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ABSTRACT 
 
Sedimentary geothermal reservoirs are one of the two main types of low-temperature 
reservoirs in China, with productive wells. The reservoirs are characterized by 
infinite extent, homogeneous aquifers and are heated by heat conduction. This report 
presents the results of reservoir assessment of the Urban Dezhou Guantao formation 
sandstone geothermal reservoir in Shandong Province of North China.  
 
As a consequence of large-scale production, water level decline problems have 
occurred in the Urban Dezhou reservoir. Therefore, reinjection tests were undertaken 
and the results show that 100% of the production water can be reinjected during a 
space heating period (120 days) without significant cooling in the reservoir. A tracer 
test model was set up to predict the geothermal temperature changes, they predict 
the temperature to remain stable for 50 years. Thermal breakthrough is calculated by 
another simple model to give an idea of the safe distance between reinjection wells 
and production wells. Monte Carlo volumetric assessment is undertaken to estimate 
the total recoverable energy in the Urban Dezhou reservoir. The lifetime of the Urban 
Dezhou reservoir is estimated based on the current production rate and the 
recoverable energy. Using the long-term monitoring water level depth data, the 
sustainable yield of the Urban Dezhou reservoir is estimated based on a two-tank 
closed lumped parameter model. The prerequisite is a maximum allowable water 
level depth of 150 m in 50 years’ time. The estimated sustainable yield without 
reinjection is 25% of the current production rate, which cannot meet the demands of 
the city. To keep the current production rate, the reinjection rate should be more than 
75% of the production rate. By keeping the maximum reinjection rate, which is 80% 
of the production, the sustainable yield becomes 25% more than the current 
production rate. Therefore, the sustainable yield with reinjection cannot only meet 
the demands of the city but also gives potential for more development of the reservoir.  
Further study of temperature and chemistry changes in the Urban Dezhou reservoir 
should be undertaken to complete the reservoir assessment.  

 
 
 
1.  INTRODUCTION 
 
Sedimentary geothermal reservoirs are one of the two main types of low-temperature reservoirs in China. 
They are mostly of high potential with quite productive wells, heated by  heat  conduction  from  depth  
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and are characterized by infinite extent and homogeneous aquifers. The geothermal resources contained 
in the major sedimentary basins of China are estimated to be about 2.5×1022 J (Zheng et al., 2015). The 
North China sedimentary basin is one of the most important sedimentary basins in China. There are 
numerous urban areas in the basin, including Beijing, Tianjin, the Hebei Province and the Shandong 
Province. In Beijing, about 400 geothermal wells had been drilled by 2008, and the annual geothermal 
water production has been 7-9 million m3. The temperature is in the range of 38-103°C, mostly 40-70°C 
(Huang, 2012). In Hebei, there are about 1000 geothermal wells in the sedimentary basin area and the 
annual geothermal water production has been around 50 million m3 (Zhang et al., 2013).  
 
This report presents the results of an assessment of the Urban Dezhou reservoir in the Shandong 
Province of North China. The report gives an overview of the reservoir properties and status and 
different methods are used to assess its properties and potential for utilization and development. The 
Urban Dezhou reservoir has a long production history. Water level decline became the main problem 
for the reservoir for which reinjection is the most effective solution. Reinjection is considered an 
important part of comprehensive geothermal resource management as well as an essential part of 
sustainable and environmentally friendly geothermal utilisation (Axelsson, 2012). The first reinjection 
test in Dezhou City took place in 2006. After 8-years of experiments, substantial improvements in 
injection, drilling and well construction have been achieved. In 2012, a reinjection test without artificial 
pressure successfully took place in Pingyuan County, Dezhou City. The first tracer test in the Urban 
Dezhou reservoir was undertaken in 2015 to predict the cooling in the reservoir and to get more 
information about reservoir properties.  
 
 
 
2.  THE URBAN DEZHOU SANDSTONE GEOTHERMAL RESERVOIR  
 
Dezhou is a city in the north-
western part of Shandong 
Province, 400 km from Beijing, 
in northeast China (Figure 1). The 
Urban Dezhou sandstone 
geothermal reservoir is in the 
north-western Shandong 
Depression which is part of the 
North China sedimentary basin 
located in the Yellow River 
alluvial plain (Figure 2). It is a 
low-temperature sedimentary 
reservoir, where 83 production 
wells have been successfully 
drilled since 1997, yielding water 
with temperatures between 52 
and 59°C. The main geothermal 
development has been in the area 
of direct-utilization, such as for 
space heating, swimming pools 
and balneology (Kang, 2000).  
 
 
2.1  Geological setting and hydrogeological conditions 
 
The north-western Shandong Guantao formation sandstone geothermal reservoir is located in a large 
and continuous sedimentary basin and there are no obvious impermeable boundaries between different 
parts of the Guantao formation reservoir. For the purposes of this assessment, the reservoir studied is 

 

FIGURE 1: Location of Dezhou city,  
Shandong, China (Kang, 2000) 
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the Guantao formation sandstone 
aquifer from the Neogene age in 
the urban area of Dezhou City. 
The full name of the reservoir 
should be the Urban Dezhou 
Guantao formation sandstone 
geothermal reservoir. Later in this 
report, the term “the Urban 
Dezhou reservoir” will be used as 
an abbreviation for this specific 
reservoir.  
 
The Dezhou depression area 
(Figure 3) is considered to 
correspond to the Urban Dezhou 
reservoir, with an area of about 
169 km2. The boundaries of the 
reservoir are permeable faults and 
tectonic zones, named the 
Bianlinzhen fault on the east side, 
the Cangdong fault on the west 
side, the Xiaoyuzhuang tectonic 
zone on the south side, and the 
Xisongmen tectonic zone on the 
north side. As a low-temperature 
water-dominated conduction 
controlled reservoir, the reservoir 

 

FIGURE 2: Location of the Dezhou geothermal field in the  
north-western Shandong Guantao geothermal depression 
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FIGURE 3: Tectonic settings of the Urban  
Dezhou reservoir (Zhang et al., 2015a) 
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exists because of the formation of fracture-controlled highly permeable sedimentary layers with an 
above average geothermal gradient. When it reaches great depth, below 1300 m approximately, the 
water is heated by thermal conduction. As shown in Figure 4, the depth of the Guantao Formation 
sandstone of the reservoir ranges from 1350 to 1650 m and thicknesses varies from 300 to 480 m. 
 
The cap rock of the reservoir is upper Minghuazhen formation from the Neogene age, with a thickness 
of 900 m. It is composed of argillite and sandy argillite with interbedded sandstone. The main production 
aquifers of the reservoir are comprised of sandstone and conglomerate with high porosity, 24-35%. In 
the natural state, most of the wells in the Urban Dezhou reservoir are artesian, with an artesian water 
level height of 7-8 m above the ground surface and a free-flow rate of 8.3-11.1 l/s (Kang, 2000). 
 
Layers below the Guantao formation in the Urban Dezhou reservoir are formations of Eogene age, such 
as Dongying formation, Shahejie formation and Kongdian formation (Figure 4). The aquifers of these 
formations are mainly sandstone. Because they are much deeper and the water-abundance is much less 
than in the Guantao sandstone in Dezhou area, they are not considered reservoirs for development yet. 
In the future, if the water level of the Guantao Formation aquifer decreases too much, the development 
of the reservoirs below might be considered. The reservoirs in formations of Eogene age are not 
considered in this report on the Urban Dezhou reservoir, however. 
 

 
 
2.2  Geothermal reservoir properties 
 
Figure 5 shows the thickness and the contours of the bottom depth of the Guantao formation in the Urban 
Dezhou reservoir, in which the depth ranges from 1350 to 1650 m and the thickness from 300 to 480 m. 
The main sandstone production aquifer of the reservoir has a thickness of 150-210 m, about 43-50% of 
the total reservoir thickness (Figure 6). 
 
Figure 7 shows that the formation temperature increases quickly from 43 to 50°C below 1351 m depth. 
The main aquifer zone in well R34 is from 1400 to 1500 m depth with a stable temperature of 50°C. 
The average thermal gradient of the well is 3.05°C/100 m. It should be pointed out that this temperature 
log was taken during drilling when the well was cooler than later during production when temperature 
reached 52-55°C.  
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FIGURE 4: Tectonic cross-section of the Dezhou depression (Kang, 2000) 
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In the Urban Dezhou reservoir, thermal gradient ranges from 3.0 to 3.1°C/100 m (Figure 8). The 
production temperature of the reservoir ranges from 52 to 59°C (Figure 9).  

 

FIGURE 5: Thickness and contours of the bottom of the Guantao formation (Zhang et al., 2011)  
(1: Thickness < 350 m, 2: Thickness 350-400 m, 3: Thickness 400-450 m, 4: Thickness 450-500 m, 

5: Thickness > 500 m, 6: Bottom depth contour of the Guantao Formation,  
7: Boundary of thickness zonation, 8: Main fault) 

 

FIGURE 6: The thickness of the sandstone aquifer in the Guantao formation reservoir  
(Zhang et al., 2011) 



Zheng Tingting 814 Report 35 

 
 
2.3  Exploration and development history of the Urban Dezhou reservoir  
 
The first geothermal well in the area (well R14) was drilled in 1997 and the second in 1998 (Kang, 
2000). Nowadays there are 256 geothermal wells in Dezhou city, about 82 of which are located in the 
Urban Dezhou reservoir (Figure 10). The other wells are in outer parts of Guantao formation sandstone 
reservoirs in the outer areas of the Dezhou city. The total production rate of the Urban Dezhou reservoir 

 

FIGURE 7: Temperature 
log in well R34 

measured during drilling 
(Zhang et al., 2011) 

 

FIGURE 8: The geothermal gradient contour of the Guantao 
formation reservoir (°C/100 m) 

(Zhang et al., 2015b) 

 

FIGURE 9: Geothermal temperature contours of the Urban Dezhou reservoir (°C)  
(Zhang et al., 2011) 
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was 18.3 million m3 in 
2014, the depth of the 
wells ranges from 1400 to 
2010 m and the production 
rate changes seasonally; 
90% of the production is 
for the space heating 
demand from middle 
November until middle 
March. The main 
utilization of the 
geothermal fluid is for 
space heating, about 89.5% 
of the total. Bathing and 
entertainment use about 
9% of the total. The other 
1.5% is used in 
greenhouses. It should be 
kept in mind that large-
scale production of 
geothermal fluid and 
geothermal energy used 
with low efficiency and 
without reinjection may 
produce environmental 
problems. 
 
2.3.1  Water level decline 
 
Owing to its very low 
actual production, 2.9 l/s in 
1999 (Kang, 2000), the 
Urban Dezhou reservoir, 
overall, was still in its 
natural state. However, 
after nearly 10-years of 
large scale of production, 
the water level of the 
whole Guantao sandstone 
geothermal aquifer has 
decreased significantly. 
 
Figure 11 shows the initial water level of the complete north-western Shandong Guantao geothermal 
depression, before large scale production, and water level depth in 2015. It can be seen that the water 
level drawdown increases significantly after large-scale production started and that several water level 
depression cones have emerged. The water level depression cone in the Urban Dezhou reservoir can be 
seen in Figure 12 with the maximum water level depth of 70 m. 
 
Wells R14 and R34 are located in the centre of the depression cone of the water level and are used for 
long term monitoring (Figures 10, 12 and 13). The water level depth in Dezhou reservoir has been 
decreasing from 8.3 m artesian height before 1997 to 70 m below ground surface in 2015, which 
corresponds to an annual decrease of 3.6 m (Figure 12). 

 

FIGURE 10: Distribution of production and monitoring  
wells in the Urban Dezhou reservoir 

(Zhang et al., 2015a) 
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FIGURE 11: Observed water level changes in the north-western Shandong Guantao  
geothermal depression. Water level depth is measured in 2015 after large-scale  
production. The initial water level is measured before large-scale production.  

(Zhang et al., 2015b) 

 

FIGURE 12: The water level depth of the Urban Dezhou reservoir, 2015 
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2.3.2  Cooling in reservoir 
 
Temperature monitoring in well R14 from 1998 to 2015 (Figure 14) shows that the geothermal water 
temperature of the Urban Dezhou reservoir didn’t changed significantly from 1998 to 2011. The 
temperature is between 52 and 55°C. From 2014 to 2015, the temperature in the well changed but this 
was because the well was closed and the water column in the well cooled down. When pumping was 
reinitiated in the well, the colder water was pumped out and the water temperature rose back to near 
55°C, the same before the production break. From this it can be deduced that there appear to be no 
cooling problems due to large-scale production of geothermal water in the Urban Dezhou reservoir. 

 
2.3.3  Subsidence 
 
Declining water level usually leads to other problems. Ground subsidence is one of the most common 
problems in the north-west part of the Shandong Province. Unfortunately, there is no data available 
measuring the subsidence caused by production of geothermal water in Dezhou. However, it is possible 
to infer some idea from the subsidence caused by cold groundwater production. 
 

 

FIGURE 13: Measured long-term variations in water level depth with increasing production rate in 
wells in the Urban Dezhou reservoir (1998-2015) (Zhang et al., 2015b) 

 

FIGURE 14: Measured long-term variations of water temperature for well R14 with the increase in 
production rate in the Urban Dezhou reservoir (1998-2015) (Zhang et al., 2015a) 
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There is a colder groundwater aquifer in the Minghuazhen formation, above the geothermal aquifer, at 
a depth of 190-250 m. It is the main water supply of the city of Dezhou. This aquifer has been producing 
since 1965. The groundwater level has been declining at a rate of 3 to 4 m per year and has fallen from 
2 to 140 m depth in response to extensive production of up to 7.0×104 m3 per day. The cause of the 
subsidence is considered compression of high-porosity, low-permeability mudstone at 90-150 m depth 
(Kang et al., 2015).  
 

Figure 15 shows the 
relationship between water 
level depth in the ground-
water system and 
subsidence in Urban 
Dezhou. When the water 
level depth is between 100 
and 150 m depth, the rate 
of subsidence increases to 
14 mm for every metre of 
water level decrease. This 
is much higher than above 
the 100 m water level 
depth. From this 
conclusion, it is important 
to consider water level 
depth as a factor 
constraining conditions of 
both colder groundwater 
and geothermal water 
productions. To avoid 
subsidence caused by 
geothermal water level 

decline in Dezhou city in the future, it would be best to maintain the water level above 100 m depth. 
However, considering the demand of the city, the maximum allowable water level depth can be 
somewhat lower, or above 150 m depth. With this depth limit, further subsidence can be avoided and 
the demands of the city met. The relationship between water-level decline in the geothermal reservoir 
and land subsidence needs to be studied further, however. 
 
The above emphasises the fact that reasonable assessment of production potential is a prerequisite for 
developing the geothermal resource perennially; and comprehensive management countermeasures 
should be adopted to assure sustainable development of the geothermal reservoir (Kang et al., 2015). 
 
2.3.4  Thermal and chemical pollution 
 
After its use for district heating, the waste geothermal water in Dezhou drains into surface water directly 
without reutilization or reinjection. The wastewater temperatures are around 30-35°C	 and the 
environment air temperature of -10-5°C (during heating season). The temperature difference between 
the geothermal wastewater and the environment may cause ecological unbalance in surface water. The 
total dissolved solids (TDS) of the Dezhou geothermal water is around 4000-5000 mg/l. The draining 
of wastewater into surface irrigation water may cause hardening and salinization problems in the soil. 
The fundamental countermeasure for solving these problems is reinjection, which can not only reduce 
the wastewater draining but also improve the efficiency of the geothermal exploitation. 
 
 
 
  

 

FIGURE 15: Relation between groundwater level  
depth and subsidence in Urban Dezhou 

(Kang et al., 2015) 
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3.  REINJECTION TESTS AND ANALYSIS 
 
Reinjection is the most effective solution to solve the water level decline problem in the Urban Dezhou 
reservoir. Geothermal reinjection involves returning some, or even all, of the water produced from a 
geothermal reservoir back into the geothermal system, after energy has been extracted from the water 
(Axelsson, 2013).  
 
For the purpose of sustainable development of geothermal resources, especially for the Chinese 
sedimentary aquifers with very little geothermal water recharge, including sandstone aquifers, 
reinjection is increasingly becoming the means for sustainable and environmentally friendly geothermal 
utilization. It is efficient for wastewater disposal as well as to provide additional recharge to geothermal 
aquifers (Kang et al., 2015). Thus, reinjection counteracts pressure (water level) drawdown induced by 
heavy development and extracts more thermal energy from reservoir rocks (Axelsson, 2008), ideally 
maintaining the production capacity of the geothermal aquifers. Meanwhile, reinjection can also 
mitigate land subsidence and be used to maintain geothermal manifestations (artesian wells, natural hot 
springs) (Kang, 2015).  
 
In China, the earliest geothermal reinjection 
experiments were successfully implemented in the 
urban area of Beijing in 1974 and 1975 in a dolomite 
aquifer. However, during the reinjection, the 
injectivity decreased quickly (Liu, 2008). 
 
Three reinjection tests have been undertaken in 
Pingyuan Country, Dezhou City. The Pingyuan 
County is about 30 km south-east from Urban 
Dezhou, and is in the same sedimentary basin as the 
Urban Dezhou reservoir (Figure 16). Thus, the tests 
can be taken to represent the reinjection properties of 
the Urban Dezhou reservoir. There is one production 
well and one reinjection well, with 231 m distance 
between them. The static water level depth in the 
reinjection well was 30.7 m, and 31.8 m in the 
production well. The aquifers of the two wells are in 
the same sandstone formation, the Neogene Guantao 
formation at a depth at around 1130 mm (Figure 17). 
 
 
3.1  Reinjection test 1 
 
The first reinjection test took place from October 13th to December 15th, 2012. The main purpose of this 
reinjection test was to assess how much water could be injected into the sandstone reservoir in natural 
condition, without artificial pressure. The geothermal water for reinjection in this test was taken directly 
from the production well with the same temperature, 50-52°C, without any utilization. 
 
The methodology of this test is presented in Figure 18. After production and reinjection, a depression 
cone is observed around the production well and the water level inside the well is at a minimum, while 
there is a water level uplift cone around the reinjection well and water level inside the well is at a 
maximum. Artificial water level difference is created between the two wells and the reinjection water 
gets more potential energy to flow between them. 
 
Figure 19 shows that the highest injection rate is about 70 m3/h along with the maximum water level 
increase in the reinjection well of 28.7 m. The maximal stable water level increase in the production 
well is 3.6 m. 

 

FIGURE 16: Location of reinjection  
tests in Pingyuan County, Dezhou 
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FIGURE 17: A borehole cross-section in the Dezhou geothermal field (Q-Pingyuan formation  
of Quaternary: 1-clay and sandy clay; Nm-Minghuazhen formation of Neogene: 2-upper section: 

mudstone, silt and fine sand, low diagenesis, lower section: argillite, silt and fine sand, high 
diagenesis; Ng-Guantao formation of Neogene: 3-argillite, 4-fine sandstone, 5-medium  

sandstone, 6-coarse sandstone, 7-intrusive rock, 8-conglomerate; Ed-Dongying formation  
of Eogene: 9-sandy argillite, 10-argillaceous sandstone) (Kang et al., 2015) 

 

 

FIGURE 18 Methodology of reinjection under natural condition (QR- Reinjection rate,  
QP- Production rate, H- Water level increase, S- Water level drawdown,  

H0- Initial water level, M- Aquifer thickness) 
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Figure 20 shows the correlation between the 
reinjection rate and the water level increase in the 
reinjection well. It can be seen that the reinjection 
rate is positively correlated with water level 
increase. The linear equation of correlation as 
given in Figure 20 is: 
 

 
 
3.2  Reinjection test 2 
 
The second test took place from November 14th, 
2013 to March 14th, 2014. The reinjection test 
was implemented in the same wells also under 
natural condition, with the main purpose of 
assessing the temperature response of the 
reservoir to the test. 
 
Figure 21 shows that the reinjection water, of 
temperatures about 30-32°C, does not influence 
temperature in the production well, which 
remains at 53°C during the whole space heating 
period of 120 days.  
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FIGURE 19: The reinjection rate changes and water level increase in production and reinjection 
wells during the period of October 13th - December 15th, 2012 (Kang et al., 2015) 
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FIGURE 20: The relationship between 
reinjection rate and water level increase 
(dots: measured data, line: fitted line) 
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3.3  Reinjection test 3 with tracer test 
 
3.3.1  Result of the tracer test 
 
Tracer testing is an important tool for reinjection studies because tracer tests actually have a predictive 
power since tracer transport is orders of magnitude faster than cold-front advancement around 
reinjection boreholes. A simple and efficient method of tracer test interpretation, assuming specific flow 
channels connecting reinjection and production boreholes, is used here (Axelsson, 2013). The third 
reinjection test in the same place also implemented in the same wells. A tracer test was taken with the 
reinjection test. 
 

The tracer test started on January 
20th, 2015 and concluded on 
March 16th, 2015 along with the 
third reinjection test. The 
reinjection also took place under 
natural conditions with an 
average production rate of 18.1 
kg/s and reinjection rate of 4.5 
kg/s. The water temperature in 
the production well was 53°C and 
the reinjection temperature was 
32.8°C. The tracer chosen was 
ammonium molybdate, 50 kg of 
which were injected into the 
reinjection well. Comparing the 
content of Mo6+ in water samples 
taken before the tracer test and in 
the beginning of the test and 
considering the error in the 
analysis, the background content 
of Mo6+ is estimated to be 0.014 

μg/ml. Figure 22 shows the changes in the content of the Mo6+ tracer in the water produced during the 
test period, after background value correction. The peak of the tracer concentration occurred about 32 
days (755 hours) after tracer injection and the tracer recovery lasted 42 days (1000 hours). After this 
time, the tracer is considered to re-enter the production well through recirculation. 
 

 

FIGURE 22: Changes of content of Mo6+ in the  
production well, during the test period 
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FIGURE 21: Comparison of reinjection water temperature to those in the production well during 
the period from Nov. 14, 2013 to Mar. 14, 2014 (Kang et al., 2015) 
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3.3.2  Tracer recovery modelling 
 
The main purpose of tracer testing in geothermal studies and management is to predict possible cooling 
of production wells due to long-term reinjection of colder fluid (Axelsson et al., 2005). In order to 
quantify this cooling, interpretation of tracer data is needed and numerous models have been developed 
for that. 
 
The method of tracer test interpretation used here is conveniently based on the assumption of specific 
flow channels connecting injection and production boreholes. These flow-channels may, in fact, be parts 
of near-vertical fracture-zones or parts of horizontal interbeds or layers. The channels may be envisioned 
as being delineated by the boundaries of these structures, on one hand, and flow-field streamlines, on 
the other hand. In other cases, these channels may be larger volumes involved in the flow between 
boreholes. In some cases, more than one channel may be assumed to connect an injection and a 
production borehole, for example connecting different feed-zones in the boreholes involved. In the case 
of one-dimensional tracer transport, the relevant differential equation simplifies to (Axelsson et al., 
2005):  
 

 
ܦ
߲ଶܥ
ଶݔ߲

ൌ ݑ
ܥ߲
ݔ߲

൅
ܥ߲
ݐ߲

 (2)
 

where D = Dispersion coefficient of the material in the flow channel (m2/s); 
 C = Tracer concentration in the channel (kg/m3); 
 x = Distance along the channel (m); 
 u = Average transport velocity, q/ρA∅; 
 q = Injection rate (kg/s); 
 ρ = Water density (kg/m3); 
 A = Average cross-sectional area of the flow-cannel (m2); 
 ∅ = Flow-channel porosity. 
 
Molecular diffusion is neglected in this simple model such that D = αLu with αL the longitudinal 
dispersivity of the channel (m). Assuming instantaneous injection of a mass M (kg) of tracer at time t = 
0, the solution is given by Axelsson et al., (2005) as: 
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where c(t) = Tracer concentration in the production borehole fluid; 
 Q = Production rate (kg/s); 
 x = Distance between the boreholes involved (m). 
 
Conservation of the tracer according to c·Q = C·q, has been assumed. Such a simulation yields 
information on the flow channel cross-section area, actually	A∅, the dispersivity αL as well as the mass 
of tracer recovered through the channel (Axelsson et al., 2005).  
 
This one dimensional flow-channel model for the Urban Dezhou reservoir tracer test can be applied by 
using the ICEBOX software package form UNU-GTP (Arason et al., 2004), including several programs 
which can be used for inversion of tracer test data and to predict cooling of production wells during 
long-term reinjection. 
 
For the Urban Dezhou reservoir, it is assumed that there is one flow channel in the aquifer between the 
reinjection well and production well. Figure 23 shows the simulation curve of the model and Table 1 
below shows the settings and parameters of the model. 
 
Now, the result of one flow-channel obtained by the TRINV tracer programme is used to predict the 
production temperature during long-term production and injection. The surface area is assumed to have 
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equal width and height and 
porosity is assumed to be 32%. 
Because the calculated cross-
section (area × porosity) is 
0.25 m2, the width and the 
height can be calculated, both 
of them are about 0.86 m. The 
result calculated by the 
programme shows there is no 
temperature change in the 
production well in 50 years, 
which remains constant at 
53°C.  
 
The predicted cooling of the 
production well is very little 
due to the low mass fraction 
recovered (0.46%). This low 
mass fraction may be caused 
by the fact that the tracer is 
added to the water level uplift 
cone of the reinjection well 
(Figure 18) and is thus 
diffused to all directions, with 
only a limited amount of the 
tracer received by the 
production well.  

 
TABLE 1: The settings and parameters of the one dimensional flow-channel model of 

the connection between the injection well and production well   
 

Setting One channel Parameter One channel 
Tracer mass (kg) 
Production rate (kg/s) 
Reinjection rate (kg/s) 
Reservoir temperature (°C) 
Reinjection temperature (°C) 
Distance between 2 wells (m) 

50.0 
18.1 
4.5 

53.0 
32.8 
231 

Velocity (m/s) 
Dispersivity (m) 

Mass (kg) 
Mass fraction (%) 
Cross-section (m2) 

8.36×10-5 ± 9.1×10-7 
6.22 ± 0.76 
0.23 ± 0.01 

0.46 
0.25 

 
 
3.4  Advancement of the reinjection tests 
 
Poor injection performance for sandstone geothermal reservoirs has become an issue for many countries 
in the world (Liu, 2003; Axelsson, 2008). Known problems of reinjection in sandstone aquifers include 
the reinjection rates decreasing significantly with time due to problems in the wells or the equipment, 
such as scaling, clogging and corrosion. Many tests have e.g. been performed in different Guantao 
formation geothermal fields in China. To improve the reinjection performance in Guantao formation 
sandstone reservoirs, well completion is a key factor. Nowadays, the traditional option for well 
completion is perforation, which is adopted in many projects, such as in the Binhai and Wuqing 
reservoirs in Tianjin (Zhao et al., 2015). But these kind of methods are limited to actual industrial 
reinjection because they are expensive.  
 
However, the reinjection tests in Pingyuan County provide possible new solution to overcome rapid 
clogging of aquifers next to reinjection wells in porous sandstone aquifers. The following measures may 

 

FIGURE 23: Simulation curve of the tracer model 



Report 35 825 Zheng Tingting 

be adopted: Large diameter reaming and gravel packing to enlarge the flow surface area and increase 
the permeability around the reinjection well, coarse filtering, fine filtering with 3-5 µm precision, gas 
escaping, back flushing when the pressure difference between the two sides of filtering equipment 
reaches 50-60 kPa, re-pumping for the reinjection well at an interval of reinjection for 7 days (Kang et 
al., 2015). 
 
Three reinjection tests have been successfully implemented during different space heating periods from 
November to March, about 120 days, in three years. During these periods no obvious aquifer clogging 
occurred according to observed data. Similarly, the reinjection rates and water level increases in the 
reinjection well have been stable. 
 
Because this method is not as costly as the perforation one, it has a potential to be used in actual 
reinjection projects in the future. 
 
 
 
4.  THERMAL BREAKTHROUGH 
 
The thermal breakthrough is the most serious issue in long-term reinjection. Although there is no cooling 
of the Urban Dezhou reservoir during the reinjection tests, thermal diffusion is much slower than 
pressure diffusion, so cooling effect may occur in the long term. For this reason, it is necessary to predict 
the overall long-term thermal breakthrough time for the Urban Dezhou reservoir, in addition to the 
specific cooling prediction based on the tracer test results. 
 
A porous model with cold recharge can be used for a simple estimate of the reinjection breakthrough 
time. This model involves an infinite, homogeneous, isotropic, fluid-saturated, hot (at temperature Tr), 
horizontal layer of porous material with porosity ∅ and thickness H. At time t= 0, injection of cold (at 
temperature T0, cold relative to the initially hot layer) water at a rate Q (kg/s) is initiated at the location 
r = 0 (location of the injection well). 
 
By assuming that heat transport by conduction is negligible compared to the advective heat transport, 
one can show that a cold front travels radially away from the reinjection well (two-dimensional flow). 
On the inside of the front, the temperature is T0, while on the outside, the temperature is undisturbed at 
Tr. The distance to the cold front is then given by (Bödvarsson, 1972):  
 

 
ݎ் ൌ ඨ

ݐ௪ܳߚ
ܪߨ ൏ ߚߩ ൐

 (4)

 

So, the cold-front breakthrough time is given by: 
 

 
ݐ ൌ

ܴଶܪߨ ൏ ߚߩ ൐
௪ܳߚ

 (5)

 

where t = Thermal breakthrough time (s); 
 R = Radial distance from reinjection well (m); 
 rT  = Radial distance of cold front (m); 
 H = Reservoir thickness (m); 
 <ρβ> = Average volumetric heat capacity of reservoir,  
      i.e. = ∅	βw ρw+(1-∅) βr ρr (J/m3/°C); 
 βw = Heat capacity of water (J/kg/°C); 
 ρw = Water density (kg/m3); 
 ∅ = Rock porosity; 
 βr = Heat capacity of rock (J/kg/°C); 
 ρr = Rock density (kg/m3); 
 Q = Injection rate (kg/s). 
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The geothermal production wells in the Urban Dezhou reservoir have different production rates. Here 
the 4 most common injection rates and corresponding production rates (including the maximum rate) 
are chosen for the calculation. It should be pointed out that these injection rates are based on the space-
heating period (120 days). The annual average injection rate for calculation is shown in Table 2. 
 

TABLE 2: Injection rate scenarios for the thermal breakthrough calculations  
of the Urban Dezhou reservoir 

 

No. 
Space heating time 

(kg/s) 
Annual average 

(kg/s) 
1 11.0 3.6 
2 13.7 4.5 
3 16.4 5.4 
4 19.2 6.3 

 
The breakthrough time is calculated as 
a function of the distance between 
reinjection and production wells. Here 
the annual average injection rates in 
Table 2 are used. 
 
The results are presented in Figure 24. 
It should be pointed out that for the 
safety of the reservoir to avoid colder 
water intrusion through flow channels 
in feed-zones, the thickness of the 
reservoir used in the above equation is 
50 m, approximately 33% of the actual 
thickness of the reservoir considering 
the porosity. To avoid thermal 
breakthrough in 50 years, the estimated 
safe distance between the reinjection 
well and the production well should be 
more than 300 m. To avoid thermal 
breakthrough in 100 years, the 
estimated safe distance should be more 
than 420 m. 
 
The result of this model may, however, 

be too optimistic. Because, it considers the system to be homogeneous and isotropic. In reality, the 
aquifer may be influenced by fractures, which cause flow velocity variations in different directions. 
 
 
 
5.  VOLUMETRIC ASSESSMENT OF THE URBAN DEZHOU SANDSTONE 
     GEOTHERMAL RESERVOIR 
 
After avoiding cooling in the reservoir an assessment of the energy in reservoir should be made. A 
simple but useful method is volumetric assessment. 
 
 
5.1  Methodology background  
 
The volumetric method refers to the calculation of thermal energy in the rock and the fluid,  which  could  

0

50

100

150

200

250

300

0 100 200 300 400 500

B
re

ak
-t

h
ro

u
g

h
 t

im
e 

(y
ea

r)

Distance（m）

injection rate= 6.3 kg/s

injection rate= 5.4 kg/s

injection rate= 4.5 kg/s

injection rate= 3.6 kg/s

 

FIGURE 24: Estimated cold front breakthrough time as a  
function of distance between reinjection well  
and production well with different reinjection  

rates in Urban Dezhou reservoir 
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be extracted, based on specified reservoir volume, reservoir temperature and reference or final 
temperature. 
 
The volumetric method is patterned from the work applied by the USGS (United States Geological 
Survey) to the Assessment of Geothermal Resources of the United States (Muffler, 1979). It is often 
used for first stage assessment, when data are limited. The main drawback of this method is that the 
dynamic response of a reservoir to production is not considered, such as pressure response, permeability, 
recharge, etc.  
 
For a liquid-dominated reservoir, the equations used for calculating the thermal energy are as follows: 
 

 ்ܳ ൌ ܳ௥ ൅ ܳ௪ (6)
 

in which 
 

 ܳ௥ ൌ ܣ ൉ ݄ ൉ ሺ1 െ ∅ሻ ൉ ௥ߚ ൉ ௥ߩ ൉ ሺܶ െ ଴ܶሻ  (7)

 ܳ௪ ൌ ܣ ൉ ݄ ൉ ∅ ൉ ௪ߚ ൉ ௪ߩ ൉ ሺܶ െ ଴ܶሻ (8)
 

where QT = Total thermal energy (kJ/kg); 
 Qr = Heat in rock (kJ/kg); 
 Qw = Heat in water (kJ/kg); 
 A = Area of the reservoir (m2); 
 h = Average thickness of the reservoir (m); 
 ∅ = Rock porosity; 
 βr = Specific heat of rock at reservoir (kJ/(kg°C)); 
 βw = Specific heat of water (kJ/(kg°C)); 
 ρr = Rock density (kg/m3); 
 ρw = Water density (kg/m3); 
 T = Average temperature of the reservoir (°C); 
 T0 = Cut-off temperature (°C). 
 
Not all the energy can be extracted from the reservoir, so the recovery factor is defined to help estimate 
the energy that can be extracted. The thermal energy recoverable from the system can be calculated as 
follows: 
 

 ܳோ ൌ ܴ ൉ ்ܳ (9)
 

where QR = Recoverable thermal energy (kJ/kg); 
 R = Recovery factor. 
 
The recovery factor represents how easily the heat contained in the reservoir can be extracted which 
mostly depends on the reservoir permeability. Muffler proposed a linear connection between the porosity 
and the recovery (Muffler, 1979) and Williams (2007) introduced models for fractured reservoir and 
proposed recovery in the range of 2-25%. 
 
 
5.2  Monte Carlo volumetric assessment calculation 
 
The parameters used in the Monte Carlo volumetric assessment calculation for the Urban Dezhou 
reservoir are presented in Table 3. 
 
Area (km2): The distribution of sedimentary reservoir aquifer is continuous. It is considered that the area 

is the same as the surface area of 169 km2.  
Thickness (m): The thickness of the sandstone aquifer in Guantao formation ranges from 100 to 300 m. 

For Monte Carlo calculations, use the most likely: 200 m; minimum: 100 m; maximum: 300 m. 



Zheng Tingting 828 Report 35 

Rock density (kg/m3): The main type of rock is sandstone, which has a density of around 2800 kg/m3. 
Therefore, the most likely estimate is 2800 kg/m3; minimum: 2700 kg/m3; maximum: 2900 kg/m3. 

Porosity (%): The average porosity of the sandstone aquifer is around 32%. In the Monte Carlo input 
cell, use the most likely: 32%; minimum: 24%; maximum: 35%. 

Rock specific heat (J/(kg°C)): Usually this is about 950 J/(kg°C). For the Monte Carlo calculations use 
the most likely: 950 J/(kg°C); minimum: 910 J/(kg°C); maximum: 980 J/(kg°C). 

Reservoir temperature (°C): The formation temperature of the conduction reservoir is not easy to obtain. 
The geothermal water temperature in wells is around 53°C. For the Monte Carlo calculations, it 
is assumed that the most likely value is 60°C; minimum: 53°C; maximum: 70°C. 

Fluid density (kg/m3): Water density is 983.2 (most likely), 977.8 (minimum) and 988.1 
kg/m3(maximum) at 60, 70 and 50°C, respectively. 

Fluid specific heat (J/(kg°C)): It is about 4200 J/(kg°C) for pure water. 
Recovery factor (%): The porosity of sandstone in Dezhou reservoir ranges from 24 to 35% with the 

average of 32%. Muffler (1979) proposed a linear correlation between porosity and recovery 
factor. However, it seems too optimistic for this reservoir. For a conservative estimate and 
referring to other sedimentary reservoirs in China (Huang, 2012), the estimated most likely 
recovery factor of Dezhou reservoir is 23%. For Monte Carlo calculations use the most likely: 
23%, minimum: 20%, maximum: 25%. 

Cut-off temperature (°C): One of the main reasons for cooling of reservoir is reinjection. Here the 
average reinjection temperature of 32.8°C is taken as the cut-off temperature. 

 
TABLE 3: Parameters used for Monte Carlo volumetric assessment of the Urban Dezhou reservoir 

 
Input Variables Units Minimum Most likely Maximum 

Surface area km2 - 169 - 
Thickness  M 100 200 300 
Rock density kg/m3 2700 2800 2900 
Porosity  % 24% 32% 35% 
Rock specific heat J/(kg°C) 910 950 980 
Temperature °C 52 55 59 
Fluid density kg/m3 977.8 983.2 988.1 
Fluid specific heat J/(kg°C) - 4200 - 
Recovery factor % 20% 23% 25% 
Cut-off temperature °C - 32.8 - 

 
The most likely estimate of the total energy of the reservoir is 2340 PJ (1015 J), and the most likely 
estimate for recoverable energy is 540 PJ. 
 
To estimate for how long the energy of reservoir can be used, the following equation is used： 
 

 ܳ଴ ൌ ݍ ∙ ௪ߚ ∙ ሺܶ െ ଴ܶሻ (10)
 

where Q0 = Thermal heat taken by production annually (kJ/s or kWth); 
 q = Production rate of geothermal wells annually (kg/s); 
 βw = Specific heat of water (kJ/(kg°C)); 
 T = Average temperature of the reservoir (°C); 
 T0 = Cut-off temperature (°C). 
 
The current annual production rate of Dezhou reservoir is about 600 kg/s (q). The thermal heat of one 
year taken by production (Q0) is 5.6×104 kWth. Based on the calculation, it will take about 300 years to 
extract all the recoverable energy (540 PJ) from the reservoir.  
 
The thermal energy is usually plotted using the relative frequency distribution and the cumulative 
frequency distribution. The relative frequency of a value or a group of numbers is calculated as a 
percentage of the total number of data points. 



Report 35 829 Zheng Tingting 

For the 300-year lifetime of the reservoir, the relative frequency distribution and the cumulative 
frequency of the thermal power calculated by the Monte Carlo model are presented in Figure 25. The 
mean thermal power, the median thermal power, the standard deviation, 90% upper limit, and 90% lower 
limit could also be extracted from the results, shown in Table 4.  

 
TABLE 4: The results of the thermal power estimation for the Urban Dezhou reservoir 

by the Monte Carlo volumetric assessment 
 

Results 
Thermal power /

300 years 
Most likely thermal power (MWth) 57 
90% above (MWth) 41 
90% below (MWth) 72 

 
The result shows that the most likely thermal power for the direct use is 57 MWth for a reservoir lifetime 
of 300 years. From the 90% acceptance range, the results of the simulations are that the estimated 
thermal power will range between 41 and 72 MWth, for 300 years. That means the resource capacity 
will be at least 41 MWth for 300 years.  However, as mentioned before, the volumetric assessment can 
only build a static model. It cannot give a dynamic view. Also, it is not environmentally friendly to 
extract the total recoverable energy from the Urban Dezhou reservoir without sustainable development. 
 
 
 
6.  SUSTAINABLE YIELD OF THE URBAN DEZHOU SANDSTONE GEOTHERMAL  
     RESERVOIR 
 
6.1  Reservoir modelling  
 
The main objective when modelling a geothermal system is to simulate the response of the reservoir to 
long-term and large-scale production. The reservoir model can be used to assess the production potential 
by predicting the water level response to different production scenarios. 
 
6.1.1  Conceptual model 
 
The conceptual model is the foundation of the reservoir model. The conceptual model of the Urban 
Dezhou reservoir can be described briefly as follows: 

 

FIGURE 25: The relative and cumulative frequency distributions of thermal power for a 300-year 
utilization; the darker columns on the left indicate the 90% probability range while the dotted lines 

on the right indicate the 90% upper and lower limit of the cumulative distribution 
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1) Reservoir type: Low-temperature sedimentary reservoir, water-dominated, heated by conduction 
of the thermal flow (with the average thermal gradient of 3.05°C/100m) (see Figures 7-9);  

2) Boundary and area: Permeable fault boundaries, 169 km2 (see Figure 3); 
3) Production aquifer: Horizontal, homogeneous, and confined sandstone, with a thickness from 

150 to 210 m at a depth between 1350 and 1650 m (Figures 4-7); 
4) Cap rock: Upper Minghuazhen formation of Neogene period, composed of argillite and sandy 

mudstone (Figures 4 and 17); 
5) Underlying rock: Eogene Dongying Formation composed of argillite, fine sandstone, and 

siltstone (Figures 4 and 17); 
6) Recharge: Meteoric origin. 

 
6.1.2  Lumped parameter modelling 
 
The Urban Dezhou reservoir has a large area and about 82 production wells. The changes in water level 
and temperature of these wells show similar trends (Figure 13). Compared to numerical models, which 
requires large amounts of field data, lumped parameter modelling has the advantage of needing only 
production history and water level data. In addition, it is simpler and thus can give an estimate of the 
nature of the geothermal reservoir in a relatively short time. Thus in conclusion, lumped parameter 
model is a good choice for modelling the Urban Dezhou reservoir. 
 
Lumped parameter models can 
simply be considered as distributed 
parameter models with a very coarse 
spatial discretization (Axelsson, 
1989). A general lumped model 
consists of a few tanks and flow 
resistors as is shown in Figure 26. 
The resistors, controlled by 
permeability of rocks, simulate the 
flow resistance in a reservoir. The 
first tank simulates the innermost 
part of a geothermal reservoir, i.e. it 
represents the active well field; while the second and third tanks simulate outer and deeper parts of a 
system, i.e., they act as recharge parts from either deeper or outside parts of the main reservoir. If the 
third tank is connected by a resistor to a constant pressure source, which supplies recharge to a 
geothermal system, the model is open. Otherwise, without the connection to a constant pressure source 
the model would be closed (Axelsson, 1985). 
 
The water level or pressure in the tanks simulates the water level or pressure in different parts of a 
geothermal system. The pressure response (p) of a general open lumped model with N tanks, to a 
constant production (Q) since time t=0, is given by the equation (Axelsson, 1985):  
 

 
ሻݐሺ݌ ൌ ଴݌ െ෍ܳ

ே

௝ୀଵ

௝ܣ
௝ܮ
ሾ1 െ ݁ି௅ೕ௧ሿ (11)

 

The pressure response of an equivalent N tank closed model is given by the equation: 
 

 
ሻݐሺ݌ ൌ ଴݌ െ෍ܳ

ே
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The coefficients Aj, Lj and B are functions of the storage coefficients of the tanks (κj) and the conductance 
coefficients of resistors (σj) in the model. 
 

 

FIGURE 26: Schematic diagram of lumped  
parameter model (Axelsson et al., 2005) 
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The main problem when performing lumped parameter modelling is the estimation of the tank and 
conductor parameters. To tackle the simulation as an automatic inverse problem, a powerful and 
effective computer code LUMPFIT has been developed (Axelsson, 1985). Here the LUMPFIT 
programme is used to model the Urban Dezhou reservoir.  
 
As mentioned previously, there are no obvious temperature changes in the reservoir and the main 
response of the reservoir for production is water level decreases. In order to predict future water level 
changes and to be able to suggest solutions to problems such as land subsidence caused by it, long term 
monitoring data is used as a basis for reservoir modelling using lumped parameter modelling. Two 
different models are compared: a two-tank closed and a two-tank open lumped parameter model.  
 
The long term monitoring data used for the modelling is water level depth in wells R14 and R34 and the 
corresponding total production data of the reservoir (both shown in Figure 13) from 1998 to 2015. Figure 
27 shows the simulated water level depth, the measured water level depth and the production. Both 
models present good agreements with the same coefficient of determination of 0.95. 
 
 

 
The reservoir properties calculated by the two models are presented in Table 5. The σ2 represents the 
conductance of the second tank to the recharge from the boundary. It has very small number, which 
shows that the flow between the second tank and the open boundary is very limited. The monitoring 
data in Figure 13 shows that when production is halted, the water level rises and remains stable without 
recovering to the initial water level, which indicates that the recharge source is limited. These results 
indicate that the Urban Dezhou reservoir data fits better using a closed two-tank model than an open 
one. The closed two-tank model can thus be used to predict pressure changes in the reservoir for given 
production scenarios. 

 
Before extensive exploitation of the Urban Dezhou reservoir, around the year 2000 the same method 
was used to model the reservoir. The result was different from the results presented here since a closed 
three-tank model fitted the data best. The data used for the modelling was from a pumping test during 
the period from Mar. 28 to Apr. 4, 1997 (Kang, 2000). Table 6 compares the parameters of the older 
model to the model presented here. The  two-tank  closed  model  shows  larger  storage (κ)  and higher 

 

FIGURE 27: The results of the two-tank closed and open lumped parameter model 
of the Urban Dezhou reservoir 
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TABLE 5: Parameters of the two types of lumped model of Dezhou 
 

Parameter Two-tanks closed Two-tanks open 
A1(10-3) 9.4 9.2 
L1(10-1) 8.1 8.3 
A2(10-4) - 9.7 
L2(10-9) - 2.3 
B 9.6×10-4 - 
κ1 (ms2) 25700 26200 
κ2 (ms2) 252000 247000 
σ1 (10-5 ms) 720 750 
σ2 (10-10 ms) - 2.4 
Coefficient of determination: 0.95 
κ: Capacitance (storage) 
σ: Conductivity 

 
permeability (σ) between the inner part and the outer part of reservoir based on long term monitoring 
data. The older model is based on data from the only production well at the time, R14. The model can 
thus be estimated to represent the properties of the reservoir in a near natural state. The two-tanks model 
presented in this report is based on long-term monitoring data, which better represents the large-scale 
production situation and can be used to predict the development of the reservoir under exploitation. It 
can be deduced that as the development of the reservoir increases, more storage is consumed by the 
reservoir and a larger area is influenced, which is a typical property of closed sedimentary reservoirs. 

 
TABLE 6: Parameters of the lumped model of the Urban Dezhou reservoir during different periods 

 
Parameter Model 1 (two-tank closed) Model 2 (Kang, 2000) 

κ1 (ms2) 
κ2 (ms2) 
κ3 (ms2) 

σ1 (10-4ms) 
σ2 (10-4ms) 

25700 
252000 

- 
72 
- 

0.023 
4.4 

9520 
6.2 

54.4 
κ: Capacitance (storage) 
σ: Conductivity 

 
 
6.2  Sustainable yield estimated by lumped parameter model 
 
The prerequisite of calculating sustainable yield is to determine a reasonable maximum allowable 
drawdown of the production wells in the geothermal reservoir, within a given time frame (Kang, 2010). 
The constraints in the Urban Dezhou reservoir include the risk of cold-water inflow, the setting depths 
of production well pumps and especially the land subsidence caused by the water level decrease. Thus, 
the maximum allowable water level depth is defined as 150 m.  
 
Using the maximum allowable drawdown and the lumped parameter model, water level predictions were 
calculated for 50 years for two different production scenarios. 
 
6.2.1  Sustainable yield without reinjection 
 
The water level predictions calculated by the lumped parameter model, are presented in Figure 28, which 
shows the water level depth changes for the next 50 years. 
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For the current production situation (Table 7) the 
water level depth will be below the 150 m limit in 
10 years’ time. The sustainable yield without 
reinjection is 25% of the current production rate 
(Table 7). That means the production of the 
reservoir cannot meet the demands of the city. 

 
TABLE 7: Comparison of current and 

sustainable production rate without reinjection 
 

 
6.2.2  Sustainable yield with reinjection 
 
As discussed before, reinjection is an effective 
method for sustainable development of 
geothermal resources and according to the results 
of the reinjection tests with a 100% injection rate 
mentioned above, reinjection in the Urban 
Dezhou reservoir is feasible.  
 
Figure 29 shows the predictions of water level 
depth changes for different reinjection rate 
scenarios. It shows that in order to maintain the 
current production rate, the reinjection rate should 
be more than 75% of the production rate. The 
maximum reinjection rate is assumed to be 80% 
of the production rate. That is due to having to 
consider the loss of the recycling water from 
space heating. In this situation, the sustainable 
yield can be up to 780 L/s annually and the 
average sustainable yield during the space heating 
period is 1860 L/s, which is about 1.25 times the 
current production rate. This means that the 
sustainable yield with reinjection cannot only meet the demands of the city but also has potential for 
further development of the reservoir. 
 
It should be pointed out that the lumped parameter model can only predict water level changes in the 
reservoir. Further study of temperature and chemistry changes in the Urban Dezhou reservoir should be 
considered. 
 
 
 
  

Period 

Current 
production 

rate 
(l/s) 

Sustainable
production

rate 
(l/s) 

Dec.-Feb. 1770 440 
Mar. 1070 260 
Apr.-Oct. 30 7.5 
Nov. 1070 260 
Space heating period 1490 370 
The whole year 630 150 
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FIGURE 28: The water level depth predictions 
without reinjection, calculated with  

the lumped parameter model 
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FIGURE 29: The water level depth predictions 
with reinjection, calculated with the  

lumped parameter model 
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7. CONCLUSIONS 
 
The main conclusions of the assessment of the Urban Dezhou reservoir are as follows:  
 

1) The Urban Dezhou reservoir is a low-temperature sedimentary conduction controlled reservoir. 
The area of the reservoir is about 169 km2 and the reservoir thickness ranges from 300 to 480 m 
at a depth between 1350 and 1650 m. Due to limited recharge and large amount of production, 
water level of Dezhou reservoir has been decreasing very quickly, from 8.3 m artesian height in 
1998 to 70 m below ground surface in 2015, with an annual decrease of 3.6 m. However, the 
geothermal water temperature is generally stable around 52-55Ԩ.  

 
2) Three reinjection tests were undertaken in Pingyuan County from 2012 to 2015 without any 

clogging problems. The biggest reinjection rate without artificial pressure was about 70 m3/h and 
100% of the production water could be reinjected. From the reinjection test it can be concluded 
that reinjection does not lead to cooling in the reservoir during the space-heating period of 120 
days. A tracer test model was built to predict the geothermal temperature changes, which shows 
the temperature remaining stable at 53°C for 50 years. 

 
3) To give an idea of the minimum distance between reinjection wells and production wells, the 

thermal breakthrough was calculated. To avoid thermal breakthrough in 50 years, the minimum 
distance should be more than 300 m and to avoid a breakthrough in 100 years, the minimum 
distance should be over 420 m. 

 
4) To estimate the total recoverable energy in the Urban Dezhou reservoir, Monte Carlo volumetric 

assessment was undertaken. The estimated total energy is 2340 PJ and the estimated recoverable 
energy is 540 PJ, with the estimated recovery factor of 23%. Based on the current annual 
production rate, the lifetime of the Urban Dezhou reservoir is estimated to be about 300 years. 
However, sustainable resource management should be considered here.  

 
5) The sustainable yield of the Urban Dezhou reservoir based on the two-tank closed lumped 

parameter model is discussed given two production scenarios with the prerequisite of maximum 
allowable water level depth of 150 m and a 50 years’ time frame. Without reinjection, the 
estimated sustainable yield is 25% of the current production rate, which cannot meet the demands 
of the city. A more sustainable situation was shown to be obtained keeping the current production 
rate but introducing systematic reinjection and a reinjection rate of over 75% of the production 
rate. The maximum reinjection rate is 80% of the production rate. At this reinjection rate, the 
sustainable yield is 1.25 times the current production rate. This means the sustainable yield with 
reinjection cannot only meet the demands of the city but also has the potential for increased 
development of the reservoir. 

 
6) For sustainable yield, further research in Dezhou reservoir should focus on changes of 

temperature and the geochemistry contents of geothermal water caused by reinjection. 
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