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Shallow geothermal energy (SGE) is a part of geothermal resources and is mainly used through ground source heat pumps (GSHP). However, the potential of SGE varies from region to region due to different geological conditions. There is a lack of regulations and codes for assessing SGE, which makes the design and planning of GSHP restricted. In this study, an evaluation system of the suitability of GSHP in a region of Qingdao by using Analytic Hierarchy Process (AHP) is proposed, and the test area is divided into three suitability levels based on suitability scores. The evaluation system contains property indicators, elemental indicators, and their weights. The result shows that the highly suitable area for the application of GSHP in the test area is 110.04 km2, accounting for 41.8% of the whole test area. The area of moderately suitable area is 65.02 km2, accounting for 24.7%, and GSHP should be developed and utilized on the basis of full demonstration in this level. The unsuitable area for GSHP is 88.19 km2, accounting for 33.5%. The indicator weights in this article may only be applicable to the Qingdao area and cities with similar geological conditions to Qingdao. However, the indicators within this evaluation system can be applied to the vast majority of locations where GSHP are to be developed, as it provides a method of assessment in terms of geological conditions, groundwater conditions, construction conditions, and ecological aspects.
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1 INTRODUCTION
Shallow geothermal energy (SGE) is a part of geothermal resources, which generally refers to the thermal energy resources in the interior of the earth with a temperature of less than 25°C from the thermostatic zone to 200 m burial depth, and has the value of development and utilization at present. In China, it has been proven that the SGE resources available within 1.69 × 105 km2 are equivalent to 7 × 1012 kg of coal (Xu et al., 2020). In 2021, 58.8% of geothermal energy resources was extracted through ground source heat pumps (GSHP) (Lund et al., 2021), which provide energy by the borehole heat exchanger (BHE) (Sarbu et al., 2014). According to the current GSHP code in China (GB 50366-2009, 2009), the ground temperature and thermal conductivity obtained from thermal response tests are essential parameters. However, these two parameters cannot represent the development potential of SGE and efficiency of GSHP in detail (Luo et al., 2016). Moreover, BHE is usually deeper than 100 m, which means the initial investment is costly. Therefore, before designing GSHP, the local geological environment, thermophysical properties of the soil, groundwater conditions, and construction costs need to be evaluated to ensure the efficiency of GSHP (Casasso et al., 2017).
However, these influencing factors do not have a clear description of their contribution. Firstly, the geological, climatic, and hydrological conditions vary from region to region and are difficult to generalize by the same criteria. Secondly, the factors are not independent of each other but interact with each other. For example, lithology will largely determine the ability of heat transfer (He et al., 2017; Kai-Qi et al., 2020), as well as the microscopic particle shape (Wang et al., 2019), porosity (Dong et al., 2015), saturation (Tong et al., 2009), and groundwater conditions (Chen, 2008; Zhang et al., 2015) of the rock can also contribute to changes in thermal conductivity (Dong et al., 2021). In engineering, lithology and rock thickness can also affect construction difficulty and drilling costs. In fact, one of the most important factors of concern for engineering is construction costs. Construction methods vary in different geological conditions, which lead to the differences in construction costs. Thirdly, the safety and sustainability of GSHP also need to be considered, which makes the evaluation of SGE a task that requires multidisciplinary and multisectoral cooperation. At present, the development of SGE is still in the exploration stage, and there is a lack of systematic technical codes for evaluation and calculation methods of SGE (Wang et al., 2020).
The Analytic Hierarchy Process (AHP), developed by Saaty (1988), quantifies the empirical judgment of decision makers and is suitable for problems that are difficult to analyze completely quantitatively, such as evaluating SGE. AHP uses various types of indicators to form an evaluation system (Tinti et al., 2018). This system generally includes the influencing factors from the above literature, but the contribution of each indicator will be different. Therefore, the evaluation system cannot be applied to every region due to the different geological conditions. This article establishes an evaluation system applicable to the Qingdao area based on the geographic conditions, urban characteristics, and geological conditions. The evaluation system consists of four attribute indicators and 11 element indicators, and their weights are analyzed and calculated. Finally, this article uses the geographic information system (GIS) to classify the evaluation area and obtain an effective SGE suitability index. The research results can provide guidance to the development of GSHP.
2 MATERIALS AND METHODS
2.1 Analytic Hierarchy Process
AHP is essentially the formalization of our intuitive understanding of a complex problem using a hierarchical structure (Saaty, 1994). The AHP is a systematic analysis method that integrates qualitative and quantitative analyses. It quantifies the empirical decision of policymakers and is applicable to problems that are difficult to analyze completely quantitatively. It is applied to multiple fields (Vaidya et al., 2006). The structure at least has three levels: the focus or the overall goal of the problem on the top level, multiple criteria that define alternatives in the middle level, and competing alternatives in the bottom level. The main application of SGE is GSHP, thus the AHP system in this study will be built on all factors that affect GSHP. In this article, there are three steps in AHP modelling:
1) The influencing factors are analyzed and a hierarchy is created. The details are shown in Section 2.2.
2) The judgment matrices for each level are constructed. The property indicators in the second layer are compared pairwise, and then the elemental indicators under each property indicator are also compared pairwise. Two indicators, [image: image] and [image: image], are taken at a time, and [image: image] represents the ratio of the impact of [image: image] and [image: image] on the target (GSHP system). The result of the comparison is represented by the judgement matrix [image: image]. If the ratio of the impact of [image: image] to [image: image] on the target is [image: image], then the ratio of the impact of [image: image] to [image: image] should be [image: image]. The weight of each indicator [image: image] can be calculated by Eq. 1:
[image: image]
where [image: image] is the number of indicators.
3) The consistency of each judgment matrix is checked. First, the consistency indicator [image: image] is calculated:
[image: image]
where [image: image] is the main eigenvalue of the matrix. The [image: image] values represent the variance of the error incurred in estimating [image: image]. Second, the value of the AHP conducted is checked, and [image: image] is compared with the appropriate values of the random consistency index [image: image]. Saaty (1990) provided values for [image: image], which are shown in Table 1.
TABLE 1 | Random consistency indexes for different matrix sizes.
[image: Table 1]Third, when the consistency ratio [image: image], the results of the analysis are acceptable, otherwise the judgement matrix is amended appropriately.
[image: image]
2.2 Establishing the Evaluation System
2.2.1 Evaluation Indicators
In the AHP, the evaluation indicators are divided into two levels. The first level of indicators is property indicators, which provides a general description of all the indicators that affect the decision. In this study, since the water quality and quantity in the test area are not suitable for hybrid GSHP, the closed-loop GSHP with vertical borehole is the subject. According to the code for the evaluation of SGE in Shandong Province (DB37/T 4308-2021, 2021), the selection of property indicators includes geological and hydrogeological conditions, engineering geological conditions, thermophysical conditions, and geological environmental conditions. The second level of indicators is the elemental indicators, which are elements that can describe property indicators. These elemental indicators may be interacting (DZ/T 0225-2009, 2009), for example, lithology and groundwater conditions will affect thermal conductivity and specific heat capacity. The hierarchical analysis can effectively resolve these ambiguities.
The evaluation system shown in Figure 1 is established. In order to ensure the long-term operational efficiency of GSHP and to protect the local ecology (Hähnlein et al., 2013), the ecological protection area and the metro line are used as the restricted area in this study, which are directly labeled as poor suitability areas.
1) Geological and hydrogeological conditions
[image: Figure 1]FIGURE 1 | Suitability evaluation system.
This index includes rock thickness, groundwater depth, aquifer thickness, and gushing volume. Underground rock thickness affects the difficulty of BHE construction and the initial investment of engineering. During the construction of BHE, if there is a lot of gravel and sand, a casing will be required when drilling. The best drilling conditions are achieved when the thickness of the rock is greater than the length of the BHE. In addition, the more complex the underground stratification, the higher the difficulty and cost during the construction of the BHE.
The groundwater depth affects the heat transfer of the BHE. The heat and cold load released by the BHE are carried away by the groundwater and then energy transfers quickly between the groundwater and soil (Zhang et al., 2020). This makes the accumulation of underground cold and heat loads less likely to form, thus enabling a more durable and stable provision of energy. The aquifer thickness and gushing volume determine the effect of underground heat transfer and heat exchange conditions of the soil. Although the permeability coefficient is a representative of groundwater transport, there are strips of aquifer rock structure in the test area (Figure 2C). The aquifer thickness and gushing volume would be more representative of the groundwater conditions in the test area.
2) Engineering geological conditions
[image: Figure 2]FIGURE 2 | The map of geological and hydrological conditions. (A) Rock thickness, (B) groundwater depth, (C) aquifer thickness, and (D) gushing volume.
This index includes the lithology and the alluvial thickness. The lithology affects the heat transfer capacity of BHE. Generally, bedrock such as granite has higher thermal conductivity and higher heat transfer efficiency (VDI 4640/1, 2010). The alluvial thickness mainly considers the difficulty of hole formation during the drilling operation. If the thickness of alluvial is too large, it is not only difficult to drill but also prone to collapse after lifting the drill, which makes it difficult to build a borehole.
3) Thermophysical conditions
This index includes thermal conductivity, specific heat capacity, and ground temperature. Thermal conductivity reflects energy transfer, which directly determines the level of heat transfer capacity of the BHE. The specific heat capacity represents the heat absorbed or released when the temperature of the soil changes and can indicate the amount of SGE contained in the soil. The ground temperature indicates the gradient of the earth's temperature and the earth's heat flow; the higher the temperature, the more abundant the SGE (Zhang et al., 2019).
4) Geological environmental conditions
Geological environmental conditions include topography and geological hazards, which are mainly concerned on the construction and operation of GSHP. The smoother the topography and lesser the geological hazards, the better it is for organizing the construction and later the operation.
2.2.2 Quantification of Indicators
The indicators mentioned above use different forms and scales of data. In order to compare and calculate different data within the same evaluation system, it is necessary to standardize the data before evaluation. In this study, the standardization of data is done by dividing the range of each element into three levels of criteria, i.e., 9, 5, and 1, based on whether the GSHP is suitable for construction. In Table 2, the scoring used here is shown, i.e., 1∼9 intended to increase the variation in the final score. Due to the large number of elemental indicators, the weights do not differ significantly in value. If smaller scores are used, the range of the final scores would be so small that it would be difficult to assign a suitability level. The more favorable the GSHP, the higher the score obtained, thus transforming all data into dimensionless values that can be compared with each other. The quantitative grading of each indicator is based on both the geological environment conditions and the operability of the system in the process of quantification. The quantification of each indicator is shown in Table 2. After quantification, the maps of each indicator are drawn in the GIS, and the results are shown in Figures 2–5.
TABLE 2 | The quantification of indicators.
[image: Table 2]The classification of the range of each indicator is based on the Chinese code (DZ/T 0225-2009, 2009; DB37/T 4308-2021, 2021) and on real GSHP applications. It is important to emphasize that the lithology of the strata in the test area can be divided into two categories: bedrock zone and loose layer. In the bedrock zone, the rock thickness is all greater than 120 m, which is the usual length of the buried pipe. In the loose layers, where the rock thickness is less than 60 m, gravel and sandy soils lead to increased construction costs and therefore score lower. In addition, the groundwater in the test area is barren and unsuitable for hybrid GSHP. However, the transport of groundwater will significantly enhance the heat transfer capacity of the BHE. In order to demonstrate the influence of groundwater, three groundwater-related indicators, namely, the groundwater depth, aquifer thickness, and gushing volume, are partitioned according to the results of the recharge experiment.
2.2.3 The Weights of Indicator
In this study, the AHP was used to determine the indicators' weights. On the basis of the hierarchical relationship of the evaluation system, the importance of each indicator in the property layer and the element layer is compared separately using the 1–9 scale method to form a comparison matrix. The consistency of the comparison matrix is checked by calculation. If necessary, the comparison matrix is modified to finally reach an acceptable consistency and finally the weights of each indicator is determined.
The calculation and results of the weights of the property indicators are presented in Table 3 and are analyzed by consistency analysis. Among the four property indicators, the thermophysical condition is the most important because it reflects the heat exchange capacity of the GSHP. The geological and hydrogeological conditions reflect the SGE and the main factors affecting heat exchange.
TABLE 3 | Calculation and results of the weights of the property indicators.
[image: Table 3]Among the four indicators of geological and hydrogeological conditions, the rock thickness has the greatest weight and aquifer thickness has the least weight. The aquifer thickness is related to the type of geology in the test area, which is less water-rich (Figure 2). Therefore, the aquifer thickness has little influence. The two hydrogeological indicators, groundwater depth and gushing volume, mainly represent their influence on the heat transfer, both of which are slightly more important than the aquifer thickness. The calculation and results of the weights of geological and hydrogeological conditions are presented in Table 4.
TABLE 4 | Calculation and results of the weights of geological and hydrogeological conditions.
[image: Table 4]The engineering geological conditions include two indicators: lithology and alluvial thickness, with lithology being given more weight than alluvial thickness. The lithology represents the difference of the physical and thermal physical characteristics of the soil, which has an important influence on the suitability zoning and resource calculation. The lithology is more important than the alluvial thickness because the distribution of the floodplain is less and is not representative (Figure 3). The calculation and results of the weights of engineering geological conditions are presented in Table 5.
[image: Figure 3]FIGURE 3 | The map of engineering geological conditions. (A) Lithology. (B) Alluvium thickness.
TABLE 5 | Calculation and results of the weights of engineering geological conditions.
[image: Table 5]In the design and utilization of GSHP, the thermophysical properties, as an extremely important aspect, influence the calculation of suitability zoning and resource volume (Figure 4). Among them, the thermal conductivity is directly involved in the calculation of heat transfer as an indicator. Therefore, the thermal conductivity is the most important indicator. The specific heat capacity and ground temperature represent the magnitude of the SGE and also have an influence on the suitability zoning. The calculation and results of the weights of thermophysical conditions are presented in Table 6.
[image: Figure 4]FIGURE 4 | The map of thermophysical conditions. (A) Thermal conductivity, (B) specific heat capacity, and (C) ground temperature.
TABLE 6 | Calculation and results of the weights of thermophysical condition.
[image: Table 6]Geological environment conditions include two indicators: terrain slope and geological hazards (Figure 5). The terrain slope affects the difficulty of GSHP construction, while geological hazards are directly responsible for whether GSHP can be implemented. Therefore, the weight of the geological hazards is higher than the terrain slope. The calculation and results of the weights of the thermophysical conditions are presented in Table 7.
[image: Figure 5]FIGURE 5 | The map of geological environmental conditions. (A) Terrian slope. (B) Geological hazards.
TABLE 7 | Calculation and results of the weights of geological environment conditions condition.
[image: Table 7]The weights of all indicators are presented in Table 8. The thermophysical conditions are the property indicators with the highest weight, which lead to the thermal conductivity becoming the highest elementary indicator. The importance of the geological and hydrogeological conditions is also high.
TABLE 8 | The weights of indicators.
[image: Table 8]3 RESULT AND DISCUSSION
According to the above weights, each indicator is assigned a value in the GIS multiplied by its corresponding weight, and then summed up to derive the score on each point. In this article, according to the scores, the areas with scores greater than 5 are set as high suitability areas (A), 3–5 as medium suitability areas (B), and less than 3 as low suitability areas (C). The results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | The map of suitability zoning.
In Figure 6, area A covers an area of 110.04 km2, accounting for 41.8% of the test area. It is mainly distributed in the northeast, central, southwest, and southeast of the working area. Area A is a bedrock area (Figure 3A), and the lithology is mainly basalt, coarse andesite, andesite, breccia, etc. The thickness of the rock is greater than 120 m (Figure 2A), and the construction conditions are moderate. The thermal conductivity is greater than 2.0 w/(mK) in the southwestern region and the south-eastern region (Figure 4A), with good heat transfer conditions. The lithology of the central region is basalt, and the thickness of the aquifer is moderate. The specific heat capacity is greater than 0.9 kJ/(kgK) (Figure 4B), which means that the heat transfer capacity is strong. It is suitable for the development and utilization of GSHP in area A.
Area B covers 65.02 km2, accounting for 24.7%. It is mainly located in the central and north-eastern bedrock areas, and the lithology is mainly basalt, coarse andesite, andesite, breccia, etc. (Figure 3A). The thickness of the rock is more than 120 m (Figure 2A), which means the drilling conditions are suitable. The thermal conductivity of the central and north-eastern part is 1.5–2.0 w/(mK) (Figure 4A). Thus, the comprehensive heat transfer capacity of the geotechnical layer is strong. In addition, the ground temperature conditions are good. The GSHP should be developed and utilized on the basis of full demonstration in area B.
Area C covers 88.19 km2, accounting for 33.5%. Area C is not only the area with a score less than 3 but also that which includes the ecological protection zone and metro area. It is mainly located in the loose layer (Figure 3A) with rock thickness less than 60 m (Figure 2A). The thermal conductivity is less than 1.5 w/(mK) (Figure 4A), and the heat transfer capacity is poor. It is not suitable for the development of GSHP.
4 CONCLUSION
This study establishes an evaluation system based on the geographic conditions, urban characteristics, and geological conditions in Qingdao. After the analysis and calculation of AHP, the weights of the elemental indicators are calculated. Then, the suitability zones are mapped through GIS. The following conclusions are drawn:
1) In the evaluation system, although the thermal conductivity is the most important indicator, geological conditions and hydrogeological conditions are also of high importance. The thermal conductivity alone cannot be considered when designing GSHP.
2) The AHP-based evaluation system can provide an effective solution of suitability evaluation for SGE exploration in the GSHP application in the Qingdao region. This system can be extended to places with similar geological conditions in Qingdao and provide a reference for evaluation of SGE in other regions.
3) In the test area, the area of high suitability (area A) is 110.04 km2, accounting for 41.8%. The area of medium suitability (area B) covers 65.02 km2, accounting for 24.7%. The area of low suitability (area C) covers 88.19 km2, accounting for 33.5%.
4) Due to geological differences, the weights used in this article may not be applicable to all regions. In addition, although the AHP is already a very mature evaluation method, its subjectivity is inevitable. It is recommended that a more objective evaluation method be used for subsequent use as a basis for development.
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