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ABSTRACT

To ensure techno-economically suitable installation of ground source heat pump
(GSHP) systems, thermal and hydrogeological properties of the subsoil need to be
investigated. In this paper, the geothermal potential for three types of GSHP
installations in the urban area of Wuhan city is assessed based on preliminary
geological investigations. The potential for shallow geothermal energy is evaluated
for surface water heat pump systems (SWHP), groundwater heat pump systems
(GWHP) and ground coupled heat exchanger heat pump systems (GCHP). The
mapped shallow geothermal potentials provide essential information for the
installation of GSHPs and for the management of geothermal resources for Wuhan
city. Furthermore, the heat transfer rates for some typical configured BHE are tested
by field Thermal Response Tests (TRT). In order to understand the techno-economic

feasibility of the GSHPs, different types of the installed systems are measured and



analyzed.
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1. Introduction

Geothermal energy has been recognized as an alternative resource for the traditional
fuel energy due to the attractive advantages of renewability, cleanness and cost-
effectiveness [1]. Nowadays, shallow geothermal technologies are widely used in
industrial, commercial and residential buildings for heating and cooling purpose [2].
The shallow geothermal resources are available via surface water, i.e. rivers and lakes,
groundwater aquifers and ground soil/rock [3]. In general, the shallow geothermal
energy is either explored directly or used by heat pump systems with the coupling of
ground heat exchangers [4]. The performance of a geothermal system depends
strongly on the site conditions such as geological setting, hydrogeological and
geothermal specifications [5]. In order to stimulate the application of shallow
geothermal systems for energy generation, geothermal assessments, e.g. geological
investigations and geothermal mapping, have been done worldwide in the past

decades [6].

Somogyi et al. reviewed the scientific achievements for shallow geothermal systems
in six European countries [7]. The environmental effects caused by geothermal
systems are introduced in the selected countries. Bertermann et al. mapped the very
shallow geothermal potentials of some selected areas in Germany [8]. Thermal
conductivity for different soil types and ground temperature distribution were
calculated within a depth of 10 m below the ground surface. The obtained dataset
were presented on a WebGIS platform for the visualization. The work was a first step
for the management and development of shallow geothermal energy systems in the
study areas. Casasso and Sethi assessed the shallow geothermal potentials in the
province of Cuneo in Italy [9]. The potential for shallow geothermal energy was
investigated with different installations for GSHPs including closed-loops and open
loops. A geothermal map was presented for identifying the most suitable areas for

different installations.



In China, the use of geothermal energy systems has developed rapidly in the past
decades. In 2015 an area of about 300 million square meters was used for geothermal
heating, and it is expected to reach 500 million square meters in 2020 [10]. Currently,
the installed capacity of shallow geothermal energy in China is 27.9x10° MWh/yr,
and is expected to reach an average growth rate of over 25% till 2020 [11]. In order to
encourage a sustainable development of shallow geothermal energy, the evaluation of
shallow geothermal potentials of the major capitals of most provinces in China has
been conducted [12]. The geothermal resources were assessed based on the initial
ground temperature, hydrogeological conditions and thermo-physical properties of the
geological materials [13]. The results showed that about 77-1012 million kWh in total
can be available each year which are calculated to be equivalent to 9.486 -103 million

tons of standard coal [14, 15].

However, the mentioned works in China focus mainly on the evaluation of geothermal
resources without paying attention to the specific type of GSHP. Technical and
economic feasibility of GSHPs could be largely affected by both, types and site
conditions [16]. According to the government’s five-year plan, there will be occupied
about 11.5 million m* for installations of GSHPs from 2015 till 2020 in Wuhan city
[20]. For the sustainable development of shallow geothermal energy, the assessment
of geothermal potentials should consider specific GSHP types with small scale
geological, hydrogeological and geothermal site conditions [17]. Furthermore, the
monitoring of existing GSHPs provides also essential clues for the thermal and

economic performance to be expected in the surrounding areas.

In this paper, the shallow geothermal potentials for different GSHP installations in the
urban area of Wuhan city are assessed. First, the climate and the geological
background of the study area are investigated. Then, the available shallow geothermal
energy resources is then assessed for three different GSHP installation types: surface
water heat pump (SWHP) system, groundwater heat pump (GWHP) system and
ground coupled heat pump (GCHP) system. The mapped geothermal potentials for the
urban area within a depth of 120 m of Wuhan city will be presented and heat transport
efficiency of typically configured BHE is also determined. Finally, the performance of

dozens of installed GWHP and GCHP systems in Wuhan city are investigated.



2. Climate and geological background
2.1 Climate

Wuhan city is the capital of Hubei Province which is located in the middle of China,
as shown in Fig. 1. The study area contains a main urban area and nine vicinal
districts, covering 8,594 km? area and has 10.6 millions of inhabitants [18]. This area
is characterized by a subtropical-humid climate with rather hot summers and cold
winters. The annual mean air temperature varies from 15.8 °C to 17.5 °C. During the
summer time, the temperature can generally reach up to 37 °C with a record of the
highest temperature of 44.5 °C. The winter lasts from December to February with a
mean daily temperature of 1-3 °C [19]. Therefore, heating and cooling are both

needed for the building’s air conditioning with different seasons.
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Fig. 1 Map of the urban area of Wuhan city of Hubei province in China. The study

area consists of a main urban area and eight sub-urban districts.

Table 1 summarizes the monthly data of temperature, moisture, wind and solar



radiation in the study area [21, 22]. The listed data show that hot weather dominates

mainly from June to August. It is observed that the highest temperatures are reached

mainly in June, July and August, which is the typical cooling period. The temperature

in winter is rather low and varies from 0.4 to 2.3 °C, indicating a heating demand of

the local buildings. During the whole year, the humidity remains quite high which

means the air has a large heat capacity. All these climatic data provide essential

information for the energy consumptions of the buildings in the study area.

Table 1 Monthly climatic parameters in Wuhan city from 2001 to 2009

Month Jan Feb Ma Apr May Jun Jul Aug Sep Oct Nov Dec
r

Highest 7.9 10 14. 214 264 29. 32. 325 279 227 165 10.8

temper 4 7 6

ature (

T)

Lowest 04 24 6.6 129 182 22. 25 249 199 139 7.6 23

temper 3 4

ature (

)

Humidi 77 76 78 78 77 80 79 79 78 78 76 74

ty (%)

Wind 1.8 19 21 2 19 19 21 19 18 17 16 1.7

speed

( m/s

)

Averag 43. 58. 95. 131. 164. 225 190 111. 79.7 92.0 51.8 26.0

e 4 7 0 1 2 0 3 7

rainfall

( mm

)

Days 91 95 13. 13.0 132 13. 11. 90 90 93 80 6.6

for 2

rainfall

(d)

Hours 104 105 115 151. 181. 179 232 241. 174. 161. 144. 136.

for A 4 6 2 8 9 7 2 1 6 3 5

sunshin

e (h)

Monthl 738 802 994 142 180 193 284 267 186 151 118 100

y solar .7 6 4 74 69 9 2 34 06 99 79 92

radiatio

n

(MJ/m?

)




2.2 Geological settings

In order to investigate the geological settings, data of 1742 engineering drilling holes
and 121 hydraulic observation wells are collected. Fig. 2 depicts the location for these
holes and wells in the study area. It is observed that engineering drilling holes are
mainly distributed in the main urban area with relatively higher density than the rest 9
sub-urban areas. Thereby, more detailed geological information can be obtained for
the main urban area than sub-urban districts. The depths for these drilling holes and
wells vary from 50 m to 150 m. All the data cover a period from 2000 to 2016 are
collected and provided by Wuhan Geomatic Institute, P. R. China.
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Fig. 2 Engineering drilling holes and hydraulic observation wells used for the

geological and hydro-geological investigations

Wuhan city is located in the eastern Jianghan basin, with Yangtze River and Han
River are traversing the city. The geological settings are investigated by collecting

data from drilling wells in this area, as shown in Fig. 2, and also by the local



geological map [23, 24]. The subsurface consists mainly of limestone, sandstone and
Quaternary river deposits, i.e. gavel, sand, silt and clay. The stratigraphic sequence
was investigated in detail. Two categories of geological materials including soils and
hard rocks are emphasized for the assessment of the shallow geothermal potential.
Fig. 3 shows the geological map with strata and lithology for the study area. Hard
rocks formations are mainly distributed in the southern area of Wuhan city and the
north part is covered mainly by Quaternary soils. The stratigraphic sequence covers a
period from the Silurian to Quaternary period. The lithology of materials includes

limestone, sandstones, mud stones and soils.
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Fig. 3 Geological map for the urban area of Wuhan city. The capital symbols denote
different geological ages: S means the Silurian, D is the Devonian, C is the
Carbonaceous, P is the Permian, T is the Triassic, K —E is the Cenozoic Era and Q,.;is

the middle Pleistocene and Q. is the late Pleistocene.

3. Shallow geothermal potentials

3.1 Surface water resources



To assess shallow geothermal potentials of surface water resources for the installation
of SWHP systems, lakes and rivers which are distributed across the study area were
investigated. Data was collected from the local water resources bureau of Wuhan city
and previous published literature [25]. Table 2 summarizes the information of 33 lakes
located in the study area [26]. The volumes of the lakes in the study area vary from
5.42x10% m’ to 8349.68x10* m’. The average depth of these lakes was estimated to be
0.75-3.28 meters, which means temperature of the lakes is largely affected by the air
temperature. Furthermore, the temperature of these lakes was also determined.
According to the measurements conducted in those selected lakes, the temperature is
rather high in summer, as listed in Table 3. The temperature is around one degree
lower at the bottom of the lakes than on the surface. The water temperature at the
surface and bottom of the lakes was measured using a PT 100 thermometer with a

measuring uncertainty of 0.01 C.

Based on the collected data, the useable thermal energy which can be extracted from
lakes was estimated considering the volume of lakes that can be formulated as
follows:

Q = VxpexAT (1)
where V is the volume of pool or lake (m?), pipc is the thermal capacity of water
(MJ/m*K), AT is the temperature difference (°C). Effects on the biology of the
groundwater can be ignored or accepted in case of small-scale system or maximum

temperature changes of +6 °C [27].

Considering the lake temperature is rather high in summer and the efficiency for
SWHP, the temperature changes from the lakes should lower than the air temperature
in summer and higher in winter when assessing the useable geothermal energy.
According the temperature measured in the selected lakes in July, the hottest month
over a year, the maximum temperature change of the lakes is set £1.0°C. The
estimated for seasonal maximum explorable geothermal energy by following Eq. (1)

is listed in Table 2.
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Fig. 4 Major lakes and rivers distributed in the urban area of Wuhan city

Table 2 Summarization of the lakes located and the estimated seasonal explorable

energy in the urban area of Wuhan city

A Nvggrelfl Average Volume Useable
Number  Lake name rea depth (10*'m*  energy
(km®) level () ) (D)
(m) m
1 Niushan 572 21.30 178  10181.6 427.63
Lake
2 Tangxun 52.18 17.63 1.60 83488  350.65
Lake
3 Houguan 3730 17.63 153 57069  239.69
Lake
4 East Lake 33.20 19.65 273 9063.6 380.67
5 Yaozi Lake  23.40 21.70 1.92 44928 188.70
6 Hou Lake 16.32 19.15 1.65 26928 113.10
7 Yanxi Lake  14.21 19.13 1.90 26999  113.40
8 Tongjia 9.12 22.00 22 20064 8427
Lake
9 Yandong 9.11 19.15 250 22775  95.66



Lake

10 Qinglin 8.84 17.63 1.5 1326  55.69
Lake
11 Huangjia 8.19 17.63 170 13923 5848
Lake
12 South Lake 7.67 17.63 1.03  790.01  33.18
13 Taojia Lake 475 22.00 217 103075  43.29
14 Guanlian 4.04 18.33 2.2 888.8  37.33
Lake
15 Zhushan 3.67 19.00 328 120376  50.56
Lake
16 Moshui 3.64 18.65 2.55 9282 3898
Lake
17 Nantaizi 3.59 18.63 0.80 2872  12.06
Lake
18 Jinyin Lake 3.29 18.60 22 7238  30.40
19 Sha Lake 3.08 19.15 0.81 24948  10.48
20 Ye Lake 3.00 17.63 1.4 420 17.64
21 Zhujia Lake 2.52 21.03 1.6 4032  16.93
22 Sanjiao 2.39 18.63 153 365.67 1536
Lake
23 Longyang 1.69 19.15 075 12675 532
Lake
24 Yezhi Lake 1.62 17.63 128 20736 871
25 Majia Lake 1.59 18.56 1.06 16854  7.08
26 Dugong 1.55 18.60 0.9 139.5 5.86
Lake
27 Wangjia 1.40 19.15 221 3094  12.99
Lake
28 Renkai Lake 1.34 18.62 1.4 187.6 7.88
29 Lanni Lake 121 18.50 208 25168 10.57
30 Panlong 1.13 19.12 121 13673 574
Lake
3] Tang Lake 1.06 19.00 0.88 93.28 3.92
32 Zuzi Lake 0.67 19.15 1.70 113.9 478
33 Qintan Lake  0.60 19.08 1.45 87 3.65
Table 3 The measured temperatures of two selected lakes in Wuhan city
Date Bottom Surface Air
Lake Temperature
(day/ month/ temperature temperature temperature/
name at depth/m . . .
year) /C /C C
T 1.8 28.94 2931
13/7/2009 a?glf“ 2.1 2831 29.19
hlake 2.5 28.19 29.44 32.90
East
13/7/2009 2.3 28.94 29.10
lake
15/5/2012 East 2.1 23.17 23.64 26.20




3.5 22.23 23.50

lake 1.4 23.44 23.50

River system is another important surface water resource for SWHPs installation.
Temperature of Yangtze River and Han River were monitored during the year 2011-
2012 and the monthly mean temperature is plotted in Fig. 5. The data show that
temperatures of Yangtze River and Han River change drastically with different
seasons. The temperature of Yangtze River varies between 28.2 °C to 10.86 °C for a
year period and the Han River shows a more drastic temperature range between 30 °C
and 7.69 °C. Parameters include pH-value, electrical conductivity, redbox potential
and O, content need to be determined in order to assess the suitability for use of the
water for heat pumps. Furthermore, the organic substances need also to be

investigated for analysis of the water contamination [28].
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Fig. 5 Measured monthly temperature changes of Yangtze River and Han River

between December 2011 and November 2012.

Table 4 The assessed useable geothermal energy for the river systems in the study

arca

Useable Energy
Summer (GW) Winter (GW)

River Flow rate (m*/s)

Yangtze 33,980 1003 820



Han 1,829 39 20

Dongjing 36.71 0.40 0.77
Nie 12.14 0.13 0.26
Suozichang 46.20 0.51 0.97
Daoshui 22.96 0.25 0.48

The annual flow rate for Yangtze river is 33,980m?/s and Han river is 1,829 m¥/s, as
shown in Table 4. By considering the outlet temperature from heat pump is 5 °C in
winter and 35 °C in summer. The inlet temperature is set by the river’s temperature
and therefore the maximum useable geothermal energy for hottest month in summer
and coldest month in winter is determined. Table 4 lists the maximum energy that can
be obtained from both river systems in August and January of Wuhan city. These data

provide a reference for the installation capacity of SWHP for the river systems.

3.2 Groundwater as geothermal resource

The evaluation of groundwater as geothermal resource was conducted by considering
the open loop GWHP systems in aquifers. For such a system, the water is often
pumped from the aquifers. The useable water resource depends on the lithological
characteristics, the thickness and the hydraulic properties of the aquifers. In the study
area, the groundwater source is mainly used from the Quaternary layers. Main
unconfined aquifers are the alluvial deposits of Yangtze and Han River. The thickness
varies from few meters to tens of meters in the study area, as it is presented in Fig. 6.
Furthermore, confined aquifers such as sandstone layers and limestone are also found
in the study area. Due to the low efficiency in well pumping and recharging, the use
of confined aquifers as water resource is not encouraged. Therefore, the highly
preferred groundwater resources for GWHP systems are mainly the unconfined

aquifers.
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Fig. 6 Thickness of unconfined aquifers in the urban area of Wuhan city

Temperature of the groundwater in the unconfined aquifers was measured and the
results show that big seasonal differences. The temperature of the unconfined aquifers
can reach up to 20 °C in summer and drops down to 16 °C in winter, with about 4 °C
difference over one-year period. The estimation of shallow geothermal potentials for
the aquifer systems is conducted by taken into account the pumping rate of the wells.
The flow rate of the wells was estimated for both extraction and injection. The

hydraulic head drawdown of well is formulated as [29]:

2

where S,, is the water head drawdown in the well (m), Q is the pumping rate (m3/s),
KD is Transmissivity (m?/s), toump is the time for pumping (s), rw is the radius of the
pumping well (m), S is the storage coefficient (-), C is the coefficient of the quadratic
term of the Rorabaugh equation (m?/s®). S=0.2 is set for unconfined aquifers, tyump is

suggested for 200 d [30], r, is set 0.25 m, C =1900 s*/m’ as suggested by Ref [31].

An allowable maximum drawdown for a well can be determined as:



3)
where o is the a fraction of the saturated thickness (-), b is the thickness of the
aquifers (m). A 50% reduction of the saturated thickness (a=0.5), was set as suggested
by Ref. [30]. The flow rate of injection well is dependent on the hydraulic properties
of the aquifers and it is generally lower than the pumping rate. Therefore, the numbers
of injection well can be determined based on pumping rate and the specific geological

conditions.

By known the flow rate of the wells, the geothermal potential for GWHP installation
can then be formulated as:

(4)
where W is the pumping rate of well (m’/s), pic= 4.2x106 J/m*K is the thermal
capacity of water and AT=6°C is set for the temperature difference between injection

and abstraction well.

Fig. 7 shows the estimated geothermal potential for GWHP is conducted considering
unconfined aquifers in the study area. The mapped shallow geothermal potential can
be grouped into four sub-categories. The area with highest explorable geothermal
potential distribute mainly at the alluvial deposits of Yangtze River. This area has a
relatively thick of unconfined aquifers and with also high hydraulic conductivity. The
assessed explorable rate for a single well varies from 233 to 291 kW. The second
highly explorable geothermal potential for GWHP installation locates along the
deposits of Han River and it is estimated to be 116-145kW. These areas have a similar
thickness with the Yangtze deposits but with a lower permeability. Hence, a relatively
lower geothermal potential is assessed. The lowest explorable geothermal potential for
GWHP is estimated mainly with the unconfined aquifers with a thickness of 5-20 m
and it is assessed by 3-20 kW of these areas. The rest are the non-permeable areas

which are not recommended for installation of GWHPs.
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Fig. 7 The evaluated shallow geothermal potentials for ground water heat pump
system (GWHP)

3.3 Ground coupled geothermal resources

3.3.1 Determination of the thermal properties

In order to ensure a proper installation of GCHPs, thermal properties of the ground
need to be measured. Thermal properties for the geological materials in the study area
were determined using the collected drilling samples. In the present work, a portable
instrument ISOMET 2114 (Applied Precision Ltd., Stavitelska 1, 83104 Bratislava,
Slovakia) was used. A needle probe was applied for determining thermal properties
for soft materials such as clay and sand, as shown in Fig. 8a. A steady heating power
was applied to the samples and the temperature changes were recorded during the
testing process [32]. Thermal properties including thermal conductivity and thermal
diffusivity were derived using the records by following heat transfer models (e.g.
linear heat source model). On the other hand, thermal properties for the hard materials
were measured by adapting a surface probe, as shown in Fig. 8b. The samples were
cut and polished to make a flat and smooth surface for the perfect thermal contact

with the probe. Around thousand samples were collected and tested for analysis of the



thermo-physical properties of the geological materials.

Determination of thermal conductivity is conducted by the following linear source
theory [33] which can be formulated as:

)
where A is the thermal conductivity (W/mK), q is the heating power (W), T is the
temperature °C, Q is the amount of energy (J), t is the time (s), the subscripts 2 and 1
represent the measurements in two different times. Thermal diffusivity can then be
derived by temperature variation with time. Thermal diffusivity is the ratio of the time

derivative of temperature to its curvature, as shown in Eq. (6).

(6)
where T is the temperature (°C), t is the time (s), V is the first order derivativeness, o
is the thermal diffusivity (m?/s). Then, volumetric heat capacity can be obtained using

thermal conductivity divided by thermal diffusivity [34].

(a) Thermal conductivity measurement (b) Thermal conductivity measurement

for soft soils using a needle probe for hard rocks using a surface probe
Fig. 8 Determination of thermal conductivity for the geological materials of the study

arca

Table 5 lists the determined thermo-physical properties of the geological materials
from Silurian to Quaternary for the collected 874 samples. It is shown clearly that the
soft sentiment soils have relatively higher water content than the hard rocks. These
soils are unconsolidated materials with often large pores and therefore high water
contents were observed. In general, thermal conductivity is described by solid matrix,
air and water occupied void. Air and water have a relatively lower thermal

conductivity than the natural minerals [35]. Therefore, loose materials, i.e. soil, have



generally a lower thermal conductivity than the consolidated materials such as the

hard rocks.

Table 5 The determined thermo-physical properties for different lithology in Wuhan

city
C\Z:t[zlrl densit porosit  Thermal Cgﬁgﬁii ¢
Geologic o ¢ y y capacity
al Lithology J
Age . ® p 3 n 3 c A
(%) (g/;m (%) (10 J)/kgK (W/m-K)
1 Mlscseg;“eou 1542 190 27-60 1.24-1.55 1.13-1.38
2 Silt 25-83 1.75  30-77 1.48-1.76  1.08-133
3 Clay,silt  20-50 1.89 38-59 1.22-151 1.48-1.75
g Sitandfine 5y 46 184 4053 098162 165222
Q4 sand
s Sand(fine, 6 186 3454 096-1.64  1.90-2.47
middle)
Sand
6  (middle,  13-70 1.95  32-56 0.89-1.59  2.30-2.52
coarse)
7 gravel 20-63 220  40-63 0.81-122 2.17-2.49
o 8  Clay,silt 1630 198 3847 1.13-1.52  1.64-1.89
9 Clay, gravels 10-34 198  30-51 0.94-1.13  1.76-1.96

o 11 Clay, silt 16-29 198  36-46 1.06-1.27 1.73-1.97
12 Clay, gravels 17-26  1.98 2947 1.25-1.48 1.91-2.04

13 Sandstone  6-10 234 - 1.04-1.28  1.70-2.05

BE Congleomerat 56 245 - 096-1.09 2.19-2.30
T 15 Limestone 0.2 2.68 - 0.83-0.94  2.65-2.74
16  Sandstone 64 244 - 076-1.14 2.17-2.52

17 Shale 83 243 - 073112 214237

P 18  Silicolite 0.1 273 - 071-0.86 2.76-2.88
19 Limestone 0.4 2.65 - 0.81-0.90  2.48-2.57

C 20 Limestone 08 268 - 083091 2.50-2.64
D 21 Sandstone 0.6 260 -  0.74-0.88 2.88-3.07
S 22 Mudstone 85 247 - 088103 2.33-2.48

3.3.2 Temperature measurements

Initial ground temperature is an important parameter for the design and planning of
GSHP systems. In this work, the ground temperature was measured within a depth of

up to 120 m. A temperature profile in one of the selected locations is presented. Fig. 9



shows an example for the measured temperature profile at a testing site. It shows that
the temperature was seriously affected seasonally by air temperature changes within a
depth of 10 m. The ground temperature remains relatively stable with 18.7-20.2 °C
through the whole year below such as depth. The geothermal gradient is determined to

be 1.5-2.0 °C/100 m with increasing depth.
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Fig. 9 Temperature profile at a selected testing site in main urban area within a depth

of 120 m (Tianfulong Industrial Garden in Caidian District)

Temperature contour lines within a depth of 120 m below the ground surface in the
study area were created using a dataset obtained from collected measuring points, as
shown in Fig. 2. Fig. 10 shows that the shallow ground temperature varies from
18.2°Cto 20.3 °C. The ground temperature in an urban area can be affected by many
factors such as buildings, plants and groundwater systems [36]. The mean temperature
within a depth of 120 m ranges from 18.3 °C to 20.5 °C in the study area. In the
southern region of Wuhan, the temperature ranges between 18.9 °C and 20.5 °C and it
varies from 18.5 °C to 19.1 °C in the northern area. The mapped temperature contour
line shows a relatively higher temperature in the southern area compared to the
northern region. The uneven distribution of the ground temperature can be caused by
many factors including lithology, hydrogeological conditions and thermal background

of the ground, as shown in Fig. 3 and 6. These data provide a basic understanding of



the initial ground temperature distribution which will be used to assess geothermal

potential for GSHP systems.

Legend

A?”; *'*-;% 20.20 (C)
0 Sl )
19. 80
19. 40

19. 00

18. 60

18.20

. Water

0 6 12 18 km

Fig. 10 Mean ground temperature contour line within a depth of 120 m of Wuhan city

Based on the obtained data including geological setting, hydro-geological conditions
and thermal properties of the ground materials, shallow geothermal potentials for
GCHP are evaluated. The shallow geothermal energy is often explored by using BHE
matrix, e.g. layout of 5 mx5 m, and the useable thermal amount can then be assessed
considering a seasonal allowable temperature difference and thermal capacity for a
unit volume of the ground. The useable thermal amounts can be formulated as
follows:

(7

@®)
where Qsea is the seasonal thermal amount (MJ), A is the ground surface area (m?),
Q+ is the amount of energy extracted from the ground (MJ), Q- is the amount of

energy inject to the ground (MJ), AT is the temperature difference (°C), pc is the



volumetric thermal capacity (MJ/m’.K) and di is the thickness of geological layers
(m). In the present work, a total depth of 120 m and temperature difference of 6 °C is

set for assessing the shallow geothermal potential per unit area.

Furthermore, a net energy explorable from the ground is considered due to an
unbalanced heat is injected and extracted from the ground with different seasons. The
explored net energy is an important parameter indicating a sustainable performance of
GSHP system. By considering a 25-year period of GSHP system operation and a
mean temperature change of 6 °C, the annual unbalanced net energy is estimated, as it
is described in Eq. (5). Fig. 11 shows the mapped the maximum explorable
geothermal potential of GCHP for both seasonal and annual net energy amount. It
shows the study area can be subdivided into three geothermal areas with different
explorable thermal amounts. The mapped highest geothermal potential is 1612.8 MJ,
followed by 1526.4 MJ and the lowest area is 1411.2 MJ. The annual net explorable
energy is relatively lower than the seasonal explorable energy, with values of 64.0
MlJ/yr, 61.1 Ml/yr and 56.4 MJ/yr, respectively. Both parameters are essential to

determine an installation capacity with a specific borehole field for GCHPs.

Legend
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Fig. 11 The evaluated geothermal potentials for ground coupled heat exchanger

system (GCHP) per square meters within a depth of 120 m

3.3.3 Thermal Response Test (TRT)

To better understand efficiency for practical exploring geothermal energy by GSHP
systems, thermo-physical parameters such as effective thermal conductivity of the
ground, heat transfer rate and thermal resistance of borehole heat exchangers (BHE)
are of crucial importance. In order to determine thermo-physical parameters in the
field, seventeen TRTs were carried out for some selected locations with typical

geometric configurations of BHEs.

Undisturbed ground temperature of the ground was first measured by circulating the
fluid through the closed loops without power input. Afterwards, a constant heating
power is adapted to the heat the carrier fluid and the surrounding ground. Parameters
including fluid inlet and outlet temperature and fluid flow rate are continuously
recorded during the testing process. Then, the effective thermal conductivity of the
ground was determined following the linear source heat transport model. The obtained
results are presented in Table 6. Furthermore, the determined specific heat rate for
both heating and cooling cases of some typical configured BHEs are presented in

Table 7.

During the measuring period of the TRT process, fluid inlet—outlet, flow rate and heat
power were continuously recorded. The mean fluid outlet and inlet temperature is
used for interpreting thermal properties of the surrounding ground of BHE. In this
study, the linear theory was applied to determine the effective thermal conductivity of
the ground and the thermal resistance of the borehole [37]. The mean fluid
temperature of the heat carrier fluid can be formulated as:

)
where, Tt is the fluid temperature (°C), T is the undisturbed ground temperature (C),
q is the power input (W), H is the length of the borehole (m), 1 is the borehole radius
(m), t is the time (s), a is the thermal diffusivity (m?*s) and y is the Euler constant

(0.5772), Leff is the effective thermal conductivity of the ground (W/mK), R, is the



thermal resistance of the borehole (mK /W).
By fitting the linear regression between mean fluid temperature versus

logarithmic time, Eq. (3) can be shown as:

(10)
where m is the slope of the linear regression of mean fluid temperature versus

logarithmic time.

Borehole thermal resistance, R;, estimated by the line-source model [38] is given as:

(11)

Table 6 Collected data from Thermal Response Tests (TRT) implemented in the study
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*MUA: main urban area, ELHD: East Lake High-Tech Development Zone

Thermal transfer rate of these BHEs is evaluated by the recorded parameters such as

outlet/inlet fluid temperature and fluid flow rate during the testing process. The heat

transfer rate can be formulated as:

(12)

where q is the specific thermal exchange rate for the borehole heat exchanger per

meter length (W/m), W is the volume of rate of the heat carrier fluid (m?/s), picr is the

heat capacity of the heat carrier fluid (J/m**K), Toue is the outlet fluid temperature for

the heat carrier fluid ("C), Tiue is the inlet fluid temperature ('C), H is the total length

of the energy piles (m) [39].



The total lengths of the tested BHEs vary from 70 m to 120 m. Specific heat rate of
the BHEs was measured varying from 45.55 W/m to 66.80 W/m, with an mean value
of 57.18 W/m. The specific heat rate of BHEs was tested to be changed drastically
with differences of ground conditions and geometric configurations of the BHE which
are considered as the main factors determining heat transfer of BHEs [40]. Thereby, a
mean value can be recommended as a reference for a small-scale GCHP. For a large-
scale GCHP system, a TRT is suggested to measure thermal properties of BHEs with

specific configurations and ground conditions.

4. Performance of the installed systems

To further understand the technical and economical potentials, the performance of the
different types of GSHPs which were installed from 2001 till 2012 was analyzed.
Table 8 lists the collected information including locations, covered area for air
conditioning, GSHP types and installation year. There are installed in total 58 GSHPs
including two types, GWHP and GCHP systems, in the past decade. The size of the
installed GSHPs covers a wide range from 1,500-300,000 m*. In the earlier period,
both GWHP systems and GCHP systems were constructed. However, only GCHP
systems were built after the year 2010. In addition, there is only one surface water
geothermal system which is in planning to be constructed in the main urban area by

Sinopec Co., Ltd, which will cover an area of 1.5 million m? for air conditioning.

Table 8 Ground Source Heat Pump systems Installed in Wuhan city during 2001 to
2012

No Nam Distri Area T Year
© ct (m?) ype

{  Wuhan International MUA 420000  GWHP 2001
Expo Center
Tianyudi

2 Entertainment Co., MUA 5000 GWHP 2002
Ltd.

3 LingyunTechnology MUA 11000 GWHP 2002
Group

4 Xiangxieli Court MUA 45000 GWHP 2002
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The distribution of different types of installed geothermal systems is presented in Fig.
12. It is shown that the GSHPs are particularly located in the main urban area which
also has a very high density of residents. The groundwater resource GSHPs are
mainly located along the riverside of the Yangtze River due to a very shallow
groundwater table and good potentials of unconfined aquifers. Compared to the
GWHP systems, the GCHP systems are distributed more decentrally. It is indicated
that the efficiency of a groundwater system depends largely on the hydraulic

conditions of its aquifers, as shown in Fig. 7.
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Fig. 12 Types and locations of the installed two types of ground source heat pump
systems (GSHPs) in Wuhan city from 2001 to 2012

In order to examine the performance of the installed GSHPs, the system operation was
measured. The coefficient of performance (COP) for both selected heat pumps and
GSHP systems was determined. Due to Wuhan city is a cooling load dominated area,
two types of GSHPs, the GWHP system and the GCHP system were investigated for
operation in typical summer days. Fig. 13 shows the estimated daily performance of a
GWHP system during the period from June till August in 2012. The obtained COP
dataset shows a rather unstable performance for the system operation and the COP of
the heat pump was relatively higher than the whole system.
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Fig.13 Performance of a groundwater heat pump system (GWHP) in typical summer

days in Wuhan city (Xiangsheli Garden) in 2012

Fig. 14 shows the daily performance of a GCHP system during 1%, July till 31™,
August in 2012. Similar to the GWHP system, the COP values of the GCHP system
changed also drastically with time. Such a fluctuation can be caused by the timely
high energy demand of the buildings. The GCHP systems use the geothermal energy
from the surrounding soil and rocks by the coupled BHEs. The higher the energy
leads to more drastic ground temperature changes, resulting in a lower performance of

the whole system. Therefore it can be recognized that the GCHP systems have an



unstable performance.
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Fig. 14 Performance of a ground coupled heat pump system (GCHP) in typical
summer days in Wuhan city (Qingjian Garden) in 2012

Furthermore, twenty-seven GSHPs including twenty one GCHPs and six GWHPs are
selected for the evaluation of the Coefficient of Performance (COP) and the obtained
results are presented in Table 9.These systems contain different types of buildings
such as commercial buildings, hospital buildings, railway stations and residential
buildings. The measurements were implemented for the GSHPs operation in summer
since Wuhan city is a typical cooling load dominated area [41]. It can be observed that
the heat pump operates with a higher performance than the whole system. For
GCHPs, the average COP is measured to be 3.47 for the heat pumps and 3.20 for the
systems in heating mode, 5.30 and 4.16 when the systems work in cooling mode. The
COP for the GWHP is determined to be 3.64 for the heat pump and 3.04 for the
system in winter, 4.66 and 4.24 in summer. Compared to the GWHP systems, GCHP
works with slightly higher performance. This higher thermal efficiency of GCHP
could be caused by the relatively stable ground temperature for such a type of
geothermal system. As it is shown in Fig. 10, the ground temperature remains almost
constant below a depth of 20 m. On the other hand, the GWHPs use the groundwater
generally in a relatively shallow depth, in which the temperature fluctuates often with

the different seasons. Therefore, the GCHP systems exhibit a higher efficiency than



the GWHPs.

Table 9 The estimated average coefficient of performance (COP) of the installed
GCHPs and GWHPs in Wuhan city

System type COP (heat pump) COP (system)
Heating Cooling Heating Cooling
GCHP 3.47 5.30 3.20 4.16
GWHP 3.64 4.66 3.04 4.24

5. Conclusions

The techno-economic feasibility of shallow geothermal systems depends strongly on
the site conditions, i.e. geological properties and hydro-geological conditions. In this
paper, the evaluation of the shallow geothermal potential in the urban area of Wuhan
city was carried out with focus on three types of GSHPs. The climate was first
analyzed with considering air temperature, wind and humidity. These data will be
useful for characterizing the seasonal distribution of the thermal load for the local
buildings. Then, the geological and hydro-geological conditions including
stratigraphic sequence and lithology were investigated. Shallow geothermal resources
were assessed with corresponding to different types of GSHP systems. Finally, the
operation performance of the installed GSHP systems was examined. According to the
geothermal investigations, the following conclusions can be drawn:
® Surface water geothermal potential: Wuhan city has a great potential of surface
water resources for a SWHP installation. There are two main types of surface
water systems, rivers and lakes. In the study area, there are 33 lakes and few
rivers, in which Yangtze and Han Rivers are the main river systems. It shall be
assumed that numerous of these GSHPs can be installed within such a type of
resource. The useable energy source for SWHP installation capacity with lake and
river systems is then estimated.
® Groundwater geothermal potential: The estimation of the groundwater resource
for a GWHP installation is conducted by considering the unconfined aquifers. In
order to provide exact data to guide practical installation of GSHPs, pumping rate
of wells in the aquifers were estimated. In the urban area of Wuhan city, the
unconfined aquifers in the Quaternary layers are distributed along the rivers

which are considered to have a great potential for GWHPs due to the very high



pumping recharging rates of wells. The shallow geothermal potential for GWHP
installation is mapped with three different categories, with highest potential area
varies from 233 to 291 kW, followed by the second highly explorable geothermal
potential ranges between 116 and 145 kW. The lowest explorable geothermal
potential for GWHP is estimated mainly with the unconfined aquifers with a
thickness of 5-20 m, which vary between 3 and 20 kW

® Ground soil/rock geothermal potential: The geothermal resource of the ground
was assessed for the closed-loop GCHP installation. The thermal properties of the
geological materials were first determined. It is shown that the thermal
conductivity of the geological materials changes with the different materials. The
rock exhibits generally higher thermal conductivities than the soil. Furthermore,
the temperature distribution is measured within 120 m depth of the ground and a
contour line map was created as a reference for the shallow geothermal
exploration in the study area. Based on the ground thermal conditions
investigations, thermal potential for GCHP installation is then estimated with
seasonal energy and annual net energy exploration. Furthermore, thermal
exchange rates of typical configured borehole heat exchangers were tested and
the results show that heat transfer rates vary between 45.55 W/m to 66.80 W/m
with different geometric configurations and ground conditions.

® Performance of the installed GSHP systems: The distribution and performance for
different types of the GCHPs installed between the years 2001 and 2012 were
investigated. GWHP systems are mainly installed along the riverside of the
Yangtze River and the GCHPs are more randomly distributed. It is indicated that
the installation of groundwater resource systems depends largely on the
groundwater conditions. Furthermore, the examination of the performance of the
GSHPs shows that the COP of both GCHPs and GWHPs vary drastically with
timely energy demand. Compared to GWHPs, GCHPs operated with a higher
efficiency due to the more stable temperatures in the deeper underground than

that of the shallow aquifers.
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