
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Numerical and experimental study of an underground water pit for seasonal heat
storage

Bai, Yakai; Wang, Zhifeng; Fan, Jianhua; Yang, Ming; Li, Xiaoxia; Chen, Longfei; Yuan, Guofeng; Yang,
Junfeng

Published in:
Renewable Energy

Link to article, DOI:
10.1016/j.renene.2019.12.080

Publication date:
2020

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Bai, Y., Wang, Z., Fan, J., Yang, M., Li, X., Chen, L., Yuan, G., & Yang, J. (2020). Numerical and experimental
study of an underground water pit for seasonal heat storage. Renewable Energy, 150, 487-508.
https://doi.org/10.1016/j.renene.2019.12.080

https://doi.org/10.1016/j.renene.2019.12.080
https://orbit.dtu.dk/en/publications/c6e22b2d-4b34-4f2c-84fc-6c231a173d8e
https://doi.org/10.1016/j.renene.2019.12.080


1 
 

Numerical and experimental study of an underground water pit for 1 

seasonal heat storage 2 

Yakai Baia,b,c,d,e,f,g, Zhifeng Wanga,b,c,e,f,g,*, Jianhua Fand, Ming Yanga,b,c,e,f,g, Xiaoxia Lia,b,e,f,g,h, Longfei Chena,b,e,f,g,h, 3 

Guofeng Yuana,b,c,e,f,g, Junfeng Yanga,b,c,e,f,g 4 

a Key Laboratory of Solar Thermal Energy and Photovoltaic Systems, Chinese Academy of Sciences, Beijing, 100190, China 5 

b Institute of Electrical Engineering, Chinese Academy of Sciences, Beijing, 100190, China 6 

c University of Chinese Academy of Sciences, Beijing, 100049, China 7 

d Department of Civil Engineering, Technical University of Denmark, Brovej 118, 2800 Kgs. Lyngby, Denmark 8 

e Beijing Engineering Research Center of Solar Thermal Power, Beijing, 100190, China 9 

f Beijing CSP International Cooperation Centre, Beijing, 100190, China 10 

g Joint Laboratory, Institute of Electrical Engineering, Chinese Academy of Sciences and Guangdong Five Star Solar Energy Co., Ltd., 11 

Beijing, 100190, China 12 

h Lanzhou University of Technology, Lanzhou 730050, China 13 

 14 

Abstract: Water pit heat storage is an important part of smart district heating systems that integrate 15 

various renewable energy sources. This project studied the storage capacity and thermal stratification 16 

in a 3000 m3 underground water pit in Huangdicheng, China using a finite difference model of the 17 

water pit that was validated by experimental data. The total heat loss from the water pit in the first year 18 

was measured to be 98 MWh and the storage efficiency was 62%. Further investigations using the 19 

validated model show that approximately 57% of the total heat loss took place through the side wall, 20 

30% through the top and the rest through the bottom of the pit. The heat loss coefficient was largest 21 

along the side wall at 0.702 W∙m-2∙oC-1. Higher charging temperatures create higher temperature 22 

differences between the top and bottom of the water pit, i.e. greater thermal stratification. The MIX 23 

number increases during most of the charging period and cannot represent the thermal stratification in 24 

the water pit during charging while the stratification number more accurately represents the 25 

stratification. Therefore, the stratification number is recommended for characterizing stratified water 26 

pits. 27 
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Nomenclature  

A   area, m2 n   number of nodes 

cp   specific heat, J/kg/oC Nu   Nusselt number 

d   bury depth, m p   pressure, MPa 

Dep   calculation depth, m  Pr   Prandtl number 

E   energy, J Q   heat flow, W 

Gr   Grashof number r   radial direction 

h   heat transfer coefficient, 

W/m2/oC 

R   water pit radius, m 

H   height, m Rad   calculation radius, m 

H(ꞏ)   height from the bottom, m Rt   thermal resistant, oC/W 

Ig   Global Irradiation, W/m2 Str   Stratification number 

Lv   latent heat, J/kg T   temperature, oC 

m   flow rate, kg/s T(ꞏ)   field temperature, oC 

M   molar mass, kg/mol u   wind velocity, m/s 

MIX  MIX number V   volume, m3 

Mp   energy-momentum, J∙m y   vertical direction 

  

Subscripts  

   average i, j, k  number of elements 

0   initial ini   start of the test  

a   air insu   insulation 

bot   bottom L   from node (i-1,j) 

ch   charging unit loss   heat loss 

CH   charging num   numeric 

cold   cold p   profile 

con   concrete R   from node (i+1,j) 

end   end of the test s   soil 

ev   environment sat   saturated 
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eva   evaporation side   water pit side 

exp   experiment stratified stratified 

f   film top   top of the water pit 

full-mixed fully mixed U   from node (i,j-1) 

g   global vap   vapor 

G   from node (i,j+1) w   water 

hot   hot wall   concrete wall 

  

Greek   

    thermal diffusion coefficient, 

m2/s 

    energy efficiency 

    thermal expansion coefficient, 

1/oC 

    thermal conductivity, W/m/oC 

    increase factor     kinematic viscosity, m2/s 

    thickness, m     density, kg/m3 

    difference, m 
    time, s 

    absorption factor of ground 

surface 

 

  

 31 

1 Introduction 32 

Seasonal heat storage is essential for district heating systems because they can flexibly integrate 33 

various fluctuating renewable energy sources [1]. The seasonal heat storage cycle varies over an entire 34 

year to collect and use solar energy [2]. Seasonal heat storage systems can be divided into sensible 35 

heat storage, latent heat storage and chemical energy storage depending on the storage medium [3]. 36 

Sensible heat storage is still the most commonly used type of seasonal heat storage system [4] which 37 

can be categorized as water pit heat storage, borehole heat storage, water-gravel heat storage and 38 

aquifer heat storage [3-7] as shown in Fig. 1. 39 

 40 
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(a) Water pit heat storage (b) Borehole heat Storage 

  

(c) Water-gravel heat storage (d) Aquifer heat Storage 

Fig. 1 Four types of seasonal sensible heat storage systems 41 

 42 

Water pit heat storage systems are simple systems that store hot water in very large excavated 43 

basins with an insulated lid. The sides and bottom are typically covered by polymer liners. The water 44 

can also be stored in artificial pits made of reinforced concrete or stainless steel constructed below 45 

ground or near the surface, so these systems may also be called buried tank heat storage. Borehole heat 46 

storage systems are similar to geothermal heat exchange systems with a carrier fluid circulated through 47 

a closed-loop pipe network installed in vertical boreholes backfilled with sand bentonite. A key 48 

limitation of borehole heat storage systems is their relatively low heat extraction efficiency [8]. Water-49 

gravel heat storage systems fill the watertight plastic liner with a gravel–water mixture that serves as 50 

the storage material. Heat is charged into and discharged out of the storage medium either by direct 51 

water exchange or by plastic piping installed in different layers inside the pool. The gravel–water 52 

mixture has a lower specific heat than water alone; therefore, the basin volume has to be approximately 53 

50% larger than an equivalent water pit heat storage system to obtain the same heat storage capacity 54 

[7]. For aquifer heat storage system, groundwater is extracted from the cold well during the summer 55 

for cooling which depletes the cold store during the cooling season. The warmed return water is 56 

injected in the warm well(s) to recharge the warm store. In the winter the process is reversed with 57 

water pumped from the warm wells as a low temperature heat source for one or more heat pumps. 58 

After the heat transfer, the chilled water from the heat pumps is injected into the cold wells to recharge 59 
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the cold store for the following summer. Thus, all the water extracted from the storage region is re-60 

injected into the opposite storage region [6, 9]. One important limitation of aquifer heat storage systems 61 

is that they need special geological conditions having high permeability water-saturated sand layers 62 

without natural groundwater flow. Water pit heat storage systems are currently the most reliable and 63 

widely used systems for seasonal heat storage[4, 7]. Larger storage volumes lead to increased storage 64 

efficiencies since the surface area does not increase proportionally to the volume [2]. With a large 65 

underground hot water storage system, the solar fraction of a district heating system can be 66 

significantly increased up to 50% of the heat demand of the district heating network[1].  67 

In 1983, Hansen et al. investigated a small 500 m3 pilot water pit heat storage system on the 68 

campus of the Technical University of Denmark [10]. Later, in 1994, Kübler et al. presented 69 

investigations of a 600 m3 pilot heat storage system in Rottweil [11]. From then on, many water pit 70 

heat storage systems and buried tank storage systems have been built in Denmark, Germany, and other 71 

European countries [5, 7]. Most of the large scale water pits are in Denmark. For instance, the 60000 72 

m3 water pit in the Dronninglund district heating system (in operation since 2014), the 110000 m3 73 

water pit in the Gram district heating system (in operation since 2016) and the 200000 m3 water pit in 74 

the Vojens district heating system (the largest in the world). Operating data from these plants has been 75 

very helpful for designing and optimizing new water pits. However, there are few reports on the 76 

performance of these plants in the literature. 77 

Water pits are costly to construct; therefore, the pit must be accurately modeled before 78 

construction to guarantee the economic feasibility and effective planning of the pit. Modeling also 79 

provides an understanding of the water pit operations to optimize planning and development. However, 80 

there are very few studies on simulating large water pits. In 2008, Panthalookaran et al. presented a 81 

validated CFD model for water pit charging/discharging using experimental data from two water pits 82 

in Germany [12]. The model was later used to develop a characterization scheme for evaluating the 83 

performance of various boundary designs during the storage mode of a large stratified water pit [13]. 84 

In 2017, Fan et al. experimentally and numerically investigated the thermal behavior of the 75,000 m3 85 

water pit in the Marstal solar heating plant [1]. Their results showed that return temperature back to 86 

the water pit that was much higher than the temperature at the bottom of the pond created strong mixing 87 

that destroyed the stratification at the lower part of the pond. If the return temperature was lower than 88 

the temperature in the bottom part of the water pit, then the return inlet should be at the bottom. In 89 
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2013, Park et al. investigated the influence of the aspect ratio of a torus-shaped rock cavern on the 90 

thermal stratification and heat loss during the storing mode [14] based on a detailed two-dimensional 91 

axisymmetric CFD simulation. Seven 100000 m3 rock caverns with aspect ratios from 1.0 to 4.0 were 92 

investigated. Their results showed that an aspect ratio of 3.5 was most preferable for this type of torus-93 

shaped rock cavern for thermal energy storage. In 2017, Chang et al. numerically and experimentally 94 

investigated the heat loss from a water pit in a pyramid stump [15] to analyze the mechanism for the 95 

temperature stratification driven by buoyancy. They investigated the standby of a 100000 m3 water pit 96 

with various geometries based using a two-dimensional axisymmetric CFD simulation. Their results 97 

showed that deeper water pits and steeper side walls led to more thermal stratification and better 98 

thermal efficiencies [16]. No other detailed CFD models for large water pits were found in the literature. 99 

CFD calculations are often very time consuming; therefore, all of these studies were either based on 100 

short time analyses or considered just the standby mode. CFD investigations of seasonal heat storage 101 

variations are in most cases impractical [1, 15], though methods such as the similarity principle may 102 

reduce the simulation times [17]. 103 

One dimensional models of seasonal heat storage systems have been developed and made 104 

commercially available [18], for instance XST [19] and ICEPIT [20]. In 2005, Raab et al. developed 105 

a TRNSYS model for the 2795 m3 water pit in Hannover using XST. The measured and calculated 106 

heat transfer rates in 2002 were in good agreement with differences of less than 5% [19]. In 1996, 107 

Hornberger used a validated ICEPIT model to simulate three combined heating/cooling systems with 108 

different sizes with the results showing that the combined heating/cooling systems save up to 42.9% 109 

of the primary energy used compared to separate conventional systems with air conditioners and gas 110 

burners and that the cold losses per volume decreased with increasing storage volume [20]. In addition 111 

to these two commercial water pit models, Ochs et al. developed a coupled finite difference (FD) and 112 

finite element (FE) heat storage model based on PDETOOL in MATLAB [21] and COMSOL [22]. 113 

There are few other published simplified one dimensional models for large underground hot water 114 

storage pits. The studies mentioned here are simply applications of commercial models with no detail 115 

descriptions of the thermal stratification mechanics in the water pit or heat conduction in the soil.  116 

Lumped capacity models have also been used to simulate water pits. From the year of 1997 to 117 

2012, analytical models of underground storage systems having the shapes of the sphere [23-25] or 118 

partial spheres [26] were used by Yumrutas and his colleagues [24-27]. In 2007, Zhang et al. studied 119 
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an underground heat storage system with insulation on the top [28]. In 2017, Jradi et al. simulated a 120 

rectangular buried water tank with a finite difference model [29]. However, these studies neglected the 121 

thermal stratification in the pit because they could not calculate the temperature distribution in the 122 

water pit, so the lumped capacity model cannot be used to accurately investigate the effect of thermal 123 

stratification in the water pit. 124 

Furthermore, no studies validating the predictions of the soil temperatures near an underground 125 

water pit can be found in the literature. Thus, more detailed experimental and theoretical studies of 126 

water pit heat storage are needed. The present study uses a simplified one dimensional model to 127 

analyze a 3000 m3 cylindrical underground concrete water pit in Huangdicheng, China. The model 128 

was validated by comparison to operating data for the water pit in 2018. The storage efficiency and 129 

heat loss from the water pit were analyzed. The thermal stratification of the water pit was also analyzed 130 

based on the experimental and simulation results. 131 

 132 

2 Methodology 133 

2.1 Experimental method 134 

2.1.1 System 135 

 136 

Volumetric reciever

Heliostate

Underground water pit

 137 

Fig. 2 Seasonal heat storage system in Huangdicheng 138 

 139 
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A 3000 m3 underground water pit heat storage (this is also called a buried tank heat storage 140 

system because the pit walls are vertical) was built in 2018 in Huangdicheng, China to supply space 141 

heating for a hotel, as shown in Fig. 2. The system consists of a solar collector system, a heat storage 142 

system and a heating system. A schematic of the plant layout is shown in Fig. 3. The plant was put 143 

into operation in 2018 (09-04-2018). The total solar collector area was 660 m2. During the non-144 

heating season (From 01-04 to 31-10), sunlight reflected from the heliostats is concentrated onto the 145 

receiver to heat the water from the bottom of the water pit. Then, the hot water is charged into the 146 

top of the water pit by pump P1. During the heating season (From 01-11 to 31-03), the hot water 147 

stored in the water pit is used to heat cold water from the buffer tank through heat exchanger HE1. 148 

Then, the buffer tank supplies heat to the hotel through heat exchanger HE2. Two control strategies 149 

were used for charging in 2018. One was constant flow control with pump P1 in the solar collector 150 

subsystem turned on when either the Direct Normal Irradiance (DNI) was higher than a minimum 151 

starting threshold or the outlet fluid temperature in the collector system was higher than a pre-set 152 

temperature during the daytime. The pump was turned off when either of these conditions was no 153 

longer satisfied. The circulating pump flowrate was constant during operation [28]. The other 154 

control method was temperature difference control. In this case, when the DNI was higher than the 155 

minimum starting threshold or the monitored receiver outlet fluid temperature was higher than an 156 

upper limit, pump P1 was stopped. P1 was not started until the difference between the monitored 157 

receiver outlet fluid temperature and the temperature at the top of the water pit were above a high 158 

pre-set value. When the difference was lower than a low pre-set temperature, P1 was stopped. In 159 

this case, P1 was frequently started and stopped during the day. For discharging during the heating 160 

season, when the temperature at the top of the water pit was higher than a pre-set temperature (for 161 

example 60oC), P2 was started to heat the water in the buffer tank through heat exchanger HE1. 162 

 163 
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U nderground S torage

B uffer
Tank

H E1 H E2

Tow er

H eliostat field

R eceiver

P 1

P 2

P 3 P 4

S olar C ollection S ubsystem H eat S torage Subsystem H eating S ubsystem  164 

Fig. 3 Solar district heating system with seasonal heat storage in Huangdicheng 165 

 166 

2.1.2 Concrete water pit 167 

 168 

5.
7

5.
0

1.
0

SoilConcrete Wall Water

0.3

4.
0

Inlet/Outlet Opening

Outlet/Inlet Opening

Insulation

Unit(m)  169 

Fig. 4 Underground water pit  170 

 171 

The underground water pit heat storage system is illustrated in Fig. 4. This water pit had 0.3 m 172 

thick concrete walls and was buried 1.0 m underground. A 0.2 m thick polystyrene board was placed 173 

on top of the concrete lid. The water level in the pit was kept at approximately 5.0 m during operation. 174 

Two openings were installed for charging and discharging. The Inlet/Outlet Opening was 4.0 m above 175 
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the bottom and the Outlet/Inlet Opening was 0.3 m above the bottom. Horizontal round plates were 176 

installed at both the Inlet/Outlet Opening and the Outlet/Inlet Opening to minimize the influence of 177 

the flow on the stratification. During operation, cold water from the bottom of the water pit was 178 

pumped to the solar receiver to be heated in the solar tower. The heated water was then circulated back 179 

to the top of the storage tank through the Inlet/Outlet opening as shown in Fig. 4. During the winter, 180 

hot water was discharged from the water pit through the Inlet/Outlet Opening to supply heat to the 181 

hotel. Since the water temperature in the water pit was higher than the surrounding soil temperature, 182 

the heat was lost to the soil which increased its temperature. Therefore, the storage tank model includes 183 

a large volume of soil around the tank. 184 

 185 

2.1.3 Test equipment 186 

The experiment used Pt100 thermocouples to measure the ambient air, soil, and hot water 187 

temperatures. The measurement accuracy of the thermocouples was ±0.5 oC in the range 0-100 oC. 188 

HH-HYBLUG-50 Vortex type flowmeters were used to measure the flow rates during the charging 189 

and discharging of the water pit. A TBQ-2-B pyrometer was used to measure the solar global irradiance. 190 

Detailed information about the equipment is listed in Table 1. 191 

 192 

Table 1 Equipment types and accuracies 193 

Name Parameter Location Type Accuracy 

TTOP Ttop,ch Inlet/Outlet Opening PT100 0-100 oC±0.5 oC  

TBOT Tbot,ch Outlet/Inlet Opening PT100 0-100 oC±0.5 oC  

TEV Tev - PT100 0-100 oC ±0.5 oC  

TIF1 to TIF6 TF1 to TF6 As shown in Fig. 5 PT100 0-100 oC ±0.5 oC  

TIM1 to TIM6 TM1 to TM6 As shown in Fig. 5 PT100 0-100 oC ±0.5 oC  

TIN1 to TIN6 TN1 to TN6 As shown in Fig. 5 PT100 0-100 oC ±0.5 oC  

TS1 to TS6 TS1 to TS6 As shown in Fig. 5 PT100 0-100 oC ±0.5 oC  

TA1 to TA12 TA1 to TA12 Fig. 5 PT100 0-100 oC ±0.5 oC  

TB1 to TB12 TB1 to TB12 As shown in Fig. 5 PT100 0-100 oC ±0.5 oC  

TC1 to TC12 TC1 to TC12 As shown in Fig. 5 PT100 0-100 oC ±0.5 oC  

TD1 to TD12 TD1 to TD12 As shown in Fig. 5 PT100 0-100 oC ±0.5 oC 

TE1 to TE12 TE1 to TE12 As shown in Fig. 5 PT100 0-100 oC ±0.5 oC 
VTOP  Inlet/Outlet Opening HH-HYBLWGY-50 0-25 m3/h, ±1 % 

VBOTTOM  Outlet/Inlet Opening HH-HYBLWGY-50 0-25 m3/h, ±1 % 

IG Ig - TBQ-2-B Spectral range: 0.3-3 μm 

 194 
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The water pit charging, discharging and standby characteristics were studied using thermocouples 195 

installed at various depths in the pit and in the soil. The temperatures were measured at the black dots 196 

shown in Fig. 5 along three lines of thermocouples arranged in the water pit. Each line had 6 197 

thermocouples evenly distributed from the bottom to the top of the pit. The line of thermocouples in 198 

the center was named TIF while that near the concrete wall was TIN. The thermocouples in between 199 

were named TIM. The thermocouples in each line were numbered as 1 to 6 from top to bottom. Thus, 200 

TIF1 is the thermocouple at the top of line TIF. In a similar way, the line of thermocouples along the 201 

outer concrete wall was named TS. Sixty more thermocouples were installed in the soil near the 202 

concrete water pit to measure heat conduction in the soil. The lines of thermocouples in the soil were 203 

then named TA to TE while the thermocouples in each line from the top to the bottom were named 1 204 

to 12. Thus, TE12 is the bottom thermocouple along line TE. 205 

 206 
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Fig. 5 Thermocouple arrangement in the underground water pit 208 

 209 

2.2 Numerical analysis 210 

A simplified mathematical model of the 3000 m3 underground water pit was developed for fast 211 

calculations based on the following assumptions: 212 
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1) There is no rust on the heat transfer surface of the water pit that reduces the heat transfer rate. 213 

2) The soil is homogeneous and the influence of humidity and other factors on the heat transfer 214 

is not considered. 215 

3) Mixing caused by the incoming flow into the water pit is not considered. 216 

4) The water in the water pit at each height has the same temperature with no temperature gradient 217 

in the radial direction. 218 

2.2.1 Grid scheme 219 

With these assumptions, the seasonal heat storage model can be simplified to a one-dimensional 220 

model for the water body with an air layer on the top and a two-dimensional model for the soil and the 221 

concrete wall as shown in Fig. 6. The air layer is modeled with one node, while the water body is 222 

divided equally into nw-1 nodes. The nodes in the water and the air layer were numbered from 1 to nw 223 

as shown in Fig. 6. 224 

1

r

y

-Dep

Rad
O

-H-d

-d
2

k i,j

0,0

nr,ny

nwWater

Concrete

Soil

Air

3

Insulation

 225 

Fig. 6 Mesh for the underground water pit. 226 

 227 

The water pit was surrounded by a concrete wall δ=0.3 m thick which is very small compared to 228 

the pit diameter, R. A number of nodes, nδr, were created along the thickness of the concrete wall in 229 
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the radial direction with nδy nodes along the wall thickness in the height direction. A 0.2 m thick 230 

polystyrene board was placed on top of the concrete wall since the polystyrene board was much thinner 231 

than the size of the water pit with the polystyrene board not modeled explicitly but represented by a 232 

zero thickness layer with a thermal resistance between the top of the concrete wall and the soil as [30]: 233 

 
insu

insu
insu

Rt



  (1) 234 

The node sizes in the soil region in the radial and axial directions were increased by factors of r  235 

and y  as shown in Fig. 6 to give a denser grid in the area adjacent to the water pit where a higher 236 

temperature gradient is expected. 237 

Heat loss from the water pit can influence the temperature of a large volume of soil around it. 238 

Thus, the soil region had a radius 5 times the water pit radius (Rad=5R) and a depth underneath the pit 239 

of 5 times the water pit height to simulate the semi-infinite soil region. Since the depth of the bottom 240 

of the water pit was d, the total soil depth was Dep=5H+d. The measurements showed during the first 241 

year of operation, the water pit heating had an insignificant influence on the soil temperatures along 242 

line TE; thus, the soil region was considered to be large enough and the semi-infinite boundary was 243 

appropriate. 244 

 245 

2.2.2 Water and air layer region 246 

There was a thick air layer between the water body and the top concrete wall. The air layer is an 247 

enclosed space saturated with water vapor. The air layer energy balance was [30]: 248 

 
,1,1 ,1 ,1

, , 1
0 0a

,1 ,1 ,1

(1 )
1 1(1 )

2 2

a vap top ww side w
p a p vap eva

vap

top p con p side side con side

T TT T T
c W c W V Q

y rW W
h A A h A A

 
  

 

 
            

249 

 (2) 250 

The heat transfer in the air layer consisted of the heat transfer between the air layer and the top 251 

concrete wall, the side concrete wall of the water pit and the water surface. The heat transfer between 252 

the air layer and the top concrete wall was a combination of condensation and natural convection. 253 

For simplicity, the empirical equation used by Uchida was used to calculate the heat transfer rate 254 

[31]: 255 
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0.7

,1 ,1 380
1top side

W
h h

W


     

 (3) 256 

Since the air was saturated with vapor, the air mass fraction was determined as [32]: 257 

  
2,1 ,1

a ev

a ev sat H O sat

M p
W

M p p M p


   (4) 258 

Where pev is the atmospheric pressure and psat,1 is the vapor partial pressure. The partial pressure 259 

of the saturated vapor was calculated using the Antoine Equation [33]: 260 

 ,1
w,1

3826.36
exp(9.3876 )

227.68satp
T

 
  (5) 261 

The heat loss due to evaporation from the water surface was calculated as [34]: 262 

 eva evp vapQ m L  (6) 263 

Where [34]: 264 

 

1/32
,2 ,1

, ,2 , ,1

( )
0.14 ( )vap vap w w

evp vap sat vap sat
vap

g T T
m

v

 
 

 
  

  
 (7) 265 

Here, , ,1vap sat  is the saturated vapor density at temperature Tw,1 and , ,2vap sat  is the saturated 266 

vapor density at temperature Tw,2. 267 

The energy equation for the first node in the water was [30]: 268 

 
,2 ,3 ,2 ,2 ,2

, 2 , ,2 ,2 , ,2 ,2
0

,2 ,2 ,2

1
2

w w w side w
w p w eva p w in w p w in in

w p side side con side

T T T T T
c V Q c m T c m T

H r
A h A A




 

  
     

  
 

 (8) 269 

Here: 270 

 ,

2 ( 1)

2 ( 1)side k
a

R H k
A

R k


 

 
  

 (9) 271 

 2
pA R  (10) 272 

The heat transfer between the water and the side wall was a combination of natural convection 273 

and forced convection. In this study, the maximum charging or discharging flow rate was 2.8 kg/s 274 

which would give a maximum upward or downward speed of 64.96 10  m/s. This gives a Reynolds 275 

number of approximately 102, so Gr/Re2 was much larger than 10. Additionally, the charging and 276 

discharging times were much shorter than the standby period. Therefore, natural convection was 277 
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more important than forced convection [30]. The water pit diameter was so large that the heat transfer 278 

could be modeled as natural convection in a large space with the heat transfer coefficient between 279 

the water and the concrete wall given by [30]: 280 
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Where [30], 282 
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The property values were evaluated at: 284 
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Then, the energy equation for node k in the water region was given by: 286 
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The energy equation for the bottom node in the water pit was: 288 
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The heat transfer coefficient along the lower surface of a cold plate was used to determine the 290 

heat transfer between the water and the bottom concrete wall [30]: 291 
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Where [30], 293 
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Equations (2) to (17) are a set of multiple differential equations [35]. With this method, 295 

numerical diffusion may influence the thermal stratification in the water pit. As shown in Fig. 7, 296 
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each node in the water region contained 2 kg water at 10oC with 1 kg/s hot water entering the pit 297 

from the top. Assuming no thermal conduction or mixing between nodes, the fluid in the first node 298 

would be completely replaced with a 2 s time step by the incoming water and the first node 299 

temperature would then be 60oC while the other nodes would not be influenced because there is no 300 

conduction or mixing between nodes. However, with a 1 s time step, the temperatures of both the 301 

first and second nodes would be influenced after 2 s. The false diffusion of heat is caused by the 302 

simplified method of discretization of the geometry into a limited number of nodes; therefore, this 303 

is called numerical diffusion. 304 
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Fig. 7 Numerical diffusion in the water region 307 

 308 

There are two ways to minimize numerical diffusion. One way is to increase the number of nodes 309 

which increases the discretization accuracy, but this will result in a large number of computational 310 

nodes and a much longer computing time. Thus, the mesh in the water pit was refined locally to 311 

improve the discretization accuracy without significantly increasing the computing time. The second 312 

method is to use the plug flow method [35] in the XST model in TRNSYS [19]. This method uses a 313 
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virtual buffer tank with the same volume as one node in the water region. During charging, the hot 314 

water is first stored in the buffer tank. When the buffer tank is full, the water in the first node in the 315 

water region is replaced by the water in the buffer tank with the water in all the nodes flowing down 316 

one node. Both methods were used to find the best solution. 317 

At the steady state, the water temperature in each lower node should be lower than the temperature 318 

in the next higher node. In this case, the following procedure is followed: 319 

1) Sort the temperatures in the pit every time step to check that the temperature decreases with 320 

depth. 321 

2) If the temperature increases with depth, mix the temperature of the affected nodes. 322 

3) Any temperature profile is accepted. 323 

As seen in Fig. 6, the meshes in the water and soil regions in the axial direction are the same; thus, 324 

Tside,k can be easily calculated for node k. The average temperatures of the top concrete wall, Ttop, and 325 

the bottom concrete wall, Tbot, of the pit were defined as an area-based weighted temperature [30]: 326 
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2.2.3 Soil region 329 

2.2.3.1 Thermal conduction in the soil 330 

The temperature of the node (i, j) in the soil region will depend on the thermal conduction from 331 

the neighboring nodes, as shown in Fig. 8. 332 
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 333 

Fig. 8 Node (i, j) and its neighbors 334 

 335 

The heat transfer between the node (i-1, j) and the node (i, j) is given by [30]: 336 
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The heat transfer between the node (i+1, j) and the node (i, j) is given by [30]: 338 
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The heat transfer between the node (i, j+1) and the node (i, j) is given by [30]: 340 
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 (22) 341 

The heat transfer between the node (i, j-1) and the node (i, j) is given by [30]: 342 
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 (23) 343 

Equations (19) to (23) were simplified using thermal resistances for the four directions as L, R, U, 344 

and G as shown in Fig. 8. The thermal resistances between boundary L and boundary R and node (i, j) 345 

are: 346 
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The thermal resistances between boundary U and boundary G and node (i, j) are: 348 
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Thus, the energy balance for each node in the soil can be written as： 350 
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2.2.3.2 Heat transfer to the ambient 352 

The thermal resistance between the soil and the ambient air is [30]: 353 
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  (27) 354 

The heat transfer coefficient between the ambient air and the soil, hev, was calculated using 355 

McAdam’s formula [36]: 356 
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 (28) 357 

Thus, the energy balance for the surface node in the soil was: 358 
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 (29) 360 

The thermal resistance between the air layer and the top wall of the concrete pit is: 361 
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The thermal resistance between the bottom concrete wall and the water is: 363 
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The thermal resistance between the side concrete wall and the water or air layer is: 365 
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2.2.3.2 Semi-infinite and symmetry boundary conditions 367 

The boundary condition at the last node at the semi-infinite boundary in both the radial and axial 368 

directions was assumed to be an adiabatic boundary [30]： 369 
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  (33) 370 

The symmetry boundary was used for the nodes along the y-axis [30]: 371 
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 373 

2.2.4 Solution method 374 

The method to solve these equations is shown in Fig. 9.  375 

Thermal properties of 
water and air

Initial conditions

Time varying boundary conditions:
Ttop,ch, mtop,ch, Tbot,ch, mbot,ch

τ=0, T(i,j)=T0, Tw(k)=T0

Set the mesh scheme, Δτ  and end time 
τset

Calculate the temperature in the 
water region by Eq.(2) - (19)

Calculate the temperature field in the 
soil region by Eq.(1), (20) - (34)

Thermal properties of soil, 
insulation and concrete

Simulate the thermal stratification in 
the water region with the method 

listed in Section 2.2.2

Time varying boundary conditions:
Ig, Ta

τ>=τset

τ=τ+Δτ

End, Print the history of the temperature in the water 
and soil

 376 

Fig. 9 Solution method for Eqs. (1) - (34) 377 

 378 

The measured temperatures and flow rates during charging and discharging, the global irradiation, 379 

and the ambient air temperature were input into the simulation. The initial water pit and soil 380 

temperatures were 13.2oC. The thermal physical properties used in the calculations are listed in Table 381 

2. 382 

 383 

Table 2 Thermal physical properties of the material in the experiment 384 

Material Density (kg/m3) Thermal conductivity (W/m/oC) Specific heat (J/kg/oC) 
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Soil 900 1.3 2500 

Water 1000 0.642 4200 

Polystyrene board 28 0.042 1500 

Concrete 2500 1.74 970 

 385 

The thermal conductivity of the soil is influenced by many parameters and is, therefore, hard to 386 

determine by a simple test of some soil samples. In this model, the soil thermal conductivity was 387 

initially set as a constant equal to 1.0 W/mK. Once the best mesh scheme was selected for this problem, 388 

an optimization procedure based on Genopt (an open source software) was used to determine the actual 389 

soil thermal conductivity for which the calculated soil temperatures best matched the measured soil 390 

temperatures using the method given by Raab et al. [19]. The optimal value of the soil thermal 391 

conductivity is listed in Table 2. The thermal conductivity was then used in an additional sensitivity 392 

analysis of the mesh to show that the mesh was appropriate. A user-defined TRNSYS Type called 393 

UGSTS (UnderGround Seasonal Thermal Storage) was then developed that could be connected to 394 

other TRNSYS Types to investigate the seasonal heat storage system. 395 

 396 

3 Model validation 397 

3.1 Sensitivity analysis 398 

The calculations of the water pit temperatures using the UGSTS model described by Eqs. 1-34 399 

were very time consuming due to the large water pit volume and long operating times. Therefore, the 400 

number of nodes was reduced in the model by optimizing the node distribution in different regions of 401 

the computational region using various mesh parameters. The test data from 09-04-2018 to 01-01-402 

2019 was used to validate the model. The ambient temperature and global irradiation were used as the 403 

boundary conditions for the soil surface. The measured flow rates and temperatures during charging 404 

and discharging were used as the boundary conditions for the water region. The water pit conditions 405 

during this period were very complex so the effects of charging, discharging and standby could not be 406 

investigated separately since the pit was charged during the day and cooled at night. The energy charge 407 

and discharge rates from the water pit each day from 09-04-2018 to 01-01-2019 are shown in Fig. 10.  408 

 409 
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 410 

Fig. 10 Heat charged to and discharged from the water pit from 09-04-2018 to 01-01-2019 411 

 412 

3.1.1 Soil region 413 

Various mesh designs were tested to find the best mesh for the soil region. The predictions using 414 

the various meshes were evaluated based on the first four months (from 09-04-2018 to 08-08-2018) of 415 

predicted water temperatures at the height of 4.25 m (the average of TIF1, TIM1 and TIN1), 2.65 m 416 

(the average of TIF3, TIM3 and TIN3) and 0.25 m (the average of TIF6, TIM6 and TIN6) from the 417 

bottom of the water pit. The mesh parameters are listed in Table 3.  418 

 419 

Table 3 Soil mesh parameters. 420 

Schemes yn
 

rn  γy γr nw 

Scheme1 1 1 1 1 101 

Scheme2 2 1 1 1 101 

Scheme3 1 2 1 1 101 

Scheme4 1 1 1.2 1.2 101 

Scheme5 1 1 1.5 1.5 101 

Scheme6 1 1 2 2 101 

Scheme7 1 1 3 3 101 

 421 
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 422 

Fig. 11 Predicted temperatures for the 7 soil mesh schemes in Table 3. 423 

 424 

The predicted soil temperatures for the 7 Schemes are shown in Fig. 11. There is nearly no 425 

difference between the results for Schemes 1, 2, 3 and 4, which means that adding one node across the 426 

concrete wall (from 1 to 2 nodes) does not influence the predicted temperatures in the water pit due to 427 

the relatively small thickness of the concrete wall. For mesh growth factors in the axial and radial 428 

directions larger than 2, the simulation result error after 4 months is much larger than 0.1oC. Thus, a 429 

growth factor of 2 was used in the radial and axial directions to balance the simulation time cost and 430 

the prediction accuracy. 431 

 432 

3.1.2 Water region 433 

Numerical diffusion can greatly influence the thermal stratification in the water pit. The 434 

influences of numerical diffusion and the mesh parameters in the water region on the prediction 435 

accuracy were investigated using 10 mesh designs for the water region as listed in Table 4. 436 

 437 

Table 4 Mesh parameters for the water region. 438 

Schemes Method nw 

Scheme1 Plug flow 21 

Scheme2 Plug flow 41 

Scheme3 Plug flow 61 

Scheme4 Plug flow 101 

Scheme5 Plug flow 151 
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Scheme6 Multinode 21 

Scheme7 Multinode 41 

Scheme8 Multinode 61 

Scheme9 Multinode 101 

Scheme10 Multinode 301 

 439 

The influence of the plug flow method in the XST model [36] was investigated first with the 440 

results for the first 4 months shown in Fig. 12. When the nodes in the water region are very large 441 

(nw=21), the buffer tank filling time is very long which leads to the stepwise increase in the water 442 

temperature seen in Fig. 12. For nw larger than 61, the buffer tank filling has little influence on the 443 

simulation results with further increases of nw to 101 or 151 having almost no influence on the 444 

predicted temperatures. Thus, nw=151 was used for further calculations. 445 

 446 

 447 

Fig. 12 Predicted temperatures using the plug flow method for various numbers of elements in the water pit. 448 

 449 

The predictions of the UGSTS multinode differential equation model given by Eqs. 1 – 34 were 450 

then evaluated using Schemes 6 to 9 with the predictions compared in Fig. 13 with those of the plug 451 

flow model using Scheme 5.  452 

 453 
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 454 

Fig. 13 Temperatures predicted by the UGSTS multimode differential equation model for Schemes6-9 in 455 

Table 4 and by the plug flow model using Scheme5. 456 

 457 

The multinode method predictions are nearly the same with more than 41 nodes in the water 458 

region with temperature differences of less than 0.2oC, so the predictions are grid independent for 459 

nw>=41. In addition, the predicted water pit temperatures at different heights predicted by the plug 460 

flow method are almost the same as the results predicted by the multinode method with differences of 461 

less than 0.1oC. Thus, the multinode method gives reasonable predictions with fewer nodes in the water 462 

pit region, so the multinode method with nw=41 was used for the simulations in this study. 463 

 464 

3.1.3 Timestep 465 

The calculations used the explicit finite difference time step method, so the stability condition for 466 

the model is: 467 
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  (35) 468 

Thus, the maximum time step is most influenced by the smallest node. Tests showed that the soil 469 

energy equations converged with very large time steps up to 1500 s. However, such large time steps 470 

will influence the accuracies of the predicted thermal stratification and heat losses in the water region. 471 
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Thus, the time step independence study used time steps of 15 s, 30 s, 60 s, and 120 s. 472 

 473 

 474 

Fig. 14 Predicted temperatures for various time steps 475 

 476 

The predictions for various time steps shown in Fig. 14 shows nearly no difference between the 477 

results for time steps of 15 s, 30 s and 60 s with observable differences for the 120 s times step of 478 

nearly 0.3oC at the end of the fourth month. Therefore, time steps higher than 120 s are not suitable 479 

for this calculation and a time step of 60 s was used in the following study. 480 

 481 

3.2 Experimental validation 482 

3.2.1 Water region 483 

The multi-node differential equation model was validated using measurements in the water pit 484 

heat storage in Huangdicheng. The measured temperatures in the water pit at each height were again 485 

the averaged temperature measurements along lines TIF, TIM, and TIN at each height. The 486 

temperatures labeled Exp-4.25 were the average at 4.25 m (TIF1, TIM1, TIN1), Exp-2.65 was at 2.65 487 

m (TIF3, TIM3, TIN3) and Exp-0.25 were at 0.25 m (TIF6, TIM6, TIN6) in the water pit. The 488 

temperatures labeled Num-4.25 were at 4.25 m, Num-2.65 was at 2.65 m and Num-0.25 was at 0.25 489 

m in the water pit. 490 
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 491 

 492 

Fig. 15 Predicted and measured temperatures in the water pit 493 

 494 

The predicted temperature is compared with the experimental data for 09-04-2018 to 01-01-2019 495 

in Fig. 15. The root mean squared errors (RMSE) and the average relative error of the numerical results 496 

listed in Table 5 are 0.9oC for Num-0.25, 1.2oC for Num-2.65 and 1.4oC for Num-4.25. The average 497 

relative errors are 2.3% for Num-0.25, 2.8% for Num-2.65 and 2.6% for Num-4.25. Thus, the model 498 

predictions agree well with the data and this model can be used to simulate the thermal behavior of 499 

water pit heat storage systems during charging, discharging and standby. 500 

 501 

Table 5 RMSE and average relative errors of the numerical results 502 

Location RMSE (oC) Average relative error (%) 

Num-0.25 0.9 2.3 

Num-2.65 1.2 2.8 

Num-4.25 1.4 2.6 

 503 
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This multinode deferential equation model was also validated for charging and discharging with 504 

other climate conditions. The temperature increase in the water pit each day is very small; therefore, 505 

typical sets of days were selected to validate the model. There was no charging or discharging from 506 

21-04-2018 to 27-04-2018, so these are typical standby mode days. The water pit was charged from 507 

09-04-2018 to 09-10-2018. However, only one week of data was selected to validate the charging 508 

mode of the water pit; therefore, the days from 01-06-2018 to 07-06-2018 were selected. The water 509 

pit heat discharge started on 01-10-2018. The water pit was only discharged from 11-10-2018 to 16-510 

10-2018. Therefore, these days were selected as the typical days for the discharge mode.  511 

The temperature in the water pit during the typical standby mode days (from 21-04-2018 to 27-512 

04-2018) is shown in Fig. 16. The RMSE of the predictions is less than 1.4oC during these days. The 513 

water temperature at the height of 4.25 m (Exp-4.25) decreases from 23.4oC to 21.8oC while the 514 

temperatures at 2.65 m and 0.25 m do not change much. 515 

 516 

Fig. 16 Temperatures in the water pit during the typical standby mode days 517 

 518 

The predicted and measured temperatures in the water pit during the typical charging mode days 519 

(from 01-06-2018 to 07-06-2018) are compared in Fig. 17. The RMSE of the numerical results is less 520 
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than 1.4oC during these days. Although the incoming water temperature during charging ranged from 521 

60-90oC, the temperature increased little at the top (Exp-4.25). The small temperature increase was 522 

caused by mixing of the inlet water (on average approximately 40 m3 per day) with the upper part of 523 

the pool. Since the inlet opening is located at a height of 4 m, i.e. 1.0 m below the water surface, the 524 

incoming hot water will create a mixing zone about 600 m3 high in the upper 1 m of the pool resulting 525 

in lower mixed temperatures in the pool. Another cause of the low pool temperature is the large heat 526 

loss to the surrounding. The temperatures of the concrete wall and the surrounding soil were initially 527 

approximately 13ᵒC; therefore, a large heat loss was expected during the initial operating period. 528 

 529 

 530 

 531 

Fig. 17 Temperatures in the water pit during the typical charging mode days 532 

 533 

The water pit temperatures during the typical discharging mode days (from 11-10-2018 to 16-10-534 

2018) are shown in Fig. 18. The RMSE of the numerical results is less than 1.4oC during these days. 535 

The hot water at the top of the water pit was pumped to heat a hotel near the pit which reduced the top 536 

pool temperature (Exp-4.25) from 65.8oC to 60.6oC which is a much larger decrease than during the 537 
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standby period. Also, because the return water temperature was a little warmer than the water near the 538 

bottom of the pool (Exp-0.25), the bottom pool temperature increased from 43.1oC to 44.1oC. 539 

Therefore, a higher return water temperature will reduce the thermal stratification in the water pit. 540 

 541 

 542 

Fig. 18 Temperatures in the water pit during the typical discharging mode days 543 

 544 

3.2.2 Soil region 545 

The soil temperature variations are a function of the pit water temperature, the ambient 546 

temperature and the solar irradiance on the soil surface. 66 thermocouples were buried in the soil 547 

around the water pit as shown in Fig. 5 to measure the temperature field around the water pit. The 548 

predicted soil temperatures are compared with the measured temperatures on 01-01-2019 in Fig. 19. 549 
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Fig. 19 Predicted and measured soil temperature distributions on 01-01-2019 551 

 552 

In most parts of the soil region, the differences are less than 5oC which indicates that this model 553 

for the underground water pit and surrounding soil can adequately predict the heat transfer in the soil. 554 

 555 

 556 

 557 

Fig. 20 Measured and predicted soil temperatures at TA1 to TE1 558 
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 559 

 560 

 561 

Fig. 21 Measured and predicted soil temperatures at TA6 to TE6 562 

 563 

Ten thermocouples in the soil region (TA1 to TE1 and TA6 to TE6) were selected to show the soil 564 

temperature from 09-04-2018 to 01-01-2019. The temperature measurement locations are indicated in 565 

the experimental picture in Fig. 19. The calculated temperatures are compared to the measured 566 

temperatures in Fig. 20 and Fig. 21 which illustrates the development of the soil temperature field. The 567 

soil temperature decreases with increasing distance from the water pit. Heat loss from the water pit 568 

increases the soil temperature at TA1 by 16.8oC while the soil temperature at TE1 is increased by only 569 

0.3oC. The temperatures at TA1 to TE1 are higher than those at TA6 to TE6 because of the higher water 570 

temperature in the upper part of the water pit due to thermal stratification. Furthermore, the 571 

temperatures from TA1 to TE1 are more affected by the ambient temperature so they decreased after 572 

September, while the temperatures from TA6 to TE6 were less affected by the ambient temperature 573 

because they were buried 5 meters deeper than those from TA1 to TE1. 574 

 575 
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 576 

Fig. 22 Predicted and measured soil temperatures  577 

 578 

The temperature differences between the predicted and measured results are shown in Fig. 22. 579 

The results show that even though the model started with an initially uniform soil temperature 580 

distribution, the model was still able to properly predict the temperature trends in the soil. The errors 581 

in the predicted temperatures are smaller than 7oC (except for the first month). The RMSEs of the 582 

numerical results are listed in Table 6. The RMSE of all 10 thermocouples is less than 3.6oC. 583 

Considering the uncertainties in the thermal properties of the soil and the initial conditions used in the 584 

model, the prediction accuracy is considered to be acceptable. 585 

 586 

Table 6 RMSE of the predicted soil temperatures 587 

 TA1 TB1 TC1 TD1 TE1 TA6 TB6 TC6 TD6 TE6 

RMSE(oC) 1.9  3.6  2.3  2.2  2.3  1.2  1.6  1.1  1.7  2.0  

 588 

4 Analysis and discussion 589 
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4.1 Energy balance 590 

4.1.1 Definitions 591 

The UGSTS code was used to calculate the heat losses from the side wall, the bottom, and the top 592 

of the pit. The heat loss from the top was calculated as: 593 
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The heat loss from the side wall was calculated as: 595 
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Here, k is the number of the nodes in the water region as shown in Fig. 6. 597 

The heat loss from the bottom was calculated as: 598 
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The total heat loss from the water pit was then: 600 

 ,num , , ,loss top loss side loss bot lossQ Q Q Q    (39) 601 

The total heat loss from the water pit was also determined from the measured data.  602 

 ,exploss CH DCQ Q Q Q    (40) 603 

Here, CHQ  is the energy input into the water pit, which was calculated as: 604 

 , ,CH ,CH( )CH p w CH in outQ c m T -T d  &  (41) 605 

DCQ  is the energy discharged from the water pit, which was calculated as: 606 

 , ,DC ,DC( )DC p w DC in outQ c m T -T d  &  (42) 607 

Q  is the internal energy change in the water pit, which was calculated as: 608 

 , ,  w p w w w ini

V

Q c T T dV  (43) 609 

Then, the water pit storage efficiency was defined as: 610 
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Q
  
  (44) 611 

4.1.2 Energy flow 612 

The measured data was used to analyze the water pit energy balance. The water pit energy balance 613 

from 09-04-2018 to 01-01-2019 is illustrated in Fig. 23. The pit received 260 MWh of solar heat with 614 

39 MWh discharged to the heating system. The internal energy of the water was calculated from the 615 

temperature measurements at the locations shown in Fig. 5. In 2018, the energy in the pool increased 616 

by 123 MWh by the end of 2018. The total heat losses to the surrounding soil and the ambient air were 617 

then about 98 MWh from Eq. (40) in the first year (from 09-04-2018 to 01-01-2019). The maximum 618 

temperature in the storage volume in 2018 was 67oC with a minimum of 12oC. The pit energy 619 

efficiency for the first year was then approximately 62% which is a little smaller than that reported for 620 

the Hannover 3000 m3 pool (71.2%) [19]. The energy efficiency for the Marstal 75000 m3 water pit 621 

storage was 62% in 2015 while that for the Dronninglund 75000 m3 water pit was 91% in 2016 [37]. 622 

 623 

Water Pit260MWhCharging

Heat losses

Discharging39MWh

123MWh

Internal energy change

 624 

Fig. 23 Energy flow diagram for the water pit storage in Huangdicheng from 09-04-2018 to 01-01-2019 625 

 626 

However, a large part of the hot water stored in the Huangdicheng 3000 m3 water pit storage 627 

during the first year was below 40oC. The heat losses from there during the first year are listed in Table 628 

7. As the water pit temperature increases as shown in Fig. 15, the heat losses will increase. Thus, since 629 

the average water temperature will increase since no heat pump was installed (the return water 630 

temperature was approximately 40oC), the heat losses in the second year will be greater and the energy 631 

efficiency will be lower. 632 
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The model was then used for a detailed investigation of the water heat losses. Table 7 presents 633 

the measured and calculated heat losses for each month during the first year. The calculated total heat 634 

loss is about 99 MWh, which is 1.14% larger than the measured heat loss. The simulation results also 635 

show that the greatest heat loss is from the side wall because there is no insulation on the side wall of 636 

the water pit.  637 

 638 

Table 7 Heat losses from the water pit 639 

Month Top-Num(MWh) Bottom-Num(MWh) Side-Num(MWh) Total-Num(MWh) Total-Exp(MWh) 

4 0.350  0.000  1.104  1.454  1.361  

5 0.946  0.076  3.772  4.794  3.427  

6 1.207  0.728  4.756  6.692  5.053  

7 1.722  1.637  6.032  9.390  10.050  

8 2.307  3.096  7.928  13.331  13.659  

9 2.741  4.395  8.067  15.203  14.175  

10 3.840  4.621  8.504  16.965  21.780  

11 4.013  2.874  7.986  14.873  13.302  

12 4.539  3.199  8.889  16.626  15.398  

Total 21.664  20.626  57.037  99.328  98.206  

 640 

The pit heat loss coefficients are then listed in Table 8. The total heat loss coefficient is 0.366 641 

W/m2/oC. The heat loss coefficient along the top wall is the smallest because of the insulation. The 642 

heat loss coefficients along the side are much larger than along the bottom since there was very little 643 

convection in the water due to the thermal stratification in the water pit with much higher temperatures 644 

near the top than near the bottom. Also, the soil near the upper part of the pit will be cooled by the 645 

ambient air. Therefore, insulation along the side can increase the thermal efficiency of the water pit 646 

more effectively than insulation along the bottom. 647 

 648 

Table 8 Heat loss coefficients around the water pit 649 

 Top Bottom Side Total 

Total (MWh) 21.664 20.626 57.037 99.328 

Fraction (%) 21.8 20.8 57.4 100.0 

Heat loss coefficient (W/m2/oC) 0.172 0.366 0.702 0.366 

 650 

4.2 Thermal stratification 651 

4.2.1 Development of thermal stratification in the water pit 652 



37 
 

The calculated and measured temperature profiles in the water pit on 09-04-2018, 01-05-2018, 653 

01-06-2018, 01-07-2018, 01-08-2018, 01-09-2018 and 01-01-2019 are shown in Fig. 24. In the 654 

beginning, the water had a uniform temperature of approximately 13ᵒC. After one month of charging, 655 

the water temperature in the upper part of the pool (at a height of 4.25 m) increased by 8.9ᵒC while 656 

the water temperature in the bottom part increased by only 0.1ᵒC. During operation, the maximum 657 

temperature difference in the water pit reached the highest value of 31.3ᵒC in August. The thermocline 658 

thickness defined as the length of the thermocline region has been used for characterizing the thermal 659 

stratification by other researchers [38, 39]. However, as shown in Fig. 24, there is no clear thermocline 660 

observed in the water pit during the whole operating period. The reason could be the inlet induced 661 

mixing in the upper part of the pool, the large heat loss from the top water surface and heat conduction 662 

from the upper hot water to the lower cold water. 663 

 664 

 665 

Fig. 24 Temperature profile in the water pit during the experiment 666 

 667 

The thermal stratification in the water pit significantly influences the thermal efficiency, so the 668 

thermal stratification needs to be investigated for various operating conditions. Numerical and 669 

experimental studies on thermal stratification in the literature have mostly focused on small, short term 670 

heat storage systems with few studies on thermal stratification in large water pits. Various other 671 
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methods have been proposed to characterize the thermal stratification in water pits such as the 672 

discharge efficiency, fill efficiency, Richard number, stratification number and MIX number [40-43]. 673 

However, the operating conditions in the water pit are very complex and the operating period is very 674 

long. Therefore, not all of these parameters are suitable for evaluating the thermal stratification here 675 

as shown in Table 9. By definition, the discharge efficiency applies only to the discharge mode; 676 

therefore, it is not suitable for the present analysis. Also, the fill efficiency is not suitable because it is 677 

defined for the charging mode only. The Richard Number is not appropriate here since it will be infinite 678 

when the inlet or outlet velocity is zero; so it is not suitable for the standby mode. There, the 679 

stratification number and the MIX number were selected to analyze the thermal stratification in the 680 

water pit. 681 

 682 

Table 9 Thermal stratification evaluation indexes 683 

Evaluation index Suitable for water pit Reasons 

Discharge efficiency No Only for discharging 

Fill efficiency No Only for charging 

Richard Number No Not suitable for the cooling process 

Stratification Number Yes  

Mix Number Yes  

 684 

4.2.2 Stratification number and MIX number 685 

The stratification number and the MIX number have both been used to evaluate the thermal 686 

stratification in a stratified hot water tank although they have very different definitions. This study is 687 

the first to use these two parameters for long term evaluation of a water pit. 688 

The stratification number is defined as the ratio of the mean temperature gradient in the water pit 689 

to the maximum mean temperature gradient in the water pit during the test period:  690 
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The stratification number was first introduced by Fernández-Seara et. al. for analyzing the 692 

charging/discharging mode [44]. The average derivative is given by: 693 
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During the entire operation, the maximum mean temperature gradient is: 695 
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Where Thot and Tcold are the maximum and minimum temperatures during operation.  697 

The MIX number is useful for evaluating the thermal stratification in a water pit at a specific time 698 

and ranges from 0 to 1 which reflects the degree of stratification independent of the working conditions 699 

[41]. Therefore, the MIX number is a suitable evaluation method for long term pit operation to 700 

characterize the thermal stratification in the water pit. 701 

Davidson et al. [45] introduced the MIX number as: 702 
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  (48) 703 

The energy-momentum content in the pit (Mpexp) is related to the energy-momentum content of 704 

two theoretical cases, a perfectly stratified water pit (Mpstratified) and a fully mixed water pit (Mpfully-705 

mixed) with both storing the same amount of energy as the experimental water pit, as illustrated in Fig. 706 

25. The fully mixed water pit has a uniform temperature while the perfect stratified water pit has a 707 

clear boundary between the hot water and the cold water of zero thickness. The MIX number varies 708 

from 0 to 1, where 0 represents a perfectly stratified tank and 1 represents a fully mixed tank [45]. 709 

Experimental water pit Perfect stratified water pit

Fully mixed water pit

Thot

Tcold
stratifiedH

0

H

 710 

Fig. 25 Temperature distributions in the experimental water pit and two theoretical cases 711 

 712 

For the experimental water pit, the energy-momentum content is defined as: 713 

 
1

 
wn

exp k k
k

Mp H E  (49) 714 

Where: 715 

 ,w ,kk w k p wE V c T  (50) 716 

The energy content of a perfectly stratified tank is assumed to be the same as that of the 717 
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experimental water pit, so: 718 

 exp , ,  stratified stratified hot stratified coldE E E E  (51) 719 

Then: 720 

 , ,  w p w hot hot w p w cold cold stratifiedc V T c V T E  (52) 721 

Because: 722 

 hot coldV V V   (53) 723 

And 724 

 2cold stratifiedV R H  (54) 725 

The thermocline position ( stratifiedH ) can be calculated for the fully stratified tank. Then, the 726 

energy-momentum content of the perfectly stratified tank is given by: 727 

 , ,2 2


   stratified stratified

stratified stratified hot stratified cold

H H H
Mp E E  (55) 728 

The energy content in a fully mixed tank is also assumed to be equal to the energy content in an 729 

experiment tank: 730 

 full mixed expE E   (56) 731 

The energy-momentum content of the fully-mixed tank is then calculated as: 732 

 
2


  full mixed
full mixed

HE
Mp  (57) 733 

 734 

The development of the measured and calculated stratification numbers and MIX numbers for the 735 

test period from 09-04-2018 to 01-01-2018 are then shown in Fig. 26. The stratification number is 736 

close to zero at the beginning due to an initially uniform temperature distribution in the underground 737 

water pit. The pit is then gradually charged by the solar tower, so the stratification number increases 738 

from 0.04 to a peak of 0.55 between 09-04-2018 and 01-08-2018. The stratification number is lower 739 

than reported by Fernandez-Seara et al. [44]. Lower stratification numbers indicate more mixing 740 

during charging, which in this case is most likely caused by the placement of the inlet opening 1.0 m 741 

below the water surface. This process is analyzed in more detail using the 10 operating periods, A-J, 742 

shown in Fig. 26. 743 

 744 
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 745 

Fig. 26 Stratification number and MIX number variations in the water pit. 746 

 747 

During periods A (from 09-04-2018 to 21-04-2018) and C (from 27-04-2018 to 09-05-2018), the 748 

heating increases the stratification number and reduces MIX in the water pit as the water temperature 749 

near the water surface increases significantly while the temperature near the bottom does not as shown 750 

in Fig. 15 and Fig. 24. These two numbers both reflect the increase of the thermal stratification in the 751 

water pit. 752 

During periods B (from 21-04-2018 to 27-04-2018) and D (from 09-05-2018 to 20-05-2018), 753 

thermal conduction between the upper hot water layer and the lower cold water layer during the 754 

standby period reduces the thermal stratification. During these periods, the stratification number 755 

increases and MIX decreases with both reflecting the reduced thermal stratification. 756 

During period E (from 20-05-2018 to 03-08-2018) when the water pit is heated for part of the 757 

time and in standby mode for part of the time, both the stratification number and MIX increase. The 758 

increased stratification number indicates increased thermal stratification while the increased MIX 759 

indicates less thermal stratification. These opposing trends are caused by the definitions of these two 760 

numbers. The stratification number is the average temperature gradient in the water pit, so when hot 761 

water was added to the water pit, the temperature increase near the top of the water pit results in an 762 
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increased stratification number. The data in Fig. 15 shows increased thermal stratification from 20-05-763 

2018 to 03-08-2018 with the stratification number increasing during this period as shown in Fig. 24. 764 

For the MIX number, the energy-momentum content, Mp, is the product of the height and the energy 765 

at that height. In a perfectly stratified water pit, all the hot water would be stored in the upper part of 766 

the pit as shown in Fig. 25 and the increased temperatures at different heights would increase Mpstratified 767 

in equal amounts. However, the increased temperature near the top has more influence on Mpexp than 768 

the increased temperature near the bottom in the pit. Therefore, increasing the water temperature near 769 

the bottom will increase Mpstratified - Mpexp which will increase MIX. 770 

During periods F (from 03-08-2018 to 30-08-2018), G (from 01-09-2018 to 19-09-2018) and J 771 

(from 21-10-2018 to 31-12-2018), the water temperature near the top is close to the charging 772 

temperature (60 – 90oC), so little energy is added to the water compared to the additions on other days 773 

(Fig. 10) The water temperature near the bottom then increases while the temperature near the top does 774 

not. Therefore, the stratification number decreases during this period. The thermal stratification can be 775 

increased by using a higher charging temperature from the middle of September through the winter. 776 

The stratification number then increases during period H (from 20-09-2018 to 08-10-2018). 777 

Between periods F and H, the stratification number sharply decreases while MIX sharply 778 

increases as seen in Fig. 26 because 28oC water from the bottom of the water pit accidentally flowed 779 

into the top of the pit on 31-08-2019. 780 

During the period I (from 09-10-2018 to 20-10-2018), the discharge mode return water 781 

temperature greatly influenced the thermal stratification. When discharging began on 09-10-2018, the 782 

return water temperature was higher than the bottom temperature of the water pit as shown in Fig. 18 783 

which reduced the thermal stratification. The stratification number reduction and the MIX number 784 

increase can be seen in Fig. 26. The gradual return water temperature decrease after 16-10-2018 can 785 

be seen to increase the stratification number and reduce MIX. 786 

 787 

5 Conclusions 788 

The thermal stratification in a 3000 m3 water pit was investigated to study the thermal efficiency 789 

of the underground water pit. The underground water pit model modeled the water region with a one 790 

dimensional model and the soil region with a two dimensional model with the predicted temperatures 791 

in the water and in the soil validated with experimental data. The temperature differences between the 792 
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measured and predicted results were acceptable. This model was then implemented as a TRNSYS type 793 

UGSTS for further studies. The simulations and the experimental data were then used to analyze the 794 

thermal efficiency of the water pit. The results show that: 795 

1) During the first year of operation, the 3000 m3 water pit heat losses were approximately 98 796 

MWh and the storage efficiency was approximately 62%. The total heat loss coefficient along the 797 

entire water pit was 0.366 W/m2/ᵒC. 798 

2) The simplified model was used to predict the heat loss coefficients along different parts of the 799 

water pit. The average heat loss coefficient along the top was 0.172 W/m2/ᵒC, along the side wall was 800 

0.702 W/m2/ᵒC and along the bottom was 0.366 W/m2/ᵒC.  801 

The heat loss coefficient along the top was smallest because a 0.2 m thick insulation layer was 802 

added over the top of the water pit. The heat loss coefficient along the side wall was then much larger 803 

than along the bottom mainly due to very little convection in the water due to the thermal stratification. 804 

The temperatures along the upper surface of the water pit were much larger than near the bottom. The 805 

higher temperatures near the surface then led to more heat losses in the soil, especially since the soil 806 

around the upper part of the water pit was cooled by the cold winter ambient air. Thus, insulation on 807 

the side of the water pit would significantly improve the water pit thermal efficiency. 808 

3) The experimental data and the simulation results were used to analyze the thermal stratification 809 

in the water pit during the first year. The maximum temperature difference in the water pit during the 810 

entire operating period was 31.3oC. The stratification number and the MIX number were then selected 811 

to evaluate the thermal stratification in the water pit. A smaller MIX indicates more stratification while 812 

a larger stratification number indicates more stratification. MIX is influenced greatly by the 813 

temperatures near the bottom; thus, it increased during most of the charging period. However, since a 814 

higher MIX indicates less stratification, the increased MIX is not consistent with the experimental 815 

results which showed increased thermal stratification. The stratification number was more 816 

representative and properly showed the thermal stratification in the water pit most of the time. 817 

Therefore, the stratification number is recommended for evaluating stratification in water pits. 818 
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