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ABSTRACT

The structural units in the Jiaodong peninsula mainly consist of the Jiaobei uplift,
the Jiaolai basin and the Weihai uplift. The heat flow in the Jiaodong peninsula,
based on silica temperature, shows that the Jiaobei uplift and the Weihai uplift areas
have higher heat flow than the Jiaolai depression basin, and that the closer you get
to the centre of the axis of the uplift area, the higher the heat flow becomes. The
lithology of the uplift area is mainly composed of intrusive and metamorphic rocks
with high thermal conductivity and permeability, while the lithology of the
depression basin is dominated by sandstone with low thermal conductivity and low
permeability. Therefore, the bottom of the Jiaolai basin acts like an insulating cap or
roof, both for heat and water flow, which causes the heat flow pattern to be different
in different structural units. In order to visualize the heat flow distribution more
clearly, a 3D temperature model of the Weihai uplift area has been constructed using
Leapfrog. In addition to the Wenquan fault having a higher temperature, the fault is
the main structure controlling the hot spring and heat flow distribution in this area.
A lumped parameter model was used to simulate the water level response to variable
production in the Yujia Tang geothermal field. The results show that if the
production is increased to about 15 times the current production, the water level will
drop by 180 m, which should still be manageable. The volumetric method was used
to estimate the geothermal production potential of the Wenquan Tang and Dong
Tang geothermal fields, showing that the thermal energy production potential of
these two areas is more than 2-3 MWth each (P90 estimate).

1. INTRODUCTION

Low- to medium-temperature convective geothermal systems are widely distributed in China, especially
in the eastern coastal area affected by collision of crustal plates. They have no specific heat sources,
such as intrusions, other than the regular crustal heat content, but are mainly located in fracture zones
with normal or slightly higher background heat flow. As early as the 1980s, Chinese scholars began to
systematically study the geothermal heat flow. Later, scientists started using numerical simulation
methods to simulate the geothermal temperature field and proposed the deflection and redistribution of

597



Shi Meng 598 Report 26

terrestrial heat flow as an explanation for anomalies such as geothermal systems (Zhang et al., 1982;
Xiong and Zhang, 1984). Xie and Yu (1988) summarized the temperature field characteristics of the
Sichuan basin using temperature data from 460 wells in the basin, proposing that the temperature of the
uplift region at the interface between the marine stratum and the continental stratum is higher than
normal, and that the temperature is lower in the depressions. This is mainly due to the fact that the uplift
and depression in the same tectonic zone have different structural forms. This difference causes a
redistribution of the heat flow in the layer. Chen et al. (1990) explored the relationship between
geothermal and geological structures and the tectonic-thermal evolution history using the temperature
and terrestrial heat flow results for the North China basin. Hu and Wang (1994) conducted a
comprehensive study of the terrestrial heat flow characteristics of numerous orogenic belts using 125
reliable datasets from south-eastern China. It was found that the heat flow distribution was significantly
affected by the thermal conductivity structure of the shallow crust.

On the basis of previous studies on the characteristics of terrestrial heat flow in recent years, many
geologists have focused their research on heat flow characteristics and lithospheric thermal structure in
various regions of China, such as the Qaidam basin, the Tarim basin, the northern margin of the South
China Sea, the Sichuan basin, the Bohai Bay basin and others (Li et al., 2016; Liu et al., 2017; Shi et al.,
2017; Xie and Yu, 1988; Qiu et al., 2017). These authors discuss the effects of thermal properties of
rocks and fracture development on the current temperature field. Based on the previous research results,
this report takes the geothermal systems of Jiaodong peninsula as an example to analyse the regional
geology and structure, wellbore temperature data, the temperature field, different thermal properties of
rocks, fluid chemistry and long-term monitoring data. The characteristics and relationship of the
temperature field between the Jiaobei uplift, the Jiaolai depression and the Weihai uplift are discussed
systematically and a heat flow model is proposed as well as a conceptual model suitable for the Jiaodong
peninsula. A lumped parameter model was used to simulate the water level response to variable
production rates and the volumetric method was used to calculate the thermal energy in the reservoir.
The characteristics of the temperature field distribution, heat flow variations, heat source of geothermal
fluids as well as the water level response to production and thermal energy in Jiaodong Peninsula are
also studied.
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space and migration channels for gold deposits (Lv et al., 2015), but also provide channels for the deep
migration and up-flow of geothermal liquids (Jin et al., 1999; Zhang, 2011). The previous studies of the
mineralization mechanism of gold resources also included detailed research of the basic geology and
structure of the Jiaodong peninsula and provided detailed geological data for the study of the heat flow
model of the geothermal resources on Jiaodong peninsula.

This area has many medium-intensity intrusive rocks caused by oceanic subduction from the Jurassic to
the early Cretaceous (Liu et al., 2018) and the dykes are highly developed. The intrusive rocks were
formed in different periods with an average density of 10 intrusions per km? and there is no obvious
mixing influence from crustal material during the ascent which originated from the lithospheric mantle
rather than the asthenosphere mantle (Tan et al., 2006; Long, 2017).

During the Archean-Proterozoic, the crystalline basement in this area was formed. The Palacozoic was
the formation period of the sedimentary caprock of the platform. Before this period, the Jiaodong
peninsula was a stable continental block and the terrestrial heat flow was low prior to the destruction of
the North China craton and lithospheric thinning (Lin et al., 2013); The Mesozoic and Cainozoic eras
are important stages of intense crustal activity in Jiaodong. Especially during the Yanshanian period,
the upper mantle is strongly active accompanied by crustal movement, forming a series of NE-SW and
NNE-SSW trending compressive-torsional faults and NW-SE trending tensional faults. The faults are
considered secondary faults in the regional Tanlu fault zone (Mao et al., 2005). The regional Muping-
Jimo fault zone, for example, controls the boundary of the Jiaolai basin, and its extension in the
Cretaceous controlled the formation and development of the Jiaolai basin (Zhang and Zhang, 2007). The
Taocun fault is a deep-cut fault cutting the Moho surface shown by seismic detection (Pan et al., 2015).
The tectonic activities and intrusive rocks determine the distribution of tectonic units in the Jiaodong
peninsula which divides the Jiaodong block into three structural units: the Jiaobei uplift, the Weihai
uplift and the Jiaolai depression. The geology, structure, thermal properties of the rocks and the crustal
structure between these three different structural units indirectly provide the background for geothermal
activity on the Jiaodong
peninsula.
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FIGURE 2: Regional geological map of Jiaodong peninsula
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from the denudation-transport-deposition of metamorphic rocks in the early Jiaobei uplift and Weihai
uplift.

2.2 Geothermal manifestations

The structural units in the study area mainly consist of the Jiaobei uplift, the Jiaolai basin and the Weihai
uplift. The main structural traces include the Rushan-Weihai anticline, the Qixia anticline, and the Jiaolai
syncline. An anticline is a "ridge-type" structure with a narrow upper section and a wide lower part
which is beneficial to the lateral migration of geothermal fluid and transport. The overall strike of the
faults is consistent with the strain effect on the edge of the Eurasian and Pacific plates and easily causes
earthquakes (Deng et al., 1999; Chen et al., 2004; Zhang et al., 2007). The NE-SW and NNE-SSW
trending faults are mainly compressive faults and torsional faults which mainly transport heat, the NW-
SE faults are mainly tensional or tensional-shear faults and mainly transport water (Lv et al., 2007). The
geothermal resources on the Jiaodong peninsula are mainly distributed in a “V” shaped area where the
hanging walls of the NE-SW and NW-SE trending faults intersect each other. The geothermal reservoir
is controlled by the NE-SW and NW-SE trending faults and has an irregular columnar shape. Figure 3
shows that the A-A’ and B-B’ are different trending faults, the fault A-A is water conducting and B-B’
is thermal conducting. The surface water seeps into the crust entering the deep circulation. When the
water reaches the intersection of the two faults, the water is heated by heat convection and conduction
and flows up along the fracture zone.
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FIGURE 3: Simple conceptual sketch of a fracture controlled geothermal system

3. TEMPERATURE DATA
3.1 Reservoir temperature based on silica content
Terrestrial heat flow is considered to be an important parameter for studying the geodynamic process of

the formation and evolution of orogenic belts. Different tectonic units have different background heat
flow due to different tectonic-thermal evolution history (Hu and Wang, 1994). Terrestrial heat flow is
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also important for understanding the regional temperature field. Jiaodong peninsula lies in the high heat
flow zone on the west coast of the Pacific rim, which is the junction zone between the North China plate
and the Yangtze plate. Structures and intrusive rocks are well developed which provides a favourable
environment for the formation, conduction and storage of geothermal resources. In general, the Jiaodong
peninsula was a stable rock platform before the Mesozoic, and the terrestrial heat flow value of the
whole Jiaodong peninsula was low. Since the Mesozoic, Jiaodong entered the stage of rift development
and a slow warming process began. From the Late Cretaceous to the Early Tertiary, temperature in the
Jiaodong peninsula increased. Since the Late Tertiary, temperature in the Jiaodong peninsula has
gradually begun to decline, but still retains the high geothermal background from the previous period
(Chen et al., 1988).

The sub terrain temperature can reflect the characteristics of the thermal energy in the upper crust. The
study of the temperature can, therefore, enhance the understanding of the distribution of thermal energy
in that part of the crust. Li et al. (1997) mapped the heat flow at a resolution of 1:200 000 and made a
contour map of the Jiaodong peninsula based on the SiO, values of 578 reliable water samples in the
area (Figure 4). In Figure 5 it can be seen that the heat flow values in the Jiaobei uplift and Weihai uplift
are obviously higher than in the Jiaolai depression. The heat flow in the uplift area, based on silica
temperatures, is generally greater than 60 mW/m? with the highest value being 85 mW/m?, while the
heat flow in the depression is generally lower than 60 mW/m?. Compared with the geothermal heat flow
value of 47.2 mW/m? for North China, the Jiaodong peninsula has a higher background value of
terrestrial heat flow, especially in the anticlinal axis of the Jiaobei uplift and Weihai uplift where the
heat flow is above 80 mW/m?. The regional distribution of high heat flow values shows NE-SW and
NNE-SSW alignments which are basically consistent with the strike of the NE-SW and NNE-SSW
faults on the Jiaodong peninsula. Meanwhile, it can be seen that the average heat flow value decreases

Heat flow in unit cell (mW/m?)
Heat flow contour (mW/m?)
Axis of anticline
Hot springs

- C] Uplift area

Rizhao City ‘j Basin
Cross-section

FIGURE 4: Heat flow distribution map for the Jiaodong peninsula based on silica temperatures
(modified from Li et al., 1997)
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iy ‘;‘U s - gradually with increasing

distance of the sampling point
from the anticlinal axis until
the regional average heat flow
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of the Weihai uplift area and
have obviously higher temperature than the Tangcun Tang (51°C) and Xingcun Tang hot springs (30°C)
which are located farther from the axis. The temperature of Xingcun Tang hot spring, which is located
near the contact zone between the Jiaolai basin and the Weihai uplift, is only 30°C (Table 1). This
emphasises the differences in the surface heat flow between different tectonic units such as the Jiaobei
uplift, the Jiaolai basin and the Weihai uplift. The terrestrial heat flow in different regions of the same
tectonic unit varies also.

60F

Silica heat flow

FIGURE 5: Cross-sections showing heat flow according to silica
temperatures (see Figure 4) (modified from Li et al., 1997)

TABLE 1: Geothermal reservoir characteristics on the Jiaodong peninsula

. Silica Spring . Silica Spring
. SiO, . SiO,
Name of spring (mg/L) temp. temp. |Name of spring (mg/L) temp. temp.
I co | o o | cO
Baoquan Tang 67.69 115 67 Longquan Tang | 59.0 109 59
Wenquan Tang 85.54 126 59 Yujia Tang 69.5 116 46
Hongshuilan Tang | 105.00 135 71 Xingcun Tang | 63.8 113 28
Qili Tang 105.00 135 66 Dongwen Tang | 82.4 124 62
Hulei Tang 108.54 137 60 Aishan Tang | 70.8 117 52
Tangcun Tang 54.85 106 51 Wenshi Tang | 98.7 132 54
Daying Tang 58.77 109 62 Dong Tang 89.6 128 81
Xiao Tang 60.62 110 56 Jiudian 103.6 136 61

3.2 Temperature logs

In order to search for more geothermal fields on the Jiaodong peninsula, many boreholes were drilled in
the past decade without finding a geothermal resource. Temperature logs from 16 wells are available to
estimate the temperature gradient in the area. The temperature logging was made days after the drilling
activities ended, thus the temperature is considered to be semi stable. Figure 6 shows the position of the
wells in the area and Figure 7 shows the temperature logs.

In order to better compare the difference between wells in geothermal fields and wells outside of
geothermal fields, the Yujia Tang hot spring is used as a contrast (no. 13) in Figures 6 and 7. From
Figure 7 it can be seen that the temperature does not increase linearly with depth in wells inside
geothermal fields while the temperature logs in wells outside of geothermal fields are linear. This means
that outside geothermal fields, there are no obvious anomalies in the geothermal gradient, it is mainly
normal terrestrial heat flow heating the groundwater. The temperature gradient outside of geothermal
fields mainly ranges from 19 to 23°C/km.
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Figure 8 shows the lithology
and temperature of the
Zangnan well (no. 14 in
Figures 6 and 7). It shows that
the rock type of the cap is
gravel sand and that the cap is
very thin, only about 10 m.
The lithology consists mainly
of monzonitic granite. In fact,
on the Jiaodong peninsula, the
cap rocks of the geothermal
fields are mainly gravel sand
and they are very thin, most
less than 50 m.

Boreholes outside geothermal
fields have linear geothermal
gradient. No high-temperature
heat source such as magma
was found in this area and no
obvious geothermal heat
anomalies were found in the
deep crust since most of the
heat anomalies in the
boreholes come from
geothermal fluids. The main
heat source of the water is
terrestrial heat flow and heat-
conducting faults.
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temperature characteristics on the
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easily balanced with the surrounding
rock. Therefore, this study abandons
the method of wusing cation
temperatures and uses  SiO»
temperature only (silica temperature)
to estimate reservoir temperatures.
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Zangnan well (no. 14 in Figures 6 and 7) concentration is as follows (Fournier,

1977):
1522

T(°C) = —=——————=-273.1 1
0 5.75—Log S 3.15 M

where S is the concentration of SiO; in water (mg/L)

According to the SiO, temperature, the reservoir temperature ranges between 106 and 137°C (Table 1),
i.e., all reservoir temperatures are lower than 150°C making this a low- to medium-temperature
geothermal system. This means there is no high-temperature heat source in the area like a magmatic
intrusion, through which geothermal water flows. The heat of the geothermal liquids mainly comes from:

1) Hydrothermal convection in thermal conductive faults;
2) Heat conduction by terrestrial heat flow; and/or
3) Conduction-convection during groundwater migration.

4.3D GEOTHERMAL MODEL

Leapfrog Geothermal is a 3D modelling, visualisation and resource management software, developed
by ARANZ Geo (Applied Research Associates Ltd) with geoscientific input from GNS Science, to meet
the 3D computing needs of the geothermal industry. Leapfrog Geothermal is based on implicit modelling
methods that represent geology, structure, geophysical and reservoir data with fitted mathematical
functions. Complex geological models are built by combining measured field data, specialist
interpretation and user editing. The leapfrog software is easy to use and allows 3D models to be built up
quickly and efficiently as well as being routinely updated (Alcaraz et al., 2011).

Figure 9 shows the Weihai uplift area and the heat distribution of the hot springs and wells on the
Jiaodong peninsula.
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4.1 Data compilation

Before modelling the Weihai uplift
area, the surface and lithological
data were analysed. Surface data
including a surface elevation map, a
geological map, a structural map and
well locations were the input for
Leapfrog, including the boundaries
of the research area. The lateral

temperature distribution at shallow ; ks [T orclacen
depth was based on borehole data. . o v Hatepting
Subsurface data was derived from % - [® | Drilling well
previous surveys. The information T - Fualt
(including lithology, alteration, _ .- 4 Tl 2 [—] section
casing depth, directional survey b S . %ﬁ i e & —

data, and PTS logging data) z ! [ IR
(Wulaningsih et al., 2017) was used

to construct the well trajectories in FIGURE 9: Model area of the Weihai uplift

the 3D model.

For the surface data, the geological map in scale 1:500 000 was used. The main faults in this area are
the Mishan fault, the Wenquan fault and the Xizicheng fault. Together with the hot springs and borehole
wellhead locations the coordinates were inserted into Leapfrog. The subsurface information consists of
the lithology in the Weihai uplift which is

relatively simple with a very thin Quaternary sand TABLE 2: Boundary of the modelling area
layer at the surface and granite. In this area, 9 hot

springs and 3 boreholes with temperature logs and Items Min. Max.
lithology data were used to build the model. The X (east) 380861.6 4489327
boundaries of the model are listed in Table 2. Y (north) 4096220.0 4154780.0

4.2 Stratigraphic model

In the Weihai uplift area, granite is widely distributed and the Quaternary sand layer is very thin, less
than 50 m in the geothermal field. Therefore, the lithology in the stratigraphic model can be divided into
two layers, the top sand and the granite below. Since the sand layer is very thin compared to the granite,
it is not possible to show that layer in this model. The main faults are the Mishan fault, the Wenquan
fault and the Xizicheng fault (Figure 10).

North(Y) ) A C

m  Hotsprings
@® Boreholes
A-B 2D section
csD 3D section

East (X)

FIGURE 10: Stratigraphic model in the Weihai uplift area (see Figure 9 for location)
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4.3 3D model of Weihai uplift

Temperature data has been used to create a 3D temperature model which has shed light on the
importance of major geological structures and how they relate to heat flow in the area (Figure 11). As
can be seen from Figure 11, the hot springs are mainly aligned along the Wenquan fault. The temperature
along the Wenquan fault is much higher than in other locations in the model area. The temperature is
highest at the Hongshuilan Tang hot spring along the Wenquan fault (Figure 12).
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FIGURE 11: 3D temperature model of the Weihai uplift with the Mishan fault,
the Wenquan fault, and hot springs (see Figure 10 for location)
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FIGURE 12: Temperature section A-B (see Figure 10 for location)

5. CONCEPTUAL MODEL
5.1 Main parameters

The factors influencing the shallow temperature field on the Jiaodong peninsula include structural
distribution, thermal properties of rocks in different strata, heat storage distribution, and groundwater
hydrology. Due to the strong activity of the upper mantle and the crustal movement during the
Yanshanian period during the formation process of the Jiaobei uplift and the Weihai uplift, the central
axis position became more fractured relative to the two wing positions affected by the compressive stress.
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There are series of NE-SW and NNE-SSW faults, and the lithology is mainly composed of monzonitic
granites from the Mesozoic, Archean and Proterozoic period. The research shows that the thermal
conductivity increases nonlinearly with the increase of axial pressure. The higher the porosity, the higher
the thermal conductivity of granite (Durutiirk et al., 2002; Zhao et al., 1995; Chen et al., 2016). Therefore,
on the Jiaodong peninsula where granite is widely distributed, the more fractured the uplift axis and the
higher the thermal conductivity in the fault zone, the faster the heat transfer. The fracture zones also
provide channels for the upwelling of deep heat flow.

The thermophysical parameters of rocks mainly refer to the physical properties such as thermal
conductivity, thermal diffusivity, specific heat capacity and radioactive heat generation rate, and are
important indicators for characterizing the thermophysical properties (Xu, 1992). The thermophysical
properties of rocks directly affect the thermal generation, storage and transmission of heat between the
various layers. They are indispensable parameters for the study of temperature distribution and heat
transfer (Song et al., 2019).

The lithology of the Jiaobei uplift and the Weihai uplift is dominated by granitic intrusive rocks. The
average thermal conductivity of granite is 2.6 — 3.6 W/m'K (Jiang et al., 2016). Thermal conductivity of
granitic rocks in the Jiaodong uplift area is between 2.2 and 3.6 W/m'K. The thermal conductivity of
acidic rock and basic rocks is approximately 2.5 W/mK (Wang et al., 2015). The Jiaolai basin is
dominated by sandstone which has a lower thermal conductivity than granite at 1.8 W/mK. Its
permeability is even lower than that of the highly fractured granite in the area (Zhou et al., 2011).

The shape of the reservoir and geothermal fluid movement are also main factors affecting the
distribution of local geothermal fields. The reservoir shape determines the flow space of the fluid inside
the earth. While the geothermal fluid is carrying heat, it also affects the distribution of temperature
around the reservoir. This is the main reason of local thermal anomalies on the surface of the Jiaodong
peninsula.

5.2 Heat flow distribution

The intrusive rocks, deep faults and dike rock in the area are very developed. The current hot springs
are mainly located on the axis and two wings of the Jiaobei and Weihai uplift, while there are no hot
springs in the Jiaolai basin. It can be seen in Figure 4 that the value of the heat flow according to silica
temperatures in the uplift area is significantly higher than in the depression. All the boreholes in the
Jiaodong peninsula have normal temperature gradients (Figure 7), indicating no hear source. The
geothermal resources in the Jiaodong peninsula are low- to medium-temperature convective geothermal
resources controlled by faults. The difference in the heat flow is caused by its difference in structural
units.

5.3 Conceptual model

Figure 13 illustrates how, in the process of upwelling, the heat flow from the interior of the earth first
reaches the Moho surface before entering the crust. When the deep heat flow reaches this interface, it
seems to be rather uniform. However, due to the lithology in the uplift area being granite, but sandstone
in the basin, the difference in the thermal conductivity and permeability of the different rocks causes the
bottom of Jiaolai basin to become a heat and water insulation surface (Figure 13). When the heat flow
reaches this interface, the heat flow deflects to both sides (the uplift areas), where higher thermal
conductivity and better permeability is present. The rising heat flow accumulates in the uplift areas
causing higher temperatures.
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FIGURE 13: Conceptual model of heat flow in uplifts and depression on the Jiaodong peninsula

6. LUMPED PARAMETER MODELLING FOR YUJIA TANG AREA

The software Lumpfit was developed by Axelsson and Arason (1992). Lumped parameter modelling is
a simple method for simulating pressure changes in geothermal reservoirs during production which can
be used to estimate production capacity. Lumpfit can simulate water level or pressure change with
lumped parameter models and predict water level or pressure histories very accurately provided data
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FIGURE 14: Geological map of the Yujia Tang area
including faults (F1, F2 and F3)
and location of the geothermal field

quality is sufficient. Lumped parameter
modelling is used here to assess the
sustainable production capacity of the
Jiaodong geothermal reservoir through
predictions of water level response to
changes in production load.

6.1 The geothermal area — overview

The Yujia Tang geothermal field is
located in Yujiatang village, Laishan
district, Yantai city, Shandong province.
It is classified as a low- to middle-
temperature convective geothermal field
controlled by faults. The geothermal
system includes a complete path of
recharge, runoff and outflow and is an
open geothermal system.

Figure 14 shows that the lithology of the
geothermal field is relatively simple,
mainly composed of monzogranite from
the late Yanshanian of the Mesozoic. The
surface of the geothermal field is covered
with fine sand of the Yihe formation and
coarse sand of the Linyi formation. There
are three main faults controlling the
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geothermal field. F1 is the main fault zone in this area. Its strike is NW-SE and it slopes towards
northeast with an inclination of ~60-70°. Its width is about 20 m and the fault-zone includes breccia and
fault mud. The F1 fault is believed to act as a flow barrier. The F2 fault also strikes NW-SE, sloping to
northeast, with a width of about 10 m. It is a secondary fault to the F1 fault and considered to be a water-
conducting (permeable) fault. F3 is a NNE-SSW oriented compression-torsion fault. The high-
permeability fracture zone formed by the intersection of the F2 and F3 faults provides a channel for the
up flow of the geothermal fluids, forming the geothermal fluid channel of the Yujia Tang geothermal
field. In this study, we define the boundary of the geothermal field by the 25°C temperature isotherm.
The geothermal wells in this geothermal field are mainly distributed in the north of F2 and west of F1
and there is no obvious geothermal anomaly at the foot walls of faults F1 and F3.

At present, there are 6 production wells in the Yujia Tang geothermal area. The depth of the wells is
100-200 m and the main utilization is bathing, as well as fish-farming and heating. The current average
production is about 1000 m*/d (11.6 I/s), the wellhead water temperature is 46°C, and the historical
maximum production is 4000 m*/d (46 1/s).

6.2 Long-term observational data

At present, with the increase of geothermal fluid extraction, the water level and water temperature of
the Yujia Tang geothermal field have declined to some extent. According to observation data of Yujia
Tang geothermal field in 1965, the geothermal field was self-flowing at that time with a flow rate of 294
m’/d (3.4 I/s).

Since 2006, continuous monitoring data is available for the Yujia Tang geothermal field (Figure 15). It
shows that during the summer with small production the well can be self-flowing, but in winter with
high production the well water level drops considerably.
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FIGURE 15: Water level and exploitation of the Yujia Tang geothermal area from 2006 to 2016

6.3 Modelling and forecast

Because the Yujia Tang geothermal system is an open geothermal system, it shows the complete process
of recharge, runoff, and out flow. So, in the Lumpfit model we use the open one-tank model to simulate
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water level change and predict the production, instead of the closed model which would be more
pessimistic. The results of the lumped parameter modelling are presented in Figure 16.
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FIGURE 16: Observed water level and production data and simulated results
using one-tank open lumped model

Table 3 presents production data for the Yujia Tang geothermal field. In order to create accurate
forecasts for the water level behaviour, for each month the average production from the last ten years is
used. This considers seasonal behaviour.

TABLE 3: Production data for the Yujia Tang field; original data shows average values
for the last ten years while the last 3 columns are used for predictions (10* m*/mon.)

Months | Original data | 5 times | 10 times | 15 times
January 7.51 37.5 75.1 112.6
February 6.65 33.3 66.5 99.8
March 4.67 23.3 46.7 70.0
April 3.89 19.4 38.9 58.3
May 2.95 14.7 29.5 442
June 0.17 0.85 1.70 2.55
July 0.16 0.80 1.60 2.40
August 0.19 0.95 1.90 2.85
September 0.21 1.05 2.10 3.15
October 3.30 16.5 33.0 49.5
November 5.14 25.7 51.4 77.1
December 6.39 31.9 63.9 95.9

In order to show the water level change with the production increase, the production is increased to 5, 10,
and 15 times the original rate. Figures 17-20 show measured water levels and production together with
the model simulations as well as the model predictions for the next 10 years.
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In Figure 17 we can see that if the current production status is kept, the water level will drop by 14 m.
When the production increases to 5 times the present production, the water level will drop 62 m (Figure
18), and when it increases to 10 times the present production, the water level will drop 125 m (Figure
19). Finally, when it increases to 15 times the present production, the water level will drop 180 m
(Figure 20). If the limit is set at a maximum water level drop of 180 m, the production cannot exceed
15 times the current production.
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FIGURE 20: Prediction for 10 years with 15 times current production using a one-tank open model

7. GEOTHERMAL RESOURCE ASSESSMENT

The volumetric method using simple stored heat models, adapted from mineral exploration and oil
industry, can estimate the total energy content in a geothermal system and how much of that can be
extracted over a given time. It can give useful estimates even when few wells have been drilled. The
volumetric method is usually used for a first assessment of the geothermal resource (Tulinius, 2019).

The volumetric method involves calculation of the total heat energy stored in a volume of formation
compared to a reference temperature. Most of the time this method is used for electrical generation
purposes, but it can also be used to calculate the thermal energy in the reservoir. Total thermal energy
is the sum of energy stored in the rock matrix and thermal energy of fluid in rock pores, given by:

Eres = Erock + Efluid (2)
Erock = V(l - Q))prock X Krock X (Tres - Tref) (3)
Eftuia = VOpriuia X Kriuia X (Tres — Trer) 4)

where p is density (kg/m’);
K is heat capacity (J/kg°C);
V is reservoir volume (m?);
E is energy (J);
Thes 1s reservoir temperature (°C);
Teris rejection or cut-off temperature (°C), and
@ is porosity (fraction).

Total recoverable thermal energy E,ccoveranic 1S given by:

Erecoverabie = A X R X Epgg &)
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where A is accessibility; and
R is recovery factor.

7.1 Input parameters

As we know, on the Jiaodong peninsula, the geothermal resources are of low temperature type. Most of
the time they are just used for bathing and to a smaller extent for heating and fish farming but not for
power generation. In this part, we take the Wenquan Tang field in Weihai city in the Weihai uplift area
and the Dong Tang field in Zhaoyuan city in the Jiaobei uplift, as examples to calculate the total energy
in the respective reservoirs.

Table 4 shows the parameters used for the two geothermal fields on Jiaodong peninsula. The data is
mainly adopted from the report of the Shandong Provincial Bureau of Geology & Mineral Resources
(Zhang, 2008). In it, the area, thickness, temperature and density of water are derived from measured
data. Because the lithology of the reservoirs on the Jiaodong peninsula involves granites and monzonitic
granites, the porosity is assumed to be 10%, the specific heat of rock is assumed to be 795 J/kg°C, and
the density of rock 2700 kg/m®. The specific heat of water is 4200 J/kg°C.

TABLE 4: Data and various parameters used in the volumetric assessments
for the Wenquan Tang and Dong Tang geothermal fields

Area | Thickness | Temp Specific | Density | Specific heat | Density
Name (km?) (m) Porosity C) heat of rock| of rock | of water | of water
(J/kg°C) | (g/em®) | (J/kg°C) (g/em?)
Wenquan Tang| 0.43 200 0.25 126 795 2.70 4200 987
Dong Tang 0.36 220 0.25 128 795 2.70 4200 967

On the Jiaodong peninsula the geothermal water is used for bathing, so there is no reinjection and the
average yearly ambient temperature of 14°C is used as the cut-off temperature. The efficiency of thermal
energy extraction is 100%. Combined with the development degree of reservoir fissures in the
geothermal systems, it was determined that the recovery factor is 0.15. The load factor is assumed to be
0.95. Input parameters used for volumetric calculations of the Wenquan Tang and Dong Tang
geothermal areas are listed in Tables 5 and 6. The Monte Carlo method is used to incorporate uncertainty
on the main parameters, which is considerable. Hence, many of the parameters are presented as
minimum, maximum and best values.

TABLE 5: Input parameters used for volumetric resource assessment for
the Wenquan Tang geothermal system

Input variables Unit |Min | Best Value | Max
Area km* 0.30 0.43 0.50
Thickness m 150 200 300
Reservoir temperature °C 120 126 130
Porosity % 5 10 15
Specific heat capacity of rock |J/(kg°C)| NA 795 NA
Density of rock kg/m* |[NA| 2,700 | NA
Specific heat capacity of water | J/(kg°C) | NA 4,200 NA
Density of water kg/m® | NA 987 NA
Recovery factor % 5 15 20
Cut-off temperature °C NA 14 NA
Efficiency % NA 100 NA
Load factor % NA 95 NA
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TABLE 6: Input parameters used for volumetric resource assessment for
the Dong Tang geothermal system

Input variables Unit | Min | Best Value | Max
Area km*> [0.30( 036 [0.50
Thickness m 150 220 300
Reservoir temperature °C 120 127 130
Porosity % 5 10 15
Specific heat capacity of rock |J/(kg°C)| NA 795 NA
Density of rock kg/m’ | NA 2,700 NA
Specific heat capacity of water | J/(kg°C) | NA 4,200 NA
Density of water kg/m® | NA 987 NA
Recovery factor % 5 15 20
Cut-off temperature °C NA 14 NA
Efficiency % NA 100 NA
Load factor % NA 95 NA

7.2 Volumetric resource assessment results

For the Wenquan Tang geothermal system, the 90% percentile of the Monte Carlo calculation results
(P90) is 2.1 MWy, and for 50% it is 3.2 MWy, (P50). The cumulative histogram output for the calculation
is shown in Figure 21. For the Dong Tang geothermal system, the 90% percentile (P90) is 2.1 MWy, and
for 50% it is 3.4 MWy.. The cumulative histogram output for the calculation is shown in Figure 22.

From the results for the two fields it can be seen that the energy production capacity for comparable
small fracture-controlled low- to medium-temperature geothermal systems can be expected to be around
2-3 MWth.
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FIGURE 21: Cumulative probability of the thermal energy capacity of the Wenquan Tang
geothermal field according to a Monte Carlo volumetric assessment



Report 26

8. CONCLUSIONS

This report presents an
analysis of the heat flow
distribution, logging data
from wells and the
thermophysical parameters
of rocks on the Jiaodong
peninsula. A 3D model of
temperature and lithology is
consequently presented and
a general conceptual model

established. Lumped
parameter modelling of
observed water-level

changes for a small-scale
example, as well as
volumetric geothermal
resource assessment for two
other examples are
presented. The main
conclusions of the project
are:
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FIGURE 22: Cumulative probability of the thermal energy capacity

of the Dong Tang

1. The lithology in uplift areas of the peninsula mainly involves granite while in the basin in-between

it is mainly composed of sandstone. The heat-flow in the uplift areas is much higher than in the
basin. This is partly due to the difference of thermophysical parameters of different rocks, causing
heat flow to change direction and redistribute along the bottom of the basin to both sides — to the
uplifts. This causes the uplift areas to have higher heat flow.

. The geothermal fluids on the Jiaodong peninsula are mainly heated by terrestrial heat flow and
heat-transporting faults. There are no high-temperature heat sources like magmatic intrusions in
this area.

. The long-term monitoring data of the Yujia Tang geothermal field demonstrates that in summer,
when production is low, the production well can recover to self-flow, even if the production is
increased to 15 times the current production, based on lumped parameter modelling. If the limit
is set so that the water level may not drop more than 180 m in winter, the production cannot be
increased more than 15 times the current production.

. The geothermal systems on the Jiaodong peninsula are low- to medium-temperature geothermal
resources and are mainly used for bathing and heating rather than electrical power generation.
Using the volumetric method with Monte Carlo calculations, it is estimated that the thermal
energy production capacity of the Wenquan Tang and Dong Tang geothermal systems is around
2-3 MWy, (P90 estimate).

9. RECOMMENDATIONS

1. On the Jiaodong peninsula, most of the geothermal wells belong to private owners or different

companies, and therefore it is difficult to monitor the geothermal system or do research. The
geothermal water level and temperature have declined, so it would be beneficial if the government
managed the geothermal field to enable sustainable development.

. The geothermal fields on the Jiaodong peninsula are very small and geophysical exploration has
not been carried out in the geothermal fields. Therefore, there is a lack of the geophysical data
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and it is difficult to do research in this area. In the future, more geophysical exploration should be
done covering all the area and not only the geothermal fields.

3. The depth of the boreholes in the geothermal field is mostly less than 300 m, which is very shallow.
Deeper drilling could lead to higher energy output.
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