heat flux. Only the lid has a heat flux sensor to record the
top heat loss. The measurements can obtain the total heat loss based on
the energy balance equation, see Eq. (28).

Qloss = Qloss.lop + Qloss.sidc + Qloss.houom (27)

Qloss.mea = Z QL-/m/in.\c/m + (Qsl.slan - Qsl.end) (28)

The TES storage efficiency is one of the critical parameters to indi-
cate the ability of the TES storage to recover the charged energy in a
period. Due to the cooling of the PTES by the heat pump to a tempera-
ture below the DH return temperature, the modified storage efficiency is
defined to consider the variation of internal energy change of the PTES,
as shown in Eq. (29).

Ny = (Qdischa + AQSL)/QChﬁ (29)

Eq. (30) defines the maximum heat capacity of the PTES. Ty max and
Tst,min indicate the maximum and the minimum water temperatures of
the storage in a period of time, respectively. The annual storage utili-
zation cycle is defined in Eq. (31).

Qcapacily,max =Cpp Vi (Tsl.ma.x - Tsl.min) (30)

Ncycle = Qdischa/Qcapacity,max (31)

Furthermore, thermal stratification plays a crucial role in PTES
performance. Regarding thermal stratification, the MIX number ex-
presses the degree of mixing by an indicator in the range of 0 to 1 [43]. It
is defined by the moment of energy (Mg) as Eq. (31):

Stratified Xp
MSuaitied _ e

MIX = MSned il —mixed @D
where Mratified gng pfully-mixed genote moment of energy for the

perfectly stratified condition and the fully mixed condition, respectively.
ME™® is the energy-momentum determined based on the measured or the
calculated water temperatures in the pit. The MIX number evaluates the
degree of thermal stratification, with a value of 1 for a fully mixed PTES

Table 4

Thermal performance of the PTES in Dronninglund in 2017.
Item Measured Simulated Deviation
Maximum temperature 84.4°C 86.6 °C 2.2K
Minimum temperature 8.7°C 8.9°C 0.2K
Storage heat capacity 5280 MWh 5309 MWh 0.5%
Charged energy 11,620 MWh 11,856 MWh 2.0%
Discharged energy 11,110 MWh 11,315 MWh 1.8%
Internal energy change —610 MWh —593 MWh 2.8%
Thermal loss 1120 MWh 1134 MWh 1.3%
Storage efficiency 90.4% 90.4% 0%
Storage cycle 2.10 2.13 1.4%

The measured energy values are rounded due to the sensor accuracy.
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and a value of O for a perfectly stratified PTES. Mg is expressed as
follows.

Mg =" a(pViC,iT:) (32)
3. Experimental validation

Detailed measurement of the PTES was carried out in five consecu-
tive years from 2015 to 2019. The measurement data in 2017 is used to
validate the simulation model. Table 4 summarizes the comparison be-
tween the measured and the simulated results. Considering the mea-
surement uncertainties, the measured values are rounded. The
simulated inner temperatures represent 2.2 K and 0.2 K of differences in
maximum and minimum PTES inner temperatures, respectively. Five
energy indicators achieve no more than 2.8% of deviations in the
simulation. Furthermore, the performance assessments obtained from
the measurement and simulated data also maintain differences within
1.4%. The comparison shows an acceptable prediction accuracy of the
model. A detailed comparison is given in the following section.

3.1. Water temperatures in the PTES

The simulated outlet temperatures of the three openings determine
the accuracy of the energy flow calculations. Fig. 5 represents the outlet
flow temperatures through the three openings in a year. The simulated
results have a good agreement with the measurements, with tempera-
ture differences below 1.9 K at the start and end of the year. Notably, the
measured temperatures have large fluctuations over the year, which is
caused by delays of temperature measurement due to thermal inertia of
the connection pipes. As mentioned above, the flows in the three inlet/
outlet pipes frequently switch direction based on the control strategy of
the PTES. It takes time for the fluid in the pipes to flow between the PTES
and the technical room, therefore the temperature measurement is very
inaccurate when there are frequent switches between discharging and
charging modes. When there was change of operation mode, the sensors
actually measured temperatures of water remaining in the connecting
pipes, resulting in unrealistically outlet temperatures. The time lag could
be up to 20 min for small water flows [34]. Remarkably, the middle pipe
shows the most apparent fluctuations of outlet temperatures. The reason
is that the middle pipe switches more frequently than the top and bottom
pipes. As shown in Fig. 6b, the scattered dots in gray deviate a lot from
the mainstream temperatures when there were changes of operation
modes.

At the end of 2017, the measurement shows that there was an in-
crease of the PTES internal energy of 610 MWh compared to the start of
the year, as listed in Table 4. The simulated internal energy change is 17
MWh (2.8%) lower than the experimental result. The pit's mean tem-
perature is a direct measure of the internal energy content of the PTES.
Fig. 6 depicts the comparison between the measured and the simulated
average temperatures. Overall, the simulated temperatures correspond
well to the measured ones. The maximum temperature difference was
2.7 K in August. The visible error from August to September could result
from simplifications of constant thermal properties and inaccurate
measurements, which was also seen in the previous investigations of the
authors using a PTES model with the shape of a pyramid cone [34].
Therefore, the geometry simplification of the PTES into a cylinder
doesn't lead to extra deviation on internal energy content.

3.2. The charged and discharged energy

Table 5 shows a detailed comparison of the annual charged/dis-
charged energies. In general, annual charged/discharged energy de-
viations are no more than 2%. Notably, the temperature measurement
delay of the middle inlet/outlet pipe leads to significant differences
when the middle pipe was used as the outlet. The simulated result shows
a difference of 8.6% for the charging process and 22.2% for the
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Table 5 1 —— Measurement 1
A detailed comparison of the charged and discharged energies for the three 30 4 — Simulation -

inlet/outlet pipes.

Conditions Top/ Top/ Middle/ Total
Middle Bottom Bottom

Charging

Measurement (MWh) 930 9180 1510 11620

Simulation (MWh) 1010 9335 1511 11856

Deviation (%) 8.6 1.6 0.1 2.0

R? (%) 84.1 99.9 99.7 94.6

Discharging

Measurement (MWh) 1120 9140 850 11110

Simulation (MWh) 1126 9150 1039 11315

Deviation (%) 0.5 0.1 22.2 1.8

R2 (%) 98.4 97.7 81.9 92.7

The measured energy values are rounded due to the sensor accuracy.

discharging process. Nevertheless, the other four conditions have good
agreements with the measurements, with the R-square more than
97.7%.

Fig. 7 illustrates the monthly variations of the total charged/dis-
charged energy. Even in summer, the PTES still output thermal energy to
the DH network. The heat output kept a relatively stable level most of
the year and reached the maximum in October. Therefore, the PTES
serves as long-term storage and short-term storage simultaneously. The
storage cycle was 2.13, higher than the storage cycle of approx. 1 for the
other similar PTES [44].

Heat flux (W/m?)

1 2 3 4 5 6 7 8 9

Month

10 11 12

Fig. 8. Comparison of the measured and the simulated heat loss from the
lid cover.

3.3. Heat loss

As the model considers a constant thermal conductivity and thick-
ness for the lid insulation, the simulated heat flux through the lid has a
close relationship with the water temperature of the upper storage layer
and the ambient temperature. Fig. 8 demonstrates the yearly variations
of the lid's measured and simulated thermal loss. There were individual
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Fig. 9. Monthly heat loss from the top, the side, and the bottom surfaces of the
PTES in 2017.

wrong heat loss measurements due to the failures of the heat flux meter.
These wrong values have been filtered out. The total simulated lid loss is
791 MWh, which is only 1 MWh higher than the measurement. At the
same time, both the experiment and the simulation present the same
trend. In the discharging period, the heat pump decreases the storage
temperature. From January to March, the upper layer temperature of the
PTES decreased from 40 °C to 20 °C, resulting in a lower heat loss. A
similar decrease of heat loss can also be seen from October to December.
While from March to October, the heat loss increased significantly, due
to an increase of the top layer temperature up to 80 °C. Variations of the
ambient temperatures could explain the weekly fluctuations of heat loss.

As listed in Table 4, the measured and the simulated annual total
heat loss of the PTES are 1120 and 1134 MWh, respectively. To further
investigate the variation of thermal loss, Fig. 9 compares the monthly
heat loss determined based on the simulation and the measurement. The
simulated and measured results have a similar tendency, with the dif-
ferences between 5.0 and 43.5 MWh. The highest and the lowest total
heat loss occurred in August and February, respectively, strongly
depending on the storage temperatures. The side loss illustrated the
most apparent variety in a year. During the charging period, the side loss
was very large, even approaching the top loss occasionally. Once the
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Fig. 10. The MIX number in Dronninglund PTES in 2017.
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Fig. 11. Vertical temperature distribution of the PTES in summer 2017.

heat pump started to run in the discharging period, the side loss became
negative because the storage temperature was lower than the tempera-
ture of the surrounding soil. The same applies to the bottom heat loss.
For the side and the bottom surfaces, 112 MWh of heat transferred from
the ground to the storage from November to March as a heat gain, which
accounted for 24.6% of the heat loss from April to October. Therefore,
the surrounding soil serves as extra heat storage, storing heat in Summer
and releasing it in winter.

Furthermore, the accumulated side and bottom heat loss accounted
for 26.1% and 3.7%, respectively. The principal thermal loss (70.8%)
was from the lid. The simulated results prove that it's a good choice not
to insulate the side and the bottom surface of the PTES based on cost and
benefit analysis.

3.4. Thermal stratification

Thermal stratification in the PTES has a significant influence on the
system's thermal performance. In order to preserve thermal stratification
during charge and discharge, the PTES is equipped with three inlet/
outlet openings at different heights: The top, the middle, and the bottom.
A smart control strategy is used to lead the incoming water to the
appropriate opening. However, thermal stratification in the PTES could
be destroyed due to mixing induced by the incoming jet flow. Fig. 10
represents the MIX number in 2017. In our previous investigation, a
noticeable deviation of the MIX number had appeared in summer [34].
The failures to consider mixing due to incoming jet flow and the limi-
tation of the storage layer were blamed as the reasons for the difference.
In this model, the natural convection is considered a mixing procedure
when the upper layer temperature is lower than the adjacent layer
below, and the layer number increases from 20 to 32. Compared with
our previous work, the simulated MIX number can better depict a similar
tendency of measured result than uncorrelated. At the same time, as
shown in Fig. 11, the simulated upper and bottom temperatures match
better the measured ones. The current model can accurately predict the
effect of opening flow.

Nevertheless, the current model still overestimated mixing in the
PTES in July—October. As shown in Fig. 11, the measured temperature
distributions showed relative stability near the upper and more signifi-
cant drop in the depth from 2 to 5 m. While the model only gave a
continuous decreasing curve from the top to the middle. Therefore, the
simulated Mg was smaller than the measured, resulting in a higher Mix
number. The cause of the error could be the incapability of the model to
consider natural convection in the PTES during the standby period.
Previous authors' investigations on hot water heat storages showed that
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Fig. 12. Variations of the storage efficiency and the storage cycle of the PTES
in 2015-2019.

natural convection caused by heat loss from the side surface helps
establish thermal stratification [45]. Therefore, the current method is
still not accurate enough in reproducing the temperature profile when
natural convection is dominant. A temperature-dependent water ther-
mal conductivity might be needed to estimate the inverse thermocline
[18]. Except for the period from July to September, the simulated MIX
number matched well with the measurement.

4. The long term thermal performance of the PTES

It typically takes several years for the soil around the PTES to reach
thermal balance. Based on the validated model in TRNSYS and measured
data in 2015-2019, the multi-year thermal performance of PTES can be
investigated.

4.1. PTES thermal performance

Storage efficiency is a key performance indicator for PTES. Fig. 12
shows the measured and the TRNSYS predicted storage efficiency and
storage cycle of the PTES in five years. For common STES, the storage
cycle is around one due to the primary target for storing energy in
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summer and discharging it in winter [46]. Schmidt et al. mentioned that
the Marstal PTES showed around 66% storage efficiencies in 2015 and
2016 with the storage cycle approaching 1.1, while the efficiency
dropped to 39% in 2017 with the storage cycle decreasing to 0.7
[44,47]. The TRNSYS model predicts well the measured storage effi-
ciency with a difference less than 2%. The storage cycle positively in-
fluences the storage efficiency, affecting the heat loss fraction in the
discharged heat. For the Dronninglund PTES, the five-year average
storage cycle reached 2.16, resulting in a higher storage efficiency of
90.1%. Since 2015 was the second operation year, the soil around the
PTES was gradually heated up by the PTES. After 2016, the storage cycle
becomes the dominant factor on storage efficiency. The maximum effi-
ciency of 91.4% was achieved in 2018 due to the highest storage cycle of
2.35. Therefore, increasing the storage cycle is the primary way to uti-
lize the PTES, resulting in a high storage efficiency. There is a good
agreement between the measured and the TRNSYS predicted storage
cycles.

Fig. 13 illustrates variations of the annual predicted heat loss from
2015 to 2019. Due to the hardware failures, the measured lid flux flow
can not be obtained in the later two years. There is a relatively steady lid
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Fig. 14. Inner temperatures in the PTES from 2015 to 2019.
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Fig. 13. The predicted thermal loss of the PTES in 2015-2019. (a) the yearly thermal loss, and (b) the monthly thermal loss.
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heat loss in the range of 800 and 937 MWh, accounting for 63.5-72.3%
of total heat loss. The constant thermal conductivity of the insulation
material, 0.06 W/(m-K), was validated for 2017. Actually, the insulation
performance has degraded with time. In 2015, the model overestimated
the lid loss of 129 MWh due to the degradation of the insulation lid was
not considered. In 2016, the deviation decreased to 5% because the
corresponding thermal conductivity continued to approach in 2017.
Therefore, a degradation calculation for the lid insulation is essential to
include in the model for multi-year investigation. For the storage-soil
boundary, the soil preheating significantly impacts the soil thermal
properties. Compared with the other four years, the heat loss from the
side and the bottom (S&B) surfaces in 2015 accounted for 36.5% of the
total loss. After 2015, the proportion of storage-soil boundary loss
decreased and fluctuated over the years. In 2017-2019, the average
thermal loss from S&B was 383.8 MWh, accounting for 32.3% of the
total heat loss. The multi-year simulation further justifies the design
without S&B insulation in the Dronninglund PTES.

Moreover, Fig. 14 demonstrates the variations of the water temper-
ature of the PTES. The average storage temperature depicts the internal
energy content. In conjunction with Figs. 13b and 14, the thermal loss
from S&B shows a similar tendency compared with the inner energy
content changing of PTES. Usually, the PTES increases the internal en-
ergy content from March and arrives at the maximum in August or
September. In 2018, the PTES maintained more than three months of
high mean temperature above 75 °C. Accordingly, 587 MWh of positive
heat loss from S&B occurred, accounting for 46.1% of yearly heat loss.
As the heat pump was equipped in SDH plants, the minimum storage
temperature can drop to around 10 °C in winter. Meanwhile, the upper
water temperature can decrease to 15-20 °C, which is lower than the
surrounding soil temperature. Unlike other times of the year when the
water pit heat storage has much higher temperature, heat flows from the
soil to the storage. In 2017-2019, the average negative heat loss was 124
MWh, accounting for 24.4% of positive heat loss from S&B. Although the
charging energy from solar collectors varied in different years, the soil
region can adjust the thermal energy through the storage boundary. In
2018, the negative heat loss was 131 MWh, leading to the yearly heat
loss from S&B decreasing to 35.8%.

4.2. The soil around the PTES

The soil temperature is affected by many factors, including storage
temperature, insulation, and soil conditions. Due to the simplification of
the pyramidal-shaped PTES with a cylindrical one, the simulation result
couldn't match the measurement directly. Fig. 15 illustrates the location
difference of the measured and simulated temperature sensors. The
sensor locations are transformed according to the distances between the
storage boundary and the temperature sensors. Fig. 16 shows the vari-
ations of the soil temperatures in the depth of 10, 15, 20, and 25 m. The
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Fig. 15. Location transform of the soil temperature tensors in the simulation.
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Fig. 16. Development of the soil temperatures with different depths
in 2015-2019.

measured temperatures are present as the lines in magenta, orange,
green, and blue, respectively. Due to hardware failures, only part of the
measured data is successfully achieved [48]. Referring to Fig. 4, the soil
temperature sensor locations are transformed into the mesh grid. Since
there are uncertainties associated with the transformation, the corre-
sponding simulated temperatures were presented as the “belt”, meaning
the bounding temperatures of the two horizontally adjacent mesh grids.
Compared with the one-year simulation, the current model can reflect
the development of long-term soil temperatures. Since the PTES started
to operate in 2014, the results show that the soil thermal condition
needed four years to stabilize. Due to the effect of ground water, the
upper two soil temperatures show obviously seasonal variations. The
closer the soil is to the storage, the larger the fluctuation of the soil
temperature will be. While the deeper two temperatures increased in the
first two years and then kept relatively stable. The soil temperature in
the depth of 25 m was maintained at around 10 °C after four operation
years. Although the measured soil temperature is mostly within the
simulated temperature range, the simulation model overestimated the
variation. Notably, in the depth of 10 m, the model predicts much larger
fluctuations, which could be explained by the geometry simplification of
the pit and inaccurate soil properties.

5. Conclusion

Experimental and theoretical investigations have been carried out to
study the long-term thermal performance of the 60,000 m® water pit
thermal energy storage in Dronninglund, Denmark. Detailed measure-
ments of the PTES were performed in five consecutive years from 2015
to 2019. The measurement data was analyzed and used to validate the
modified XST model of the PTES. The following conclusions could be
drawn:

(1) The developed XST model can predict the actual thermal per-
formance of the large-scale PTES. For 2017, the model calculated
the charged and discharged energy with a 2.0% and 1.8% relative
error, respectively. Except for the uncertainty caused by the time
delay of temperature measurements in the middle inlet/outlet
opening, the model predicted well the heat flows with R-squares
of more than 97.7%.

(2) The modified XST model can predict well the MIX number in
January-June and in October-December. However, a slight
overestimation of the model is found in July-September. The
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cause of the error could be the incapability of the model to
consider natural convection in the PTES during standby period.
Future improvement of the model should consider natural con-
vection in the PTES and its influence on thermal stratification.

(3) Analysis of the long-term performance of the PTES shows that the

storage cycle has a significant impact on storage efficiency. With
the storage cycle increasing from 1.1 to 2.16, the storage effi-
ciency improved from 66% to 90.1%.

(4) The heat loss through the cover accounted for 63.5-72.3% of the

5

total thermal loss. For the PTES without insulation around the
side and bottom surface, the average annual heat loss in
2017-2019 was 384 MWh, accounting for only 32.3% of the total
heat loss. Equipped with the heat pump, the PTES can recover
24.4% of the heat loss from the surrounding soil region.

It takes about four years for the soil region around the PTES to
reach thermal balance. The fluctuations of the soil temperatures
become larger with a decrease of the distance to the PTES
boundary. The soil temperatures with a depth of 25 m or higher
increased slowly over the years and then kept it around 10 °C due
to the presence of underground water.

-

This work provides a developed model for the large-scale PTES and

identified several remaining issues where further improvements are
recommended. The finding of the paper serves as a good reference for
designers and practitioners of water pit heat storages.
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