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1 Hogje Taastrup PTES design and operation

Information regarding the design and implementation of the PTES in Hgje Taastrup is provided
in [1]. Details regarding the operation of the PTES in 2023 and 2024 is provided in [2] and [3].
2 Overview of the monitoring system

This report presents the measurement results of the pit thermal energy storage (PTES) in Hgje
Taastrup from January to December 2025. The storage performance has been monitored us-
ing various sensors, as shown in Figure 1 and Figure 2.
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Figure 1: Top view of the installed measurement equipment and their locations.
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Figure 2: Side view of the installed measurement equipment and their locations.
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The lid consists of two layers of XPS insulation, each with a thickness of 0.075 m, and two
layers of NOMATEC insulation (previously called Nomalen), each with a thickness of 0.0625 m.
Five temperature, two humidity, and one heat flux sensors were installed between the differ-
ent layers of insulation in the lid at two different locations (C and D in Figure 1). The sensors
were placed between the insulation layers, as shown in Figure 3.

; _—Pebble layer

——Diffusion open barrier
® Temperature PT100 sensor o O @ - Insulation (XPS)
© Humidity sensor

@ Heat flux sensor (x3 in series) - Insulation (NOMATEC)

“Bottom lid liner

Figure 3: Cross-section of the PTES lid with the locations of the installed sensors.

3 Water temperatures and energy content

An error with the data logging occurred in 2025, resulting in data missing for most parameters
during the summer of 2025. However, the operation of the storage can still be assessed, as all
the essential parameters were logged.

The water temperature in the PTES was measured using four temperature strings with 14 sen-
sors each, placed in locations A and B in Figure 1. The measurements are presented in Figure
4 (top). The temperature plot indicates that the PTES is slightly underutilized. Especially in the
first half of 2025, the PTES was mainly used for charging/discharging small amounts of energy,
which is not in line with the expected operation. However, it should be noted that the PTES
conducted 10 full storage cycles in 2025 (compared to 9 in 2024) and that there are continuous
efforts to increase the PTES utilization throughout the year.

The maximum capacity of the PTES (assuming a 100% utilization factor) is: Quax = p -V - G, -
AT =~ 3300 MWh.

Where p = 965.4 kg/m?, V = 70880 m?, C, = 4.19 kl;—]K, and AT = 41.5 K (since the tem-
perature operation range of the PTES is 48.5-90 °C).

Since the total discharged energy during the investigated period was 33626 MWh (see Table
4), the number of equivalent storage cycles for 2025 was: N¢ycies = Egischarge/@max = 10.
It should be noted that a 100% utilization factor cannot be achieved in practice due to the
boundary layer between the warm and cold water domains, and it is very hard to charge and
discharge the storage fully. Typically, a utilization factor of 80-85% can be achieved.
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Figure 4: (top) Storage water temperature and (bottom) weekly charged, discharged energy and energy con-
tent (a reference temperature of 48.5 °C was used for calculating the energy content).

Another observation from Figure 4 (top) is that, similarly to previous years, the temperature
of the top water layer was not maintained at a constant 90°C, as initially believed during the
feasibility stage. Figure 5 shows the water temperature at the top of the PTES (under the lid)
as a duration curve for 2025. The top layer water temperature was never measured higher
than 90°C, while it was higher than 85 °C 78% of the time, and higher than 80°C 95% of the
time. This operation is expected to positively affect the liner's lifetime.

The expected lifetime of the liner can be estimated using the cumulative damage approach,
as suggested by G. Wallner [4]. As a rule of thumb, this method claims that the lifetime of a
polypropylene (PP) liner is reduced by a factor of 1.7 when the temperature is increased by
10 K. The following calculations are based on the assumption that the liner has an expected
lifetime of 20 years when exposed to 90 °C. The following equations were used to calculate

the expected liner lifetime:
90-Teop
L(Top) =20-1.7 10

1
Ltotar = 1

28760
1 8760 - L(Trop)
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where Ty, is the temperature of the top water layer, L;q; is the total expected lifetime of
the liner, and T4, is the equivalent temperature of the liner. The equivalent temperature is
the single constant temperature at which the polymer liner would experience the same total
degradation over its lifetime as it does under the actual time-varying temperature conditions.

Table 1: Yearly mean and equivalent top water temperature in the PTES and expected liner lifetime.

Top water mean Equivalent liner Expected total liner
Year o o g .
temperature [°C] temperature [°C] lifetime [years]
2023 84.9 84.8 26.3
2024 84.7 85.4 25.6
2025 86.2 86.4 24.2

Based on the values in Table 1, it can be seen that the mean water temperature under the lid
was higher in 2025 compared to the previous years. If the storage was to operate under the
same conditions as in 2025, then the expected total lifetime would be approximately 24 years.
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Figure 5: Duration curves for the water temperature under the lid for 2025.

4 Water temperature profiles

Vertical temperature stratification is essential, where water in the PTES is stored at different
temperature levels, forming a vertical temperature gradient. A high degree of stratification
indicates minimal mixing between layers. Figure 6 and Figure 7 present vertical temperature
profiles in the PTES for the period May to June 2025 as a function of the storage height and
volume, respectively. The reason for selecting this period is that, during this period, the
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storage performed almost a full charge-discharge cycle (i.e., started relatively empty, then was
almost fully charged, and then discharged). Notably, the temperature gradient is steeper dur-
ing discharging than during charging. This is partly due to the lower flow rates during discharge
and the tapered shape of the storage, where a 1-meter thermocline at the top during charging
expands as it moves downward. Additionally, during discharge, the middle diffuser is mainly
used for removing water at intermediate temperatures (i.e., between 90 and 50 °C), thus
steepening the thermocline. However, although a steep thermocline is a good indicator of
stratification, assessing stratification solely based on plots is not straightforward.

Charging Discharging
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Figure 6: Temperature profiles in the storage for May-June 2025 as a function of the storage height.
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Figure 7: Temperature profiles in the storage for May-June 2025 as a function of the storage volume.
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5 Charge/discharge temperatures

Table 2 presents the diffuser's weighted average temperature during charge and discharge,
and the mean flow rates. Figure 8 and Figure 9 present the diffuser temperatures as a function
of accumulated charged and discharged flow, respectively.

Table 2: Diffuser temperatures and flow rates during charging and discharging.

Operation  Diffuser Weighted avg. Mean flow rate Cumulative
P temperature [°C] [m3/hr] flow [103 m3]
Top (in) 89.2
Charge Bottom (out) 50.3 361 845
Top (out) 85.4 125 414
Discharge  Middle (out) 79.2 138 459
Bottom (in) 49.8 263 873

It can be observed that since the PTES is charged by Copenhagen's central transmission district
heating network (which operates at around 110 °C), it was possible to charge the PTES with
an almost constant temperature of 90 °C. It should be noted that although there had been
some instances where the temperature of the top diffuser was higher than 90 °C during charg-
ing (see Figure 8), the temperature measured by the temperature strings in the water was
never higher than 90 °C (see Figure 4(top) and Figure 5).

Additionally, it can be observed that the return temperature from the local district heating
network was relatively high during 2025, with a mean bottom diffuser discharge temperature
of approximately 50 °C. It should be noted that a minimum limit of 0.03 MW was applied to
the charge and discharge operation, accounting for more than 99% of the operation time.

Charge operation
100

90 -+

80

Top (in)
Bottom (out)

70

B

50 [

Temperature [°C]

40 T T T T T T 1 T
0 100 200 300 400 500 600 700 800
Cummulative flow [103 m?]

Figure 8: Top and bottom diffuser temperatures during charging. The dashed lines indicate the weighted mean
temperatures.
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Figure 9: Top, middle, and bottom diffuser temperatures during discharging. The dashed lines indicate the
weighted mean temperatures. The brown line is the calculated mixed temperature of the top and middle diffuser
temperatures.

6 Charge/discharge thermal power

Similar to 2023 and 2024, limitations regarding the charge and discharge capacities remained
in 2025. For example, the low heat demand of the local Hgje Taastrup network led to limited
discharging during the summer and autumn. However, it should be noted that the district
heating grid of Hgje Taastrup continues to expand, so the heat load is higher each year com-
pared to the previous one. Figure 10 presents the duration curves of the charge/discharge
thermal power of the PTES. The storage was designed with a maximum charge/discharge ther-
mal power of 30 MW. On average, the charge thermal power for 2025 was 15 MW, while the
mean discharge thermal power was 8.1 MW, both of which are higher compared to 2024.
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Figure 10: Duration curves of charged and discharged thermal power. Dashed lines indicate the mean values.
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7 Ground temperature

The ground temperatures on the northern side of the PTES were measured using a string of
11 temperature sensors buried in the embankment. Figure 11 presents the measurements at
different depths since the start of the data logging of the ground temperatures. It can be ob-
served that due to the PTES operation, the ground temperatures have generally been increas-
ing with time. This heating of the ground positively affects the PTES performance, as heat
losses decrease with higher ground temperature. Nevertheless, the ground temperature close
to the surface drops after September due to the low ambient temperatures.
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Figure 11: Soil temperatures at different depths measured on the northern side of the embankment.

8 Lid temperature and humidity

The temperature and humidity in the lid are presented in Figure 12 and Figure 13, respectively.
The temperature of the top water layer, ambient air temperature, and humidity are also plot-
ted for comparison. It should be noted that temperature and humidity in the lid are measured
at two different locations (see Figure 1). The “bottom” sensor is closest to the storage water

for both temperature and humidity sensors, while the “top” sensor is furthest from the stor-
age water.

Although there is good agreement between the lid temperatures at the two locations, humid-
ity measurements vary. This is most likely due to different drainage conditions between the
insulation mats at the two locations and/or measurement uncertainty of the sensors. Never-
theless, it can be observed that, in both measurement locations, there is more absolute mois-
ture (but less relative humidity) between the two NOMATEC insulation layers (bottom) than
between the two XPS layers (top). It should be noted that some rainwater drainage issues
were identified in 2025, due to the issues with the sensors controlling the rainwater-removing

pumps. This issue is possibly the cause of the high humidity in the lid in the fall of 2025. This
problem was corrected in late 2025.
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It should be noted that the bottom humidity sensor at location D seems to measure a constant
value close to zero after the fall of 2025. This is likely due to a sensor failure; however, it is
unclear whether this is a permanent issue. The mean yearly humidity values for the two meas-
urement locations in the lid are presented in Table 3.

Location C
80 1
& 60
E
g 407
£ 20
= —— Waler
— 1 (Bottom)
— 2
— 3
— 4
—— 5(Top)
?) ------- Ambient air
®
E
2
=
Figure 12: Temperature levels inside the lid at the two measurement locations.
Table 3: Mean humidity yearly values for the measured locations in the lid.
Humidity type Location Top of lid Bottom of lid Ambient
C 59 % 21%
Relativ 9
elative D 56 % 38 % 86%
C 1.3 g/m? 3.0g/m3 s
Absolute D 1.1g/m? 5.9 g/m? 0.8 g/m
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Figure 13: Humidity levels inside the lid at the two measurement locations.

9 Lid heat transfer coefficient (U-value)

The measured and theoretically calculated heat transfer coefficient (U-value) of the lid is pre-
sented in Figure 14. The theoretical U-value (0.151 W/(m?K)) is indicated with a dashed line
and was calculated from the insulation’s thermal characteristics determined from laboratory
tests:

- The NOMATEC thickness is 0.0625 m per layer with thermal conductivity of 0.0483
W/(m K) at 82 °C and 0.0462 W/(m K) at 66 °C.

- The XPS thickness is 0.075 m per layer with thermal conductivity of 0.0397 W/(m K) at
46 °C and 0.0358 W/(m K) at 22 °C.

10
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Figure 14: Daily average lid heat transfer coefficient (blue dots). The shaded area indicates a +10% difference
from the theoretical value.

The U-value is determined based on the measured heat flux, the top water layer temperature,
and the ambient air temperature. Since the heat flux is measured in two locations on the lid,
the average value of the two measurements was used. It should be noted that the measured
U-value is generally higher than the theoretical value. However, the measured value is always
within + 10% of the theoretical value (blue-shaded area). Somewhat higher heat loss is to be
expected due to thermal bridges and moisture in the insulation. It should be noted that no
correlation was found between the lid humidity or lid temperature and the lid U-value.

10 Water pH measurements

The water pH measurements conducted in 2025 are shown in Figure 15. The pH is continu-
ously measured using a sensor (blue curve) and by manually extracting water from the storage
at different depths (red dots). Note that the red dots are the average values at the different
depths. It is essential to maintain the storage water pH at approximately 10 to prevent corro-
sion in the metal parts (e.g., diffusers and connection pipes). The sensor measurements at the
start of 2025 differed significantly from the manual pH measurements. In early summer 2025,
there was an effort to improve the sensor operation, which can also be observed in Figure 15,
since the sensor was in better agreement with the manual measurements. However, it can be
observed that although the manual measurements indicate the pH was maintained at the de-
sired level, the sensor does not agree with the manual measurements, suggesting that con-
ducting continuous pH measurements is not straightforward. The manual measurements are
considered the most accurate, as there have been known issues with the operation of the pH
sensor.

11
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Figure 15: Water pH measurements in 2025. The blue curve illustrates continuous measurements from a sensor on site, while
the red dots are manual measurements (extracting water from the storage).

11 Storage efficiency

The monthly charged and discharged energy, internal energy change, total heat loss, heat loss
through the lid, and efficiency are documented in Table 4. It can be observed that the monthly
efficiency ranged from 63% to 97%. However, these values are sensitive to the cut-off dates,
and there is high uncertainty in the monthly heat loss calculation. The total efficiency for 2025
was 90%, which is slightly higher compared to 2024.

The heat loss through the lid is also mentioned in Table 4 and can be compared to the total
heat loss. The heat loss through the lid was calculated using the measured lid heat flux and a
lid area of 11000 m?.

Table 4: Monthly charged and discharged energy, internal energy change, heat loss, and efficiency for 2025.

PeriOd Echarged Edischarged AEinternaI Eloss, total Eloss, lid Eloss,ground EffiCienCV
[2025] [MWh] [MWh] [MWh] [MWh] [MWAh] [MWh] [%]
January 4308 3535 321 452 113 339 89
February 2608 4177 -1709 140 96 44 97
March 4562 4398 -79 243 102 141 95
April 4713 2912 1457 343 95 248 89
May 4305 3551 417 337 96 241 91
June 1822 2493 -1001 330 88 242 88
July 2324 1022 934 368 87 281 74
August 207 1834 -1725 98 81 17 95
September 2799 560 1914 325 92 233 63
October 3106 2373 283 450 104 346 84
November 3231 3109 -201 323 107 216 91
December 2708 3662 -1175 221 111 110 94
Total 36693 33626 -564 3630 1172 2458 90

12
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Compared to 2024, more energy was charged and discharged in 2025 (as indicated also by the
increase in the storage cycles). The higher temperatures in the storage also led to slightly
higher total heat loss for 2025. However, the heat loss toward the ground was slightly de-
creased in 2025 (approximately -1%), due to the higher ground temperatures compared to
2024.

12 Conclusion

This report presents an overview of the measurement results of the pit thermal energy storage
(PTES) in Hgje Taastrup for 2025. In general, the PTES had a comparable performance to the
previous years, without any significant signs of degradation in its performance.
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