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After the Oil Crises in 1973, which meant higher energy costs, the world started to look for 
other sources of energy. This led to the development of renewable energy techniques. Because of 
the intermittent nature of renewable energy, storage systems were also developed. Underground 
Thermal Energy Storage (UTES) systems spread and are now globally well known. In these 
systems, excess thermal energy (heat or cold) is stored (short term and/or long term) from the 
surplus period to periods of higher demand. The storage media in such systems are underground 
materials, e.g. rock, soil, and/or groundwater. 

The current study aims to examine the use of underground thermal energy storage systems 
in arid regions, in order to increase the efficiency of both cooling and heating systems in these 
regions, such that CO2 emissions and consumed electricity for these purposes are reduced. Three 
main parameters determine which type of Underground Thermal Energy Storage (UTES) system 
is most suitable. These are site, design, and operation parameters. The site-specific parameters 
include soil properties and all geo-hydrological, environmental, geological, metrological 
conditions. Therefore, the site parameters cannot be changed after installing the storage system, 
since they majorly depend on the location, while the other parameters (design and operation) can 
be changed after construction. The first primary goal of this study is to find how and what site 
parameters involved to specify the most suitable type of UTES systems in arid regions. Thus, the 
suitable type of UTES systems can be decided. The second primary goal is to answer how and 
where to select the best location to install the adopted system. To achieve the goals of the study, 
two arid regions within Iraq were used as case studies. They are Babylon and Karbala, where the 
former is characterized by its shallow aquifer, while the latter is characterized by a relatively 
deeper aquifer. 

The ArcMap-GIS software was used to prepare the relevant digital maps, e.g. maps of 
hydraulic conductivity, population, type of soil, aquifers, groundwater elevation, transmissivity, 
and slope. Then, the vulnerability (readiness for being polluted by the surface contaminants) maps 
of the available aquifers were determined, followed by finding the seepage velocity of the 
groundwater. Depending on the outputs of the vulnerability and the seepage velocity, the most 
suitable type of Underground Thermal Energy Storage (UTES) systems can be decided. This study, 
also, includes developing/inventing a general methodology that can be used to determine the best 
location to install Underground Thermal Energy Storage (UTES) systems, including Aquifer 
Thermal Energy Storage (ATES) systems. The last part of this study includes applying the 
suggested methodology to determine the best location to install the suitable type of Underground 
Thermal Energy Storage (UTES) system in the study area. 

The first study was in the Babylon Province. Here, groundwater table is very shallow (less 
than 2 m depth in some regions). The crystalline bedrock is at a depth of 9-12 km below the ground 
surface, overlaid by 9-12 km of sedimentary rocks on which there is a 2-50 m thick layer of alluvial 
silty clay sediments. The groundwater moves slowly in this aquifer (2.12*10-6 - 1.85*10-1) m/d, 
and it is brackish having salinity of 5000-10000 mg/l. The susceptibility (vulnerability) of the 
aquifer in northern part of Babylon province is low to very low having ranges from 80 to 120 on 
Drastic model scale, which has the overall range of 26 – 226 (i.e. 0.27- 0.47 on normalized 
vulnerability). 
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The second study area was a part of Karbala Province. This area can be divided into two 
regions based on the geology and geo-hydrological conditions. An eastern part is located on the 
Mesopotamian plain, and a western part is located in Western Desert. In both parts, the 
groundwater table is relatively deeper than the Babylon province. In the eastern part, it is generally 
more than 4 mbgs (meter below ground surface). While, in the western part it is deeper and reaches 
to 48 mbgs in depth. The soil in the eastern part is alluvial silty clay, while the western part consists 
of gypcrete sandy deposits. The groundwater, which flows towards the east, has a seepage velocity 
range from 0 to 0.27 m/d. The salinity of the groundwater changes from slightly brackish (1000-
3000) mg/l in the western parts to highly brackish (5000-10000) mg/l in the Mesopotamian parts 
of the province.  

By comparing the site parameters of each province with the different UTES systems, the 
type of thermal energy storage system was decided. The most important site parameters are the 
depth of the water table and the aquifer characteristics. For Babylon Province, the expected suitable 
underground thermal energy storage system is an aquifer thermal energy storage system in silty 
clay. For Karbala Province, two systems are suggested: for the eastern part, aquifer thermal energy 
storage system in silty clay is recommended, while for the western part, a deep (10-30 m depth) 
sandy aquifer thermal energy storage system is recommended. 

After that, a methodology was developed and used to determine the suitable location in 
which to install the Aquifer Thermal Energy Storage (ATES) system. For Babylon province, the 
site selection index ranges between 2.9 and 5.3 on 1 to 10 scale.  About 71% of the region has a 
site selection index ranges between 4.71 and 5.3. Concerning Karbala study area, the site selection 
index ranges between 3.1 and 9.1. About 15% of the region has a site selection index between 8.1 
and 9.1. 

The energy saving in neighboring countries to Iraq by using the Aquifer Thermal Energy 
Storage (ATES) system ranges from 55% to 72%. It is also expected that using a ground sink heat 
pump instead of a conventional air-to-air heat pump increases the COP (Coefficient Of 
Performance) of roughly (10) to (-17). The negative sign means that the heat is injected into the 
ground. More theoretical and field studies are required to cover the different aspects of the subject 
of potential use of Aquifer Thermal Energy Storage (ATES) system in an arid region, and to verify 
the improvement of COP (Coefficient Of Performance) due to using these systems. 
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Chapter One: Introduction 

1.1. Underground Thermal Energy Storage (UTES) systems 
The last decades have had rapid population growth and global industrial development. 

Consequently, there was an increasing competition for the energy resources (fossil fuel, especially 
oil), which subsequently increased the cost of energy. This and the increasing CO2 emissions, 
which led to environmental degradation, steered the world to search for large-scale utilization of 
renewable energy (Hesaraki et al., 2015). 

The term renewable energy refers to the energy that is “constantly” replenished. This type 
of energy includes different forms of energy, which originates from the sun; like wind, rain, tides 
from the ocean, biomass and also geothermal energy (Mohtasham, 2015; Ellabban et al., 2014).The 
advantages of renewable energy are many, such as (Mıguez et al., 2006; Dincer, 2000):  

1- Decreasing dependence on external energy. 
2- Boosting local and regional component manufacturing industries. 
3- Promoting regional engineering and consultancy services specializing in the use of 

renewables. 
4- Increasing Research and Development (R&D). 
5- Decreasing impact of electricity production and transformation. 
6- Increasing level of services for the rural population. 
7- Creating new jobs. 
8- Decreasing environmental problems (e.g. acid rain, stratospheric ozone depletion, 

greenhouse effect) and environmental degradation. 
9- Increasing energy use in developing countries. 

Thermal systems for space heating and cooling of buildings are very important types of 
renewable energy systems.  Subsequently, it is widely used all over the world (Dincer, 2002; 
Kaygusuz, 1999). 

In spite of all the benefits of renewable sources, most of them (including thermal sources) 
have a significant disadvantage. Renewable energy is locally and periodically available (Xu et al., 
2014; Kaygusuz, 1999). To overcome this problem, renewable sources are coupled to storage 
systems. Combined thermal energy storage systems are used in the following cases (Faninger, 
2004; Tomlinson, 1990, Dincer et al., 1997): 

1- When there is a mismatch between thermal energy supply and energy demand. 
2- When intermittent energy sources are utilized. 
3- For compensation of the solar fluctuation in the solar heating system. 

By using thermal energy storage, many benefits can be gained, for example (Lefebvre and 
Tezel, 2017): 

1- Reducing energy cost. 
2- Redistributing energy. 
3- Reducing initial and maintenance costs. 
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4- Reducing equipment size and achieving more efficient utilization of equipment. 
5- Conservation of energy from fossil fuels. 
6- Improving energy security. 
7- Reducing environmental emissions. 

Due to these advantages, thermal energy storage systems became widely used. These 
systems can be used to store the surplus thermal energy to be later used when demand is high. One 
of their widely used applications is storing the heat of summer for space heating in the winter, and 
storing the winter cold for cooling purposes in the summer season. By this process, the electrical 
energy and corresponding CO2 emissions, which are required for heating and cooling systems, can 
be considerably reduced (Xu et al., 2014; Novo et al., 2010; Zhang et al., 2016). 

Thermal energy storage systems can be divided according to the storage mechanism into: 
sensible, latent, and chemical storage systems. In sensible storage systems, the energy is stored as 
heat i.e. as a temperature increase of the storage medium. In latent systems, the energy is stored in 
the phase change of the storage medium. In chemical storage systems, the energy is stored in the 
chemical reaction of the storage medium (Pinel et al., 2011; Lefebvre and Tezel, 2017). 

Thermal energy storage systems can also be classified according to the period of storage 
into: long (seasonal), and short term (diurnal) storage systems. Seasonal thermal energy storage 
systems are widely used, since they store the summer heat till the winter, and vice versa (Lefebvre 
and Tezel, 2017; Rad and Fung, 2016). 

Seasonal storage systems require huge storage volumes, since they are used to store huge 
amounts of heat between the seasons. The most appropriate storage materials for seasonal purposes 
are the underground materials, i.e. bedrock, soil etc., due to the following reasons (Cabeza, 2015; 
Rad and Fung, 2016; Akhmetov et al., 2016; Nordell, 2000; Dincer and Rosen, 2011; Pavlov and 
Olesen, 2011; Xu et al., 2014; Novo et al., 2010): 

1. Vast/enormous volume of the storage material. 
2. Typical appropriate isolation that the underground presents. 
3. Make use of the geothermal energy that the ground presents. 
4. Cheap. 
5. Available around the world. 
6. Enviromentally friendly. 

Another advantage of using the underground as thermal storage is that the ground 
temperature below a certain depth remains, relatively, constant. This temperature is higher than 
ambient air temperature during winter, and is lower during summer. The temperature fluctuation 
of the surrounding air affects the ground temperature to a depth of approximately 10 -15 m. Below 
this depth the ground temperature increases at a certain rate of 1-3ºC/100 m, because of geothermal 
gradient and the thermal conductivity of the ground (Florides and Karlogirou, 2007). Therefore, 
the underground is suitable media for heat extraction during winter, and heat rejection/injection 
during summer. This process (heat extraction/rejection) can be used for heating during winter, and 
for cooling during summer. If the injected cold/warm energy is later used for warming/cooling, 
then the ground is considered as a thermal energy storage system (Akhmetov et al., 2016).  
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One of the applications widely used with seasonal storage systems is the district seasonal 
storage system, when the stored energy (heating/cooling) is used to warm/cool a district demand 
(Faninger, 2004; Schmidt et al., 2004; Sibbitt et al., 2012; Hesaraki et al., 2015). Since the thermal 
losses of stored energy are proportional to surface area to volume of the storage medium, the losses 
can be decreased making large-scale better than small-scale systems. By this way, the efficiency 
of the storage system can be increased, which encourages using the district systems (Hesaraki et 
al., 2015; Zhang et al., 2016; Novo et al., 2010; Duffie and Beckman, 2013)  

The efficiency of the Underground Thermal Energy Storage (UTES) systems can be 
evaluated by the storage efficiency. Storage efficiency can be defined as the ratio of the extracted 
energy to the stored energy (Rad and Fung, 2016). The efficiency of typical thermal energy 
storages (including underground storages) ranged between 50-90% (Hauer and Bayern, 2011; 
Sarbu and Sebarchievici, 2018; Rosen and Kumar, 2012; Dincer and Rosen, 2011). Other literature 
states that, for specific installed systems, the typical efficiency in bad cases is greater than 30% 
(Sibbitt et al., 2012; Vanhoudt et al., 2011; Gao et al., 2015; Lindblom et al., 2016). 

According to aforementioned information, underground thermal energy storage systems can 
be used to decrease the energy required (i.e. electrical energy) for heating or cooling through the 
following ways: 

1- Providing an appropriate exchange media for a heat pump. The media will increase the 
Coefficient of Performance (COP) of the heat pump. COP can be defined as the ratio of 
transferred energy to used energy (like compressor energy) (Hesaraki et al., 2015). By 
using underground thermal energy storage systems, COP can be increased up to 4-5 
(Hesaraki et al., 2015; Socaciu, 2011; Bertram et al., 2009; Kharseh, 2011). 

2- Possibility of using direct heating or cooling, when the available temperature difference is 
big enough to fulfill the conditions (Drenkelfort et al., 2015; Eicker and Vorschulze, 2009). 
If a direct heating or cooling process is used then the required energy will decrease very 
much (90%-95%) (Vanhoudt et al., 2011; Andersson, 1997), since no compressors are 
used. 

3- Using the underground materials as storage systems for the surplus warm/cold energy that 
can be used later for the cooling/heating process (Lindblom et al., 2016). 

1.2. Study Area 
Though this study is very important to arid regions countries such as Iraq and Middle East 

Countries, it considers two provinces within Iraq as a study area. Concerning Iraq, it is one of the 
Middle East countries (Figure 1-1 a). Its area is 438320 km2 of which 924 km2 is inland water (Al-
Ansari, 2013). Its population is about 39 million in 2020, with a population growth rate of 2.16-
3% (The World Factbook, 2020; World Bank, 2018). According to this rate, Iraq’s population it 
will be about 43.5 to 45.2 million within 2025.  
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(a) (b) 

Figure 1-1. Map of Iraq: (a) Location of Iraq; (b) Provinces of Iraq. 
 

The climate of Iraq is Mediterranean in the north and north Eastern mountainous region, and 
subtropical arid to semi-arid in the south and southwestern regions. The mean maximum 
temperature in summer changes from 20ºC in the north to 35ºC in the south, whilst the mean 
minimum temperature changes from 5ºC in the north to 20ºC in the south (Al-Ansari, 2013). The 
temperature could exceed 52ºC on summer days and drop to less than 0ºC on some winter nights 
(Al-Ansari et al., 2014). The annual rainfall rates decrease from 1000 mm in the north to less than 
100 mm in the south. The annual potential evaporation rates increase from 1900 mm in the north 
to more than 3500 mm in the south (Al-Jiburi and Al-Basrawi, 2015; IOM, 2000). 

As aforementioned, this study considers two provinces as study area. They are Babylon and 
Karbala. Below are some details about each one. 

1.2.1   Babylon province 
Babylon Province covers an area of about 5315 km2.  It is one of the most important cities 

in Iraq due to its history and location in the middle of Iraq (Figure 1-1 b). The population of the 
province is about 2 million. The main economy of the province depends on agricultural practices, 
which can be observed on both banks of the Euphrates River. 

The average annual temperature in Babylon Province is about 23ºC (Al-Madhlom et al., 
2020), with highs of about  50ºC in June, July, and August, and lows of about 0ºC on winter nights 
(December, January, and February) (Accuweather, 2017).  

Silty clay alluvial soil represents an upper cover of the province ground. The soil is underlain 
by sedimentary rocks. The water table in Babylon province is very shallow. It is generally less 
than 10 m deep, and it is only 2 m deep in a number of locations (Al-Jiburi and Al-Basrawi, 2015). 
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This province, as the other provinces of Iraq, has the  problem of electricity shortage for 
cooling in the summer and electricity shortage for heating in the winter. During the summer, the 
supplied electricity from the public network is less 10 hr per day (Rashid et al., 2012). Electrical 
generators are used during the remainder of the day. Generally, 250 houses share the same 
generator, and some have their own generator. According to the report from the Ministry of 
Electricity (2016), during 2015, the Babylon province was supplied a mean power of 575 MW 
while the estimated demand was 1000 MW. 

There are many reasons behind choosing Babylon Province as a study area. Some of them 
are its geology, soil type, population, and electricity shortage. However, the most important reason 
is the shallow groundwater within Babylon province. Due to this fact, underground thermal energy 
storage systems will have a unique condition compared to the installed systems around the world. 
Since the usual depth of the water table associated with these systems is greater than 5 m (Cabeza 
et al., 2015; Seibt and Kabus, 2006). The shallow depth for the water table means increasing the 
surface losses from the system. 

1.2.2 Karbala province 
Karbala Province covers an area about 5034 km2, and its population is about 1,180,000 

(Figure 1-1 b) (Al-Madhlom et al., 2017). Babylon Province lies on its eastern boundary (Figure 
1-1 b). This province has a great importance due to its population, location, and its agricultural and 
religious position. Millions of people visit the province for religious reasons. 

Generally, the province has the same climate as that of Babylon Province. It also suffers 
from the problems of electricity shortage. According to the report from the Ministry of Electricity 
(2016), during 2015, the Karbala province was supplied by a mean power of 560 MW while its 
estimated demand was 800 MW. 

There are many differences between Babylon and Karbala provinces. Regarding this study, 
there are two main differences. The first is that Babylon province is, totally, located within the 
Mesopotamia Plain. While Karbala province can be divided into two parts: the first located within 
the Mesopotamia Plain, and the second located within the Western Desert. The second main 
difference concerns the groundwater conditions. In Karbala, the water table is, generally, deeper 
than water table in Babylon. Its depth changes from west to east. The depth of the water table 
within Karbala province decreases from about 48 mbgs (meter below the ground surface) in the 
western parts to generally more than 4 mbgs in the eastern parts. 

1.3. Motivations of the study and Electricity problem 
No previous study considers using of Underground Thermal Energy Storage (UTES) 

systems (including aquifer system) in the study area (Babylon and Karbala), perhaps even in Iraq 
country. Even more, there are just few studies considers these systems in Middle East countries.  

These system are well known in Europe and North America (cold climate), but in arid 
climate regions they are not or less known. As well as they are well familiar in deep water table 
(usually 10-20 mbgs) conditions, whilst in shallow water table (less than 2 mbgs) conditions as 
Babylon study area they are not. 
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Another local motivation is represented by the electricity shortage supply. The electricity 
system in Iraq was one of the best systems among the Middle East countries before the first Gulf 
war in 1990 (Rashid et al., 2012). Iraq, through the war, lost about 90% of its power generation 
plants and distribution system, and the recovery from the damages had not been achieved in 2006 
(Library of Congress - Federal Research Division, 2006). After the First Gulf War, the electricity 
system deteriorated more due to UN sanctions and lack of maintenance. Deficiency of spare parts 
and skills affected the generation sector making it unreliable in covering the demand (Istepanian, 
2014). After 2003 (the Second Gulf War), there were different types of problems facing the electric 
sector in Iraq like vandalism, sabotage, effects of civilian unrest and corruption (Rashid et al., 
2012). 

The most predominant effective factor behind the electricity problem after 2003, was the 
overloading by air-to-air heat pumps (air conditioners) in summer. After 2003, the domestic gross 
production within the country was increased radically, this increment affected positively the Iraqi 
single family income (Istepanian, 2014). The high temperature in summer (about 50ºC) and the 
opened household stock increased the number of air conditioners. The offered air conditioners 
were air-to-air heat pumps. This type consumes a considerable amount of electrical energy 
(Istepanian, 2014; Rashid et al., 2012). Using these machines for heating purposes in winter is also 
part of the problem. 

The gap between the demanded and generated energy started from 1990, increasing to be 
4653 MW vs 3409 MW in 2003 before the war (Rashid et al., 2012). It reached up to 15000 MW 
vs 8516 MW within 2010 (Al- Khatteeb and Istepanian, 2015). This problem is still ongoing, and 
it represents one of the most important challenges facing the government. 

The using of Underground Thermal Energy Storage (UTES) systems in the country will 
increase the coefficient of the performance of the future systems of Heating and Ventilating Air 
Conditioning (HVAC) compared to conventional one, and decreases the negative consequences 
such as the climate change (global warming) in the end. As well as, the using will achieve all the 
benefits of UTES systems which were mentioned in section 1.1 (Underground Thermal Energy 
Storage (UTES) systems). 

Since UTES systems have not been used in Iraq, current research suggests a technology that 
can be applied all over the country, in the event that it is successful. Iraq has 18 provinces (Figure 
1-1 b). Two provinces were selected for the case study: Babylon and Karbala. The former has a 
very shallow water table while the latter has a relatively deeper water table. 

1.4. Aims of the study and research questions 
The aim of this study is to find the potential of the using UTES system arid regions countries 

for satisfying the cooling/heating demands in summer and winter. The study considers Babylon 
and Karbala Province (in Iraq) as study area. The UTES systems will contribute in decreasing the 
electricity demand for space heating and cooling as well as CO2 emissions and its consequences 
i.e. climate change (global warming). 

 To determine the most feasible system, many factors are to be considered. These factors can 
be divided into three groups (Figure 1-2).  
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Figure 1-2. Factors affecting type of system and efficiency (after Al-Madhlom et al, 

2019a and b). 
 

They are: site specific factors (geohydrology, geo-energy, and climate factors), design 
factors, and operation factors. The last (design and operation factors) can be changed easily after 
constructing the system. The site-specific parameters cannot be changed. Therefore, the site 
parameters in the process of selecting the best site to construct the system should take a lot of 
attention and considerations compared to the other two aforementioned types, since they are 
unchangeable. 

It is noteworthy to mention that the geological and hydrological conditions of Karbala 
province are more complicated relative to Babylon. 

Accordingly, the aims of this study can be summarized by the following research questions: 

1. What are the most suitable types of UTES-systems that can be used in Babylon and Karbala 
provinces? And how can it be determined? 

2. Where is the best location to install a UTES system? And how the best location can be 
determined? 

1.5. Milestones of the study 
To reach the aims of this study, the research passes through the following phases/steps: 
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1- Reviewing the types of UTES systems. Explaining the thermal properties of the storage 
materials in each type, advantages, disadvantages, and summarizing the results.  

2- Reviewing the in-site controlling parameters for Babylon and Karbala Provinces. 
3- Proposing the best type of thermal energy storage system for Babylon and Karbala. 
4- Verifying the feasibility of the elected type of the UTES system by two approaches, they 

are the environmental (through DRASTIC index) and storage efficiency (through seepage 
velocity).  

5- Developing a methodology that can be used to determine the best location to install an 
Underground Thermal Energy Storage UTES system. 

6- Applying the developed method to find the best location to install Underground Thermal 
Energy Storage UTES systems in the Babylon and Karbala study area. 

1.6. Structure of the thesis 
The second chapter of this thesis considers the Underground Thermal Energy Storage (UTES) 
systems, their types, design of each one, system equipped by heat pump, and stratified tank. 
Chapter three explains the study area. Chapter four considers the methodology of the research. 
Chapter five explains the results and discussion.  Chapter six considers the conclusions of the 
study. And finally, chapter seven  is the future works. 
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Chapter Two: Underground Thermal Energy Storage (UTES) 
systems  

2.1. Introduction 
The function of the storage system is to overbridge the mismatch between available (surplus) 

energy and energy demand (renewable energy drought), by storing the excess energy from the time 
of excess production to use it in times of shortage (Figure 2-1) (Xu et al., 2014; Hesaraki et al., 
2015; Nordell & Hellstrom, 2000; Rosen and Kumar, 2012). 

 
 

Figure 2-1. Storage system principle. 
 

In underground thermal energy storage UTES systems, the thermal energy is stored by 
increasing the underground temperature, and then it is extracted by exerting a temperature 
difference upon the storage material. According to the function of the storage system the 
expression ‘best storage material’ can be defined by that material which has the minimum heat 
losses (Xu, 2014), and maximum energy recovery (Lavinia, 2012b).   

To implement the function of the storage systems, a specific condition should be attained. 
This is done by achieving the compromising case between the storage volume and the surface area 
of the storage volume. Achieving minimum losses and maximum recovery requires minimizing 
the storage volume. Since minimizing the volume will produce low surface area for that storage 
volume (i.e. low losses), and high temperature of the stored energy (i.e. easy to recover). On the 
other hand decreasing storage volume implies increasing the temperature difference between the 
storage volume and the surroundings. This in turn, increases the losses from the storage material 
(Incropera et al., 2013; Hesaraki et al., 2015).  

Other problems facing the underground storage system (Hesaraki et al., 2015) are:  

1- Heat losses due to bad insulation of the system, in the case of systems which are provided 
with a surrounding layer or formation to prevent heat leakage. 
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2- Hydraulic leakages from the system, since they cause thermal leakages. 
3- Heat lost due to heat advection, dispersion, and diffusion from the storage volume. 

Due to all these problems, the challenge in producing/finding the optimum storage volume 
is still standing for different sites. 

Due to the fact that the small storage systems are more affected by energy dispersion, 
consequently the current systems try to merge the small storage systems that belong to neighboring 
investors in one big system. The reason behind that is to decrease the ratio of energy losses to the 
stored energy, and hence increase the overall system feasibility. Thus the UTES systems become 
very valuable at this stage, since they provide a very extensive storage material that can contain 
the stored energy with reasonable properties/temperatures and features so that the losses will be 
reasonable/low values. 

The change in ground temperature with depth, during the seasons of the year, is presented in 
figure 2-2. By examining figure 2-2, the reason behind coupling underground materials within 
thermal energy storage systems can be explained.  

 
Figure 2-2. Ground temperature change with the depth (modified from Kharseh and 
Nordell, 2009). 

 

According to figure 2-2, the underground temperature gap closes, during summer and winter, 
to the average annual air temperature (i.e. temperature at a depth where the seasonal effect 
vanishes), which is closer to the favoured indoor temperature. This means that, the ground 
temperature is less than ambient air temperature in summer, which makes it appropriate for 
becoming a cold source for cooling systems, and vice versa in winter. There is another reason that 
makes the underground more eligible for storage systems. An underground material with this 
temperature is suitable for storing thermal energy due to the low losses which are generated from 
the temperature gradient.         

There are additional features supporting the use of underground materials for thermal 
storage, like, low cost, availability, and abundance. But there are other attributes, the underground 
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materials should have, to satisfy the requirements of feasible system, like, good insulation, and 
appropriation of the thermal properties like high thermal conductivity, high thermal capacity, and 
low thermal resistance (Reuss, 2015; Rad and Fung, 2016; Akhmetov et al., 2016; Nordell, 2000; 
Dincer and Rosen, 2011; Pavlov and Olesen, 2012; Xu, 2014; Novo, 2010). 

There are different classifications can be used to classify UTES systems such as (Nordell, 
2000): 

1- Storage purpose: heating, cooling or combination of them. 
2- Storage temperature: low (< 40-50 ºC), and high (> 50 ºC). 
3- Storage time: short (hours-weeks), and long (months-seasons). 
4- Storage application: residential, commercial or industrial. 

Another classification for UTES systems based on the presence or absence of  
complementary components of the system (Schmidt, 2004a), i.e. the solar collectors and 
stratification tanks. The storage system can be either aided by or not aided by these complementary 
parts, which increase the total efficiency of the system. 

The most familiar classification of UTES systems is the one which depends on the 
materials/techniques of the storage. According to this cataloguing, the systems can be classified 
into the following (Novo, 2010; Andersson et al., 2003; Nordell, 2000; Schmidt and Miedaner, 
2012; Nielson, 2003) as in figure 2-3: 

 

 
Figure 2-3. Underground thermal energy storage systems (modified from Andersson et 
al., 2003). 



Chapter Two 

12 
 

 
1- Cavern Thermal Energy Storage system - CTES system. 
2- Tubes in clay or Soil thermal energy storage systems. These systems are also called Duct 

Thermal Energy Storage system - DTES system. 
3- Pit Thermal Energy Storage system - PTES system. 
4- Tank Thermal Energy Storage system - TTES system. 
5- Boreholes Thermal Energy Storage system - BTES system/vertical thermal energy storage 

system. 
6- Aquifer Thermal Energy Storage system - ATES system. 

Some properties of the familiar underground materials that are used as storage materials are 
tabulated in table 2-1 (Reuss, 2015). 
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Table 2-1. Properties of the familiar underground materials (after Reuss, 2015). 

Material 
Thermal 

conductivity 
(W/m.K) 

Volumetric heat 
capacity(MJ/m3) 

Density 
(103 kg/m3) 

Unconsolidated 
Clay/silt, dry 0.4-1.0 1.5-1.6 1.8-2.0 

Clay/silt, water saturated 1.1-3.1 2.0-2.8 2.0-2.2 
Sand, dry 0.3-0.9 1.3-1.6 1.8-2.2 

Sand, water-saturated 2.0-3.0 2.2-2.8 1.9-2.3 
Gravel/stones. dry 0.4-0.9 1.3-1.6 1.8-2.2 

Gravel/stone. water-saturated 1.6-2.5 2.2-2.6 1.9-2.3 
Till/loam 1.1-2.9 1.5-2.5 1.8-2.3 

Sedimentary rock 
Clay/silt stone 1.1-3.4 2.1-2.4 2.4-2.6 

Sandstone 1.9-4.6 1.8-2.6 2.2-2.7 
Conglomerate/breccia 1.3-5.1 1.8-2.6 2.2-2.7 

Marlstone 1.8-2.9 2.2-2.3 2.3-2.6 
Limestone 2.0-3.9 2.1-2.4 2.4-2.7 

Dolomitic rock 3.0-5.0 2.1-2.4 2.4-2.7 
Magmatic and metamorphic rock 

Basalt 1.3-2.3 2.3-2.6 2.6-3.2 
Granite 2.1-4.1 2.1-3.0 2.4-3.0 
Gabbro 1.7-2.9 2.6- 2.8-3.1 

Clay shale 1.5-2.6 2.2-2.5 2.4-2.7 
Marble 2.1-3.1 2.0- 2.5-2.8 

Quartzite 5.0-6.0 2.1- 2.5-2.7 
Gneiss 1.9-4.0 1.8-2.4 2.4-2.7 

Other materials 
Bentonite 0.5-0.8 3.9 0.999 

Water(+10ºC) 0.59 4.15  
 

After explaining the reasons behind using underground materials for thermal storing 
purposes, the challenge of choosing the best location to install the storage system is still standing. 
To solve this problem the criteria, on which the choosing process depends, should be decided at 
the beginning. Generally, the factors that play roles in deciding the best location to install the 
thermal energy storage system can be grouped in three classes (Figure 1-2) as follows: 
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1- In-site factors. 
2- Design factors. 
3- Operation factors. 

 

The design and operation factors can be changed and controlled during the system’s life, 
while the first type of factors (in-site factors) cannot be changed or controlled during the system’s 
life. 

The first group of factors (in-site factors) represents the inherent attributes of the systems, 
which play a big role in specifying the energy losses from the system, thus the system feasibility. 
As in figure 1-2, this group contains factors like geological properties, geo-hydrological properties, 
and thermal properties of the site’s underground material. All these factors play a role in 
determining the thermal losses from the system, as summarized by:  

1- Losses due to conduction: controlled by thermal conductivity and heat capacity of the 
underground material. 

2- Losses due to convection, which could be:  
a- Advection type due to horizontal flow of groundwater. 
b- Natural convection due to vertical flow of groundwater due to density difference. 

3- Dispersion losses due to the velocity difference due geometry difference.  

For all the above-mentioned reasons it becomes very important to direct lot of attention 
toward for choosing in situ where the system is planned to be implemented by studying the in-site 
factors group. 

2.2. Underground Thermal Energy Storage (UTES) systems types 
 Underground thermal energy storage systems can be classified on different basics. The most 

familiar classification is the one depending on the type of the storage material. A brief description 
for each type of storage system is given below. 

2.2.1. Cavern Thermal Energy Storage (CTES) system 
This type of thermal storage system requires special geological conditions represented by 

the presence of underground cavern, i.e. presence of solid rock (crystalline rock, typically/or non-
detrital rock) like metamorphic or igneous rocks types, (Nordell, 2013). It is also preferable that 
the cavern has good thermal and geo-hydrological insulation, to reduce the losses from the storage 
volume, (Hesaraki et al., 2015). 

The storage material in this type would be water. The thermal properties of the water are 
considered in specifying the maximum energy storage, storage material temperature, and 
furthermore the losses from the system, which is a significant part in calculating the feasibility of 
the system. One of the important benefits of this system is that the storage material (water) could 
be used as the heat carrier fluid, presenting the possibility of good heat transfer between the storage 
medium and the thermal load. 
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The cavern is preferred to have the geometry in such a way that the ratio of the volume to 
surface area is the greatest, i.e. has the dome (Nordell, 2000) or donut shape (Nielsen, 2003). 

One of the most important fundamentals in this type of energy storage is keeping the 
stratification of the stored water within the cavern, by pumping the hot water on the top of the 
store, and pumping the cold water near the bottom of the cavern (Nordell, 2000).  

The cavern can also be used to store the snow in the regions where it can be used later for 
cooling purposes. This strategy presents the advantage of minimizing the valuable land occupation 
in the cities. Hence it is possible to construct these systems within cities, and decrease the 
transportation cost (Figure 2-4a) (Nordell, 2013).  

Some examples of this type of system within Sweden are Avesta, which was built in 1981 
and has 15,000 m3 volume and Lyckebo (Uppsala), which was built in 1983 and it has a volume 
of 115,000 m3 (Nordell, 2000). It is used to store the heat gained by the solar collectors (area 4320 
m2) from summer to winter, to satisfy the demand of 550 families for space heating and domestic 
hot water (Figure 2-4b) (Nielsen, 2003). 

  
(a) (b) 

Figure 2-4. Cavern thermal energy storage system: (a) CTES - Rock Cavern hot water 
storage (after Nordell, 2000); (b) Cavern thermal energy storage facility at Lyckebo in 
Sweden (after Nielsen, 2003). 

 

The presence of the required rock type, and high construction costs are the main restrictions 
found against the high power injection and extraction advantages (Jové Manonelles, 2014).     

Another application for the cavern is storing the compressed air to operate the turbines (Raju 
and Khaitan, 2012; Kim et al., 2013). Cavern systems can be, also, combined with other types of 
systems (e.g. duct system) to produce a hyper storage system. This will merge the advantage of 
the cavern system (low temperature difference required between the storage medium and the load) 
and the duct system advantage (low construction cost) (Reuss et al., 1998). Table 2-2 explains 
some examples of the cavern thermal energy storage system. 
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Table 2-2. Cavern UTES systems (after Sanner and Knoblich, 1998). 

Year Name/Location Max. 
Temp. Remarks Reference 

1982 District Heating, 
Avesta, Sweden 115 °C 

Rock cavern 15,000 m3 
short-term-storage (3 days) in 

operation 
Hellström, 1997 

1983 
CSHPSS, 
Lyckebo, 
Sweden 

75 °C Solar heat, rock cavern, 
105,000 m3 , in operation Dalenbäck, 1990 

2.2.2. Soil Thermal Energy Storage systems (or tubes in clay) 
In this type of system, the shallow soil as storage material heat exchanger is used for short 

term storage, from daytime untill night time. The reason behind using the shallow soil for short-
term storage is that the soil temperature during summer daytime is less than the air temperature 
when cooling is required. Whilst it is higher than the air temperature on winter nights, when the 
heating is required (Omer, 2012). 

There are two configurations to implement this system, they are (Grein et.al., 2006; Esen et 
al., 2017): 

a) Normal configuration: there are two types of this configuration: horizontal (Figures 2-5a and 
2-5c) and vertical (Figures 2-5b), configurations. 

b) Compact configuration: the tubes which contain heat carrier fluid (HCF) are arranged close to 
each other (Figures 2-5d, 2-5e and 2-5f).  

Many references merge this type with a borehole/bedrock thermal energy storage system 
into one type called duct thermal storage system (Nordell, 2000). As both types have the same 
principle of heat transfer which considers the ground, soil, or bedrock as a storage material 
(Schmidt et al., 2004; Hesaraki et al., 2015; Rad and Fung, 2016). 

Few references assume tubes in clay or soil thermal energy storage systems as a separate 
system (Grein et al., 2006; Andersson et al., 2003; Pinel et al., 2011; Xu et al., 2014). However, 
other references mentioned this type combined with heat pump, which enhances the heat transfer 
process (Omer, 2012). Together they are called ground coupled heat pump systems. 

The difference between this system (tubes in clay) and a boreholes system (which is referred 
to as borehole in bedrock) is that the first system uses the detrital soil as a storage material, whilst 
the second system (borehole) uses the bedrock as a storage system. The soil system is usually used 
when the bedrock is very deep, to decrease the construction cost. 

In soil, thermal energy storage system heat carrier fluid, which transfers the heat through the 
system components, is circulated within the storage material by using plastic tubes. These tubes 
are implanted in the soil either horizontally or vertically. In some cases, they can be arranged in 
either a fence configuration or coils of pipes (Figure 2-5) (Grein et. al., 2006). This represents the 
second difference between the borehole and tube system. In the tube system the contact with the 
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storage material is direct, whilst in the borehole system there are layers of grouting or borehole 
wall between tubes and the surrounding materials.  

Another importannt difference between tube and borehole systems is that the first type could 
be horizontally or vertically implanted tubes, whilst the borehole system has only vertical ducts.   

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2-5. Soil Thermal Energy Storage Types. (a) Normal configuration/horizontal; (b) 
Normal Configuration/vertical; (c) Tube extent; (d) Compact configuration (a, b, c, and d 
after Grein et.al., 2006 ); (e) Horizontal ground heat exchanger-tubes in clay; (f) Vertical  
ground heat exchanger-tubes in clay (e, and f after Esen et al., 2017). 
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2.2.3. Pit Thermal Energy Storage (PTES) system  
Pit and Tank thermal energy storage systems are also known as man-made aquifers, because 

they are artificial structures. They are either close to the ground surface as in figures 2-6a, b, and 
c (not perfect top insulation, but low cost excavation) or far from it as in figure 2-7 (perfect top 
insulation, but high cost excavation) (Nova et. al., 2010). 

This type of thermal store consists of a pit (Figure 2-7) containing the storage material, either 
sand/soil and water or water and gravel (Schmidt and Miedaner, 2012). However, it should be 
mentioned that there are pit systems having only water as storage material (Nova et. al., 2010). 

   

  
(a) (b) 

 
(c) 

Figure 2-6. Pit thermal energy storage system. (a) construction of PTES system (after 
Cities, 2017); (b) PTES system in operation mode (after Cities, 2017) ; (c) Scheme of 
PTES system (after Schmidt and Miedaner, 2012). 

The main advantage of this system type (pit) is that it is relatively cheaper than other systems 
due to the low construction cost. Its construction includes lining the pit with a waterproofed layer 
and mounting a lid on the top of the borehole (Schmidt and Miedaner, 2012; Socaciu, 2012). 

The type of the lid depends on the storage material and geometry, e.g. if the storage materials 
are soil/sand-water or gravel-water, then the lid will be constructed similarly to the walls (Schmidt 
and Miedaner, 2012). To decrease the cost of the lid construction, a floating cover consisting of 
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High-density polyethylene (HDPE), expanded polystyrene insulation and a butyl top liner was 
introduced (Nova et. al., 2010). 

In the case where storage material is gravel/sand-water instead of water alone, the storage 
volume must be increased about 50% compared to the storage tank (water only).This is because 
the heat capacity of the water is greater than the heat capacity of both sand and gravel (Schmidt et 
al., 2004) . 

The process of heat exchanging through this type of system occurs through two ways: either 
direct by water exchange or indirect by a set of stratified plastic pipes to increase the efficiency. 
The supplied pipes decrease from the mixing of the water which has different temperatures (Figure 
2-7) (Nova et al., 2010). 

 
Figure 2-7. Pit thermal energy storage system (after Pfeil and Koch, 2000). 

2.2.4. Tank Thermal Energy Storage (TTES) system  
In this type of system the storage material is only the water inside the tank (Figures 2-8 a, b, 

c, d, e, f). One of the most important advantages of this system is that it is independent of site 
conditions. It can store the energy in bad insulation conditions, but the disadvantage of this system 
is its high construction cost (Hesaraki et al., 2015; Akhmetov et al., 2016).  

In this system, the heat is transported from and into the tank either by direct water flow, or 
by circulating the fluid inside the heat exchanger (Pinel et al., 2011). These artificial tanks are 
made using reinforced concrete or stainless steel surrounded by thick insulation (Xu et. al., 2014). 
These structures could be partly buried to increase the insulation (Schmidt et al., 2004).  

To increase the efficiency of the tank, the stratification of the stored water should be 
considered, in order to decrease the losses that are generated by mixing warm water (top water) 
and cold water (bottom water) within the tank. In this way, the degradation of the water is increased 
(Xu et al., 2014). One of the methods used to decrease the degradation is using horizontal partitions 
in the tank as in the figure 2-9 (Xu et al., 2014). Another method, to increase efficiency, is by 
increasing the water tightness and preventing vapor diffusion through the concrete wall, which 
subsequently decreases heat losses. This is achieved by using a stainless steel lining for the tank 
(Schmidt et al., 2004), or by using high thermal insulating material like glass wool and poly-
urethane lining layer/layers (Xu et al., 2014).  
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(a) (b) 

 
(c) 

  
(d) (e) 
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(f) 

Figure 2-8. Tank thermal energy storage. (a) TTES system in Walnut (California) within 
construction (after DN Tank, 2018); (b)TTES system from inside (after Facilities and 
Campus Services , 2015)  ; (c) TTES system in Walnut(California) in operation mode (a, 
b, and c after DN Tank, 2018); (d) Thermal energy storage tank (Am Ackermann-bogen) 
in Munich, Germany (construction state) (after Storage, 2013); (e) Thermal energy storage 
tank (Am Ackermann-bogen) in Munich, Germany (final state) (after Storage, 2013); (f) 
Scheme of TTES system (after Schmidt and Miedaner, 2012). 

 

 
Figure 2-9. Horizontally partitioned water tank for a large-scale solar powered system at 
SJTU (after Han et al., 2009). 
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2.2.5. Borehole Thermal Energy Storage (BTES) system  
In this type of thermal storage, the heat is stored within the ground materials, i.e. rock or soil 

with/without stagnant/stationary groundwater. This is achieved by using boreholes/vertical 
boreholes heat exchangers VHE with a depth of about 30 m to100 m and 3 m to 4 m separation 
(Figures 2-10b and 2-11b) (Schmidt et al., 2004; Rad et al., 2016). The major method for 
exchanging thermal energy is by conduction (Nordell et al., 2015). Due to the low heat capacity 
of the ground materials compared to water (about one third), then for a specific stored heat, the 
volume of the boreholes system is larger (about three times) than the hot water system, (Rad and 
Fung, 2016). 

Depending on the stored energy and the geological conditions, the boreholes number, depth, 
configuration, and connection method (parallel/series) will be decided (Figures 2-10a, 2-10b and 
2-11c). On the top of the system an insulating layer is added to decrease surface losses (Figure 2-
10a and 2-11c) (Schmidt et al., 2004). Between the system components, the heat is transferred by 
using heat carrier fluid (HCF), usually, freeze resisting liquid (Figures 2-10a and 2-11c) (Rad and 
Fung, 2016). The space between the tube and the borehole walls should be grouted with high 
conduction material, e.g. bentonite or high solid composite (Figure 2-10a and 2-11c) (Xu et al., 
2014).  

The system configuration and flow direction are fabricated to get the maximum heat at the 
center. Therefore, to charge the system, the fluid is pumped from the center to the boundaries, 
whilst discharging includes reversing the cycle (Figure 2-11c) (Schmidt et al., 2004). One of the 
advantages of this system is having a modular design, i.e., additional boreholes can be added to 
the system (Schmidt et al., 2004).  

Depending on heat carrier flow within the system, this system can be divided into two types 
as follows, (Andersson et.al., 2003; Socaciu, 2012; Nordell, 1994; Acuña, 2013; Schmidt and 
Miedaner, 2012): 

 - Open system: when the borehole is dug within impervious formation/bedrock (crystalline 
rock) which has no cracks, fissures, fractures, faults, or joints. Then, the HCF will circulate inside 
the borehole, freely, without any tubes within the borehole, and it will not leak out from the 
boreholes. 

- Closed system: when the HCF is rotating within tubes which are extended within the 
borehole (Figure 2-10a). This type of system is used when the underground geology is of 
sedimentary deposits or contains faults, cracks, or fractures. In  this case, the HCF is circulating, 
within the borehole, inside plastic tubes (2” diameter- polyethylene) and the space between the 
inside tube and the outside tube is filled by grouting material which has high thermal conductivity 
to ensure good heat transfer (low thermal resistance) (Xu et al., 2014). The configuration should 
ensure avoiding local heat transfer between the inlet and outlet tube. There are three types of this 
system: coaxial, single U, and double U pipe (Figure 2-10a).  

Grooves or fins are added to the plastic tube to create turbulent flow that enhances the heat 
transfer process between HCF and the surrounding materials (Figure 2-12) (Akhmetov et al., 
2016). 

file://ltufs.ltuad.ltu.se/staff/qaialm/Desktop/Licentiate/SDH-WP3_FS-7-2_Storage_version3.pdf
file://ltufs.ltuad.ltu.se/staff/qaialm/Desktop/Licentiate/SDH-WP3_FS-7-2_Storage_version3.pdf
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(a) (b) 
Figure 2-10. Duct thermal energy storage system. (a) System details (after Schmidt and 
Miedaner, 2012); (b) Outer figure (after Schmidt et al, 2004). 

 

  
(a) (b) 

 
 (c) 

Figure 2-11. Borehole thermal energy storage BTES system (a) Configuration of the 
system (after Nordell, 1994; Jové Manonelles, 2014); (b) System configuration with 
borehole details (after Drake Landing Solar Community, 2018; Pinel et al., 2011), (c) 
Typical/used configuration (after Nordell, 1994; Socaciu, 2012). 
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2.2.6. Aquifer Thermal Energy Storage (ATES) system 
Aquifers are geological formations, which are able to transfer the groundwater with 

acceptable feasible rate (Todd and Mays, 2005). In the case of using these formations as thermal 
storage, the storage material will be both the groundwater and the comprising solid medium of the 
aquifer (sand, gravel, or cracked rock)  (Akhmetov et al., 2016; Cabeza, 2015). The heat, in these 
systems, is transferred through convection and groundwater represents heat carrier fluid (Xu, 2014, 
Nordell and Snijdar, 2015). An important condition for the success of this system is that there is 
no or low natural groundwater flow (Schmidt et al., 2004). Since the losses (advection losses) from 
the system are proportional with the seepage velocity (Bloemendal et al., 2018). 

Aquifer thermal energy storage systems consist of two wells/groups of wells used to 
store/extract the warm and cold energies (Figure 2-13). In summer, the extracted groundwater from 
the cold well/wells is used to cool the building/loads. During this process, groundwater will be 
heated, and then the heated groundwater will be pumped in the warm well/wells to be used in 
heating the buildings/loads during the subsequent winter, by reversing the flow direction (Schmidt 
et. al., 2004). 

High temperature aquifer systems are easily affected by well-clogging and scaling, therefore 
it is very important to have good awareness of the locations’ mineralogy, geochemistry and 
microbiology (Schmidt et al., 2004; Rad and Fung, 2016). Moreover, the preliminary 
investigations should cover the following: 

1- The land subsidence due to large generated changes in hydraulic head (Akhmetov et al., 
2016). 

2- The short circuiting between warm and cold wells in cases where of the distance is short 
between wells (Akhmetov et al., 2016). 

3- The authority approval to protect groundwater resources and the environment (Lee, 2013; 
Jové Manonelles, 2014). 

There are two types of aquifer thermal energy storage systems, they are (Nordell, 2000; 
Socaciu, 2011; Lee, 2010; Kim et al., 2010; Nielson, 2003): 

  
(a) (b) 

Figure 2-12. Improved tube of BHE, (a) Turbo collector by Mouvitech, Coaxial BHE type 
by Geothex (after Akhmetov et al., 2016); (b) Impression of the Geothex heat exchanger 
showing the insulated inner pipe and helical vanes (after Witte, 2012). 

file://afs/ltu.se/staff/all/qaialm/Desktop/review%20of%20the%20article%20paper/6-%20Pages31-40.pdf
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1- Alternating/cyclic flow: in this system, the flow is reversed from winter to summer between 
the warm well/wells and the cold well/wells. Therefore, the injection well for the winter 
season becomes an extraction well for the summer season, and vice versa (Figure 2-13a). 

2- Continuous flow: the flow for the two wells during the year is in one direction. A specific 
well is used for injection and another specific well for extraction all year round. The 
injected water has a varied temperature from summer to winter, and the production well 
has mean temperatures through the year (Figure 2-13b) 

 

 
(a) 

 
(b) 

Figure 2-13. Aquifer thermal energy storage system, components and operation 
conditions: (a) Cyclic operation for aquifer thermal energy storage (after Socaciu, 2011; 
Lee, 2010; Kim et al., 2010; Nielson, 2003); (b) Continuous operation for aquifer thermal 
energy storage (after Socaciu, 2011; Lee, 2010; Kim et al., 2010; Nielson, 2003). 
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Solar fraction in the table (2-4) refers to the ratio of the heat used for space heating and 
domestic hot water (DHW) coming from the solar heating system to the total heat requirements 
for these tasks (Pine et al, 2011). It can also be defined as the ratio of energy demand, which is 
covered by the solar energy, to the total demand (Schmidt et al., 2004). In other words it represents 
the ratio of the fractional energy saving to the total energy (Kalogirou, 2009). 

It can found by using the following equation: 

𝑆𝑆𝑆𝑆 =
𝑄𝑄𝑠𝑠
𝑄𝑄𝑡𝑡

=
𝑄𝑄𝑡𝑡 − 𝑄𝑄𝑎𝑎
𝑄𝑄𝑡𝑡

 (1) 

where: 𝑆𝑆𝑆𝑆 is the solar fraction of the system (dimensionless); 𝑄𝑄𝑠𝑠 is the solar energy (in Watt); 𝑄𝑄𝑎𝑎 
is the auxiliary energy (in Watt); 𝑄𝑄𝑡𝑡 is the total energy of the system (in Watt).  

2.3. System equipped by heat pump 
According to the principles of heat transfer, the heat transfers from high temperature medium 

to low temperature medium. The rate of heat transfer is proportional to thermal gradient within the 
system (Incropera et al., 2013). In many cases of heating and cooling processes, it is necessary to 
transfer the heat from the low temperature medium to high temperature medium. This problem 
usually faces the storage systems at some points in their operational life. To overcome this problem 
and to increase the efficiency of thermal energy storage systems, heat pumps are used. A heat 
pump is an electrical machine that is used to transfer the heat from one medium to another, through 
compressing heat carrier fluid (Self et al., 2013), see figure 2-14. 

The medium, which the heat pump takes the heat from, is called the source, whilst the 
medium, that the heat pump injects the heat to, is called the sink. To convey the heat within the 
system, heat carrier fluid, which is called refrigerant, is required. The simple heat pump consists 
of four major components. These are: compressor, expansion valve, and two heat exchangers, 
(Figures 2-14 a, b). When a heat pump works, the following operations occur (Self et al, 2013): 

(a) (b) 
Figure 2-14. Heat pump: (a) Heating process; (b) Cooling process (a and b modified from 
Baek et al., 2005). 
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1- The heat is extracted from the source (ground/air) by an evaporator heat exchanger. The 
extracted heat transfers to the refrigerant producing its phase change (boiling) from liquid 
to a low pressure gas with a slight increase in its temperature. 

2- The refrigerant is compressed by the compressor, causing decrease in its volume and high 
increase in its temperature. 

3- The high temperature refrigerant is moved to the other heat exchanger (condenser) which 
is located inside the sink/building, and the heat transfers from the refrigerant to the sink, 
due to temperature difference, causing condensing of the refrigerant to a liquid. 

4- The refrigerant with the remaining heat moves to an expansion valve which reduces the 
refrigerant pressure resulting in a drop in its temperature. The low temperature liquid 
moves to the evaporator to start a new cycle. 

The heat pump that is used for cooling purposes has a reversed cycle, so that the evaporator 
is inside the building/indoors and the condenser is in the ground, surrounding air, or outdoors. In 
this way the extracted heat from the building is dumped in the ground or in the air. 

 The efficiency of the heat pump can be evaluated in terms of coefficient of performance 
(COP). This is the ratio of the total energy transferred by the pump to the energy required to operate 
the pump (Fischer and Madani, 2017; Hesaraki et al., 2015): 

 

where: 𝑄𝑄𝑡𝑡 is the transferred energy, 𝑊𝑊 is the energy required to operate the pump, 𝜂𝜂𝑐𝑐 is 
Carnot efficiency the rate of the efficiency under real conditions to the theoretical maximum 
reachable efficiency, (Fischer and Madani, 2017; Hesaraki et al., 2015; Zottl et al, 2012). 

Since (Borgnakke and Sonntag, 2013): 

 𝑄𝑄𝐻𝐻 = 𝑄𝑄𝐿𝐿 + 𝑊𝑊 (3) 
and 

 𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻

=
𝑄𝑄𝐿𝐿
𝑄𝑄𝐻𝐻

 (4) 

 

Where: QH is the heat transferred to the hot reservoir, QL heat collected from cold reservoir, 
W is the required work, and TH, TL, are temperatures in Kelvin for the warm and cold reservoirs 
respectively  (Figure 2-14). 

By substituting equations (3) and (4) in equation (2), and according to the purpose of heat 
pump use (heating or cooling), equation (2) can be to be written in two different forms as follows: 

For heating purposes (Borgnakke and Sonntag, 2013; Hesaraki et al., 2015; Zottl et al, 2012): 

 

 
𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑝𝑝 = 𝜂𝜂𝑐𝑐

𝑄𝑄𝑡𝑡
𝑊𝑊

 (2) 
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𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑒𝑒𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜂𝜂𝑐𝑐

𝑄𝑄𝐻𝐻
𝑄𝑄𝐻𝐻 − 𝑄𝑄𝐿𝐿

= 𝜂𝜂𝑐𝑐
𝑇𝑇𝐻𝐻

𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐿𝐿
   (5) 

 

For cooling purposes (Borgnakke and Sonntag, 2013; Hesaraki et al., 2015; Zottl et al, 2012): 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜂𝜂𝑐𝑐

𝑄𝑄𝐿𝐿
𝑄𝑄𝐻𝐻 − 𝑄𝑄𝐿𝐿

= 𝜂𝜂𝑐𝑐
𝑇𝑇𝐿𝐿

𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐿𝐿
 (6) 

 

By analyzing equations 5 and 6, it can be noticed how COP for a specific thermal system 
changes with TH and TL, and that is why COP in the case of heating is always greater than in the 
case of cooling. In addition, equation 6 shows how COP increases in the case of decreasing TH. 
By decreasing TH in equation 6, the denominator decreases, and the numerator is still constant. But 
if TL is decreased in the same equation, both numerator and denominator decrease. This reason 
explains the large increment of COP in equation 5 by decreasing TH compared to TL decreasing. 
Therefore for a cooling system, the consumed electrical energy that is required for cooling can be 
decreased by decreasing the temperature of the hot reservoir. In the same way for heating purposes, 
the consumed energy can be decreased by increasing the cold reservoir temperature. This explains 
the reason behind using a heat pump combined with underground material, which is referred to as 
a ground source heat pump, for heating and cooling purposes. It is noteworthy to mention that 
ground materials have a higher temperature than the ambient air in winter, and colder than ambient 
air in summer. Ground source heat pump systems can be further divided into types (Omer, 2012): 

1- Groundwater heat pump: also referred to as open-loop system. In this type of heat pump, 
the heat is transferred to the groundwater.    

2- Ground coupled heat pump: also called closed system. The heat is transferred to the ground. 
It is subdivided into a vertical and horizontal ground coupled heat pump. 

3- Surface water heat pump: this type of heat pump uses surface water as a source. 
4- Standing column well heat pump: this system uses a single well as a heat source. 

2.4. Stored tank (stratified tank) 
High energy storage requires high energy density, consequently high stored temperature. It 

should be mentioned however that, with high temperature the storages will face some problems, 
like, the difficulty of injecting additional energy when the storage is almost full, or extracting 
energy from an almost empty storage. To solve this problem a stratification tank could be used 
(Figure 2-15a, b, and c). Stratification tanks enable us to store water with different temperatures 
(different density) in different levels, i.e., decrease the mixing effect and get more temperature 
gradient in the tank which eventually increases the overall system efficiency (Pinel et al., 2011) . 

Another benefit from using stratification tanks is increasing the efficiency of solar collectors 
due to the control/decrease of the temperature of the heat carrier fluid that flows to the collectors 
thus decreasing the losses due to convection and radiation (Duffie and Beckman, 2013). 

There are many techniques to achieve stratification, some of these techniques are:  
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1- Using buffers/stratifiers inserted inside the tank (Rysanek, 2009; Hugo, 2008; Altuntop et 
al., 2005).  

2- Increasing the depth of based water thermal energy storages thus increasing the 
stratification produced by gravitational forces on the density gradients due to temperature 
differences (Dincer & Rosen, 2011). 

3-  Using variable inlet position for stratification tank (Dalenbäck, 1993). 
4-  Controlling the inflow for the borehole storage such that the warmer injection is near the 

center and colder is near the periphery (Drake, 2018). 
5- Using horizontal tube layers inside clay storage (Chuard et.al., 1983, Pinel et al., 2011). 

 

 
(a) 
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(b) 

 
(c) 

Figure 2-15. Stratification tank: (a) Stratification tank (after Han et al., 2009; Xu et al., 
2014); (b) Stratification tank (after Schmidt and Müller-Steinhagen, 2004; Xu et al., 2014); 
(c) Stratification tank (after Xu et al., 2014; Drake Landing Solar Community, 2018). 
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Chapter Three: Study area and electricity problem 

 Introduction  
Some information regarding the study area and electricity problem in Iraq was mentioned in 

chapter one. The introduced data in this chapter (chapter 3) includes more details about the 
electricity problem and the geology, stratigraphy, aquifers system, and geo-hydrology information 
of the study area. The next sections are classified according to its subject and the concerned area, 
they are: 

1. Iraq. 
2. Electricity problem in Iraq. 
3. Babylon province. 
4. Karbala study area. 

 Iraq 
Iraq covers an area of 438320 km2 with several types of topographic features (Yacoub, 

2011a). Its geomorphology includes mountains, hills, desert, and plain (Figure 3-1). The 
Mesopotamian plain covers about 132000 km2, i.e. about 25% of the total area of Iraq. It represents 
a huge aggradational (accumulated) geomorphologic unit, which contains fluvial, lacustrine, and 
aeolian landfills. Estuarine and marine forms are also found, but in the southeastern reach of the 
plain only (Yacoub, 2011a). The main geomorphological units are: Terraces, alluvial fans, sheet 
run-off plain, flood plain of major rivers and their distributaries, shallow depressions, marshes and 
lakes, and sabkhas (Yacoub, 2011a). Its elevation drops down gradually from the northwestern 
parts toward southeastern parts. The slope starts with a rate of 1 m/1 km, decreases to 1 m/3 km, 
and ends at 1 m/20 km in the southeastern reach of the plain (Yacoub, 2011a). Most of the 
populations settle in the Mesopotamian plain (FAO, 2018), where water and appropriate 
environment for living and agriculture are found (FAO, 2014). Therefore, most of the Iraqi 
crowded provinces like Babylon and Karbala are located within the Mesopotamian plain (Figure 
3-1).  

The climate in Iraq is mainly continental, subtropical semi-arid type (Al-Ansari, 2013), 
except the northern part of Iraq which is characterized by a Mediterranean climate (Al-Ansari et 
al., 2014) (Figure 3-2 and figure 3-3). The maximum daily temperature could exceed 50 ºC in 
summer, and it can drop lower than 0 ºC in winter (Al-Ansari et al., 2014). Depending on the 
meteorological parameters, there are extreme differences in the conditions between the north and 
south. The mean annual evaporation rates vary from about 3500 mm in the south to about 1000 
mm in the north. Similarly, the mean annual rainfall, relative humidity, temperature, and wind 
speed have big differences between values in the north and the south (Al-Jiburi and Al-Basrawi, 
2015) (Figure 3-4). The average difference in the temperature between day and night is about 15 
ºC to 20 ºC, as in figure 3-3 (Al-Ansari et al., 2014). 

Due to the difference in seasonal and daily temperatures people use air conditioners (air to 
air heat pump) to provide an acceptable environment inside the buildings. 
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Figure 3-1. Morphological map of Iraq (modified from Yacoub, 2011a). 

 

 
Figure 3-2. Climate zones of Iraq (after Al-Ansari et al., 2013). 



Study Area and Electricity Problem 

43 
 

 
(a) (b) 

Figure 3-3. Temperature in Iraq. (a) Average of the maximum daily teeperature; (b) 
Average of minimum daily temperature ( a and b after Al-Ansari, 2013). 

 
Figure 3-4. Mean annual meteorological parameters in Iraq (after Al-Jiburi and Al-
Basrawi, 2015; IOM 2000). 
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The depth of the crystalline Precambrian basement within the Mesopotamian plain changes 
from 8 km in the west to 18 km along the Iraqi-Iranian borders towards southeast (Sissakian, 2013; 
Jassim and Goff, 2006).  

Babylon province is located totally within the Mesopotamian plain, whilst Karbala 
province is located partly within the Mesopotamia plain and the Western desert (Figure 3-1). The 
stratigraphy of the Mesopotamian plain and the western desert is almost similar in rock types 
(Sissakian and Mohammed, 2007; Yacoub, 2011b). The strata in both areas are composed of 
sedimentary rocks. They are either of chemical (e.g. limestone) or mechanical (e.g. sandstone) 
origin (Figure 3-5 and figure 3-6). Uncompact sedimentary deposits form the upper layer in both 
areas. 

 
Figure 3-5. Upper deposits/formations types within Mesopotamian Plain (after Sissakian, 
2013). 

 
Figure 3-6. Upper formations types within Western Desert (after Sissakian, 2013). 
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The spatial and extent of the hydrogeological aquifers and aquitards are mainly controlled 
by the type of rocks and the structural or tectonics of the area. As a result, there are fourteen 
aquifer/aquifers groups in Iraq (Jassim and Goff, 2006). Each of these aquifers has geological 
properties which are different from other aquifers (Figure 3-7).  

 
Figure 3-7. Aquifers groups in Iraq (modified from Jassim and Goff, 2006). 

 

As far as the study area is concerned, Babylon has one aquifer (aquifer no. 4) while Karbala 
has two aquifers (aquifers 4 and 10) (Figure 3-7). 

As stated before (Figure 1-2), the feasibility of underground thermal energy storage systems 
need to achieve specific geological and hydrogeological factors/properties (Xu, 2014; Hesaraki et 
al., 2015; Nordell and Snijdar, 2015). To use an aquifer as a type of thermal storage system, it 
requires a good knowledge about its properties. This knowledge includes aquifer geological and 
hydrogeological properties. These properties can be summarized as follows (Paksoy, 2007):  

1- Geometry (surface area and thickness). 
2- Stratigraphy (different layers of strata).   
3- Static head (groundwater or pressure level). 
4- Groundwater table gradient (natural flow direction). 
5- Hydraulic conductivity (permeability). 
6- Transmissivity (hydraulic conductivity × thickness). 
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7- Storage coefficient (yield as a function of volume). 
8- Leakage factor (vertical leakage to the aquifer). 
9- Boundary conditions (surrounding limits, positive or negative). 

Another property that should be considered in the design of aquifer thermal storages, is the 
safe yield (or groundwater resources). Safe yield (l/s.km2) is defined as the amount of groundwater 
that can be pumped out without negative effects on the environment or the aquifer, since the 
discharged amount of groundwater can be easily replenished by the upcoming groundwater from 
adjacent aquifers, rivers, or catchments (Todd, 1959; Todd and Mays, 2005). As another definition 
is “the basin draft on a groundwater supply which can be continued indefinitely without harming 
the supply or basin landowners” (Todd, 1959). Kovalevsky et al. (2004) defined the safe yield as 
“in terms of the dynamic storage, whereby the volume of water which can be removed equals the 
volume of stored water which can be replenished by the end of the annual recharge season” 
(Kovalevsky et al., 2004). Or it can be also defined as “the amount of naturally occurring 
groundwater that can be economically and legally withdrawn from an aquifer on a sustained basis 
without impairing the native ground-water quality or creating an undesirable effect such as 
environmental damage” (Fetter, 1988; Ground water manual, 1995). Groundwater resources can 
be estimated in terms of groundwater salinity (g/l) and groundwater resources modulus (l/s.km2). 
There are 14 main aquifers in Iraq (Jassim and Goff, 2006) (Figure 3-7). The total area (km2) and 
modulus (l/s.km2) for these aquifers are given in figure 3-8, while their resources (l/s) in terms of 
different salinity and the total aquifer resources (l/s) are shown in figure 3-9.  

Accordingly, aquifer 10 dominates all the Mesopotamian plain with a surface area of about 
80000 km2 (about one fifth Iraq area, see figure 3-7), about 0.8 l/s.km2 modulus, total resources 
about 60000 l/s with predominant resources having salinity greater than 10g/l (Figure 3-8 and 
figure 3-9) (Jassim and Goff, 2006). Whilst aquifer 4 has surface area about 30000 km2, about 0.5 
l/s.km2 modulus, total resources about 18000 l/s with predominant resources having salinity type 
5-10 g/l concentration (Figure 3-8 and figure 3-9) (Jassim and Goff, 2006). 
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Figure 3-8. Aquifer/aquifers groups total area (km2) and aquifer modulus (l/s.km2) (after 
Jassim and Goff, 2006). 

 
Figure 3-9. Aquifers different salinity resources (after Jassim and Goff, 2006). 

Alsam, et al. (1990) introduced another classification for the aquifers system in Iraq. 
According to this classification the aquifers system is described by mega-system aquifers (that 
consist from the small aforementioned aquifer units) (Jassim and Goff, 2006). The assessment of 
the mega aquifers depends on its salinity. Using this classification, mega aquifers can be classified 
into three types (Jassim and Goff, 2006): domestic (when its salinity is less than 1 g/L); irrigation 
and livestock (when its salinity ranges between 1 and 3 g/L); unusable (when its salinity is greater 
than 3 g/L). The results of each mega-system aquifer are depicted in the figure 3-10. 
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Figure 3-10. Aquifer mega-system groundwater amount (after Jassim and Goff, 2006). 

 

 Electricity problem 
Some information about the electricity problem is explained in chapter one. This chapter 

presents more information about the problem.  

There is a big gap between supply and demand (Figure 3-11). From the relationship given in 
Figure 3-11 the following facts can be highlighted: 

1- There is an electricity shortage. 
2- The value of the shortage changes during the year. It has maximum values during summer 

and winter, and minimum values in spring and autumn. 
3- For the same year, the shortage in summer is greater than the shortage in winter. 
4- The shortage of electricity is increasing relatively with the time.  
5- The demand in summer is about twice the demand in spring and autumn, due to the 

intensive use of air conditioners (air to air heat pump type). 
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Figure 3-11. Generation VS demand 2003-2008 (after Rashid et al., 2012; Ministry of 
Planning, 2010). 

In addition to these facts, figure 3-11 provides some information that can be used to 
determine thermal storage volume. Since the area under the curve represents the energy, then the 
required energy for cooling or heating can be calculated by using the curve. By introducing the 
thermal properties of the underground materials (like heat capacity and change in temperature of 
the storage material), the volume of the storage system can be calculated. Furthermore, by having 
the supply and the demand for energy for each city/province, the volume of the storage system for 
that city/province can be calculated.  

There are many factors which are involved in complicating the electricity problem in Iraq. 
In addition to the political crises that the country endured in the First and Second Gulf Wars and 
the international sanctions (Istepanian, 2014), the following factors increase the complexity of the 
problem: 

1- Climate change. In this context, the Middle East is one of the most vulnerable areas which 
is affected by climate change. Different researchers noticed that temperatures in the Middle 
East are increasing more than any other part in the world (Al-Ansari and Adamo, 2018; Al-
Ansari et al., 2018).  Iraq being part of the Middle East, the average annual temperature 
during the period 1901-2015 showed an increase of about 1.5 ºC during the last 100 years 
(Figure 3-12). This rate of increase is expected to be higher in future (Al-Ansari and 
Adamo, 2018; Al-Ansari et al., 2018). 

2- The big difference between the temperature in summer and winter. In summer the 
temperature could exceed 50 ºC, whilst in winter it could drop to less than 0 ºC (Al-Ansari 
et al., 2014). Temperature variations in Babylon province (which is located in the middle 
of Iraq) during 2016 can be seen in figure 3-12. 
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Figure 3-12. Temperature in Babylon 2016 (after Accuweather, 2017). 

3- Increase of the gross domestic product of the country (The World Bank, 2018). After 2003 
the gross domestic product of the country increased dramatically (Figure 3-13). This 
increment raised the single-family income, consequently the purchasing ability. Families 
started to buy household devices. One of such devices is air conditioners (air to air heat 
pump). This type of heat pump consumes a lot of electrical energy. 

 
Figure 3-13. Iraq’s Gross Domestic Product (after Istepanian, 2014). 
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4- The population growth rate. According to the World Bank statistics (2018), Iraq’s rate of 
population growth is 3%. This rate is high compared with other parts of the world. 
According to this rate, the population of Iraq will be about 48.5 million in 2025 
corresponding to 39.4 million in 2018. 

All these four factors participate in increasing the complexity of the electricity problem. But 
it is expected that the intensity of the problem could be decreased by reducing the cooling and 
heating demand. 

 Babylon Province 
Babylon province is located within the Mesopotamian plain (Figure 3-1 and figure 3-14). Its 

area is about 5315 km2 (Iraqi Ministry of Municipalities and Public Works, 2009). It is located 
between latitudes 32˚5'41''N and 33˚7'36''N and longitudes 44˚2'43''E and 45˚12'11''E (Figure 3-
15). It has population of about 2 million (Iraqi Ministry of Planning, 2015). The people settle in 
the main cities within the province (Figure 3-15). The population density could reach 24,000/km2 
in main cities. Babylon province, administratively, is divided into smaller regions each one called 
a Qadhaa (district). There are five Qadhaas in Babylon, they are: Al-Hilla, Al-Qasim, Al-
Hashmiyah, Al-Mahawil, and Al-Mussayyab, (Iraqi Ministry of Municipalities and Public Works, 
2009).  

The soil in Babylon is, in general, Quaternary fluvial, silty clayey soil (Jassim and Goff, 
2006) (Figures 3-14,3-16 and 3-17). The origin of this soil is from the alluvial sediments of 
Euphrates River and its tributaries (Sissakian, 2013). The Quaternary sediments of sedimentary 
plain are underlined by the coarser Pre-Quaternary layers: Mahmudiya, Dibdibba, and Bai Hassan 
(Yacoub, 2011b) (Figure 3-16 and figure 3-17). 
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Figure 3-14. Babylon and Karbala location according to Mesopotamia Plain (modified 
from Jassim and Goff, 2006; Yacoub, 2011b). 
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Figure 3-15. Population map of Babylon province. 

 
Figure 3-16. Iskandariyah –Salman Pak Quaternary cross section (Figure 3-15) (after 
Jassim and Goff, 2006). 
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Figure 3-17. Subsurface geological cross section between Iskandariyah–Mandali, 
Northern Mesopotamia plain (after Yacoub, 2011b). 

The ground elevation of Babylon province rates from 72 m.a.s.l. to 11 m.a.s.l. (Figure 3-18). 
The ground surface in Babylon, as well as in the whole Mesopotamian plain, has an imperceptible 
gradient from the northwest to southeast (Yacoub, 2011a). The gradient of the ground surface in 
Babylon doesn’t exceed 17.8% (Figure 3-19). 

 
 

Figure 3-18. Babylon elevation map. Figure 3-19. Babylon slope map. 
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 Karbala study area  
Karbala is one of the most important provinces in Iraq. Its area is about 5034 km2. Though 

its population is one million (Obaid, 2014) it receives about 2 million visitors annually for religious 
purposes. It is located between longitudes 43°10'0.805"E and 44°18'46 "E, and latitudes 32°10'8"N 
and 32°50'16"N (Figure 3-20). 

Karbala province has two types of topography (Mesopotamian plain and western desert) 
(Figure 3-1 and figure 3-14). The western part, which is located in the western desert, is covered, 
mostly, by a thin veneer of sand sheet and scattered pebbles (Sissakian and Mohammed, 2007). 
The eastern part which is located within the Mesopotamian plain is covered by silty clay soil 
(Yacoub, 2011b). Karbala ground surface ranges from 157 masl to 17 masl in elevation (Figure 3-
20). The slope of the ground surface ranges from 0 to about 17 % (Figure 3-21). 

 

 
Figure 3-20. Karbala ground surface elevation (masl). 
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Figure 3-21. Karbala ground surface slope as %. 

The Dibdibba formation (Pliocene – Pleistocene) is considered  one of the youngest 
formations in the stratigraphic column of Iraq (Sissakian and Mohammed, 2007). It is composed 
of poorly sorted sand, sandstone with white gravel. The mineral composition of the Dibdibba 
formation consists of 84.2% Quartz, 8.5% rock fragment, and 7.3% feldspar (Yacoub, 2011b). 
Consequently, the Dibdibba formation is considered one of the most important aquifers in Karbala. 
In other words it is an important aquifere, since it is close to the ground surface, and has high 
hydaulic conductivity. The reasons behind its high hydraulic conductivity are: it is a young 
formation which means it has low lithification, and a course texture represented by sand and gravel 
composition.  

The Dibddiba basin, in Karbala vicinity, covers an area of 2485 km2 and it extends to the 
Najaf region. It looks like a triangle plateau (Figure 3-22a) surrounded by Tar-Al-Sayad from the 
west, Tar-Al-Najaf from the south, and by the the flood plain from the east, (Al-Ani, 2004). This 
basin has a dip ranging between 0.5% and 1.0% from the west to the east (Al-Ani, 2004), (Figure 
3-22b). 
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The Dibdibba (Pliocene-Pleistocene) formation is underlain by the Injana (Upper Miocene) 
formation, which is in turn is underlain by the Nfayil (Middle Miocene) formation, then Euphrates 
(Early Miocene) formation as shown in figure 3-22b (Hassan, , 2007). The Injana formation in the 
study area represents a confining or semi-confining layer for the Dibdibba formation (Al-Ani, 
2004). This forces the groundwater to flow horizontally in the dip direction of the Dibdibba 
formation through its thickness which ranges, in general, from 1 meter or less to about 18 meters 
(Yacoub, 2011b). Within the studied area however, it ranges from 25 m to 70 m (Al-Ani, 2004). 

The study area that is considered in this work is represented by the square (with 20 km side 
length with an area of 400 km2) as in figure 3-22a. It is located between 412,000 - 432,000 UTM 
longitude and 3,574,000 - 3,594,000 UTM latitude.  

The Karbala considered study area has two important features which sustain it to be a study 
area. The first one has two types of topography: Western desert and Mesopotamian plain (Figures 
3-22a and 3-22b). The second significant feature is hydrogeological, where two types of aquifers 
exist in this area. The western one is aquifer is no.4, which is Miocene carbonate (Figure 3-7), and 
the second aquifer is the eastern one which is the Mesopotamian plain silt (no.10)(Figure 3-7). The 
second aquifer is the same aquifer that is exists in Babylon province. 
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(a) 

 
(b) 

Figure 3-22. Study area in Karbala Province. (a) Boundaries of Dibdibba Basin. (b) Cross 
section within Dibdibba formation (after Barwary and Slewa, 1995). 
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Chapter Four: Methodology 

4.1 Introduction  
The main goal of this work is to find the suitable UTES system (type and location) in arid 

regions, considering two provinces in Iraq as study area. This study can be categorized under 
hydro-geo-energy mapping. The first study area was Babylon Province, while the second is within 
Karbala Province. The Shallow groundwater table characterizes the former while the relatively 
normal depth of groundwater table characterizes the latter.  

As a start, the geology of the two sites was investigated to know the surface and subsurface 
information. This helped in knowing the available types of underground materials, which might 
become the future storage materials. After having a good idea about the geological and 
hydrogeological conditions of the selected site, a comparison between the available conditions and 
the required conditions of each UTES system was performed. This was done so that the most 
suitable system or systems can be selected.  

This study focused on the in-site parameters due to their importance and the fact that they 
are unchangeable, as explained in chapter 2. The current study aims to find the natural underground 
thermal energy storage UTES systems, i.e. avoiding the artificial (or human made) aquifers 
thermal energy storage systems, which include pit and tank thermal energy storage systems. 
Therefore, these two types (pit and tank) were not considered within the eligible UTES systems. 
Furthermore, since the tubes in the clay system cannot be used for seasonal storage (Omer, 2012), 
then it was also rejected as alternative. Finally, the remaining eligible systems are borehole, cavern, 
and aquifer thermal energy storage systems. Cavern storage systems were also rejected as 
alternative, since they require special geological conditions, (Nordell, 2013). After comparison, it 
was found that the bedrock is very deep (Aqrawi et al., 2010), and the groundwater is shallow 
(about 2 m in some places) in such case the ATES system is the most eligible storage system. 

The next step in this research was studying the aquifer properties in order to estimate their 
appropriateness to be exploited as thermal storage systems. There are two main problems regarding 
the ATES system they are (Nordell, 2000; Sanner, 2018):  

1- Conflict of interest in groundwater use. 
2- Water chemistry. 

In addition to these two perspectives there is another one is essential to verify the feasibility 
of the aquifer storage. It is the seepage velocity, since it control the advection losses.   

Therefore, reviewing the in-site parameters was achieved through studying DRASTIC index 
and seepage velocity. To estimate the fitness of the available aquifers as a thermal storage system, 
the process included the following steps: 

1- Reviewing the literature to collect the essential information regarding the studied areas. 
2- Estimating the vulnerability of the aquifers through DRASTIC index facility aided by 

ArcMap/GIS software. 
3- Calculating the seepage velocity within the aquifers using ArcMap/GIS software. 
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4- Exhibiting the relevant properties of regions using ArcMap software. 
 

After confirming the fitness of the aquifer system, an additional question was raised. The 
question was “where is the best location to install the storage system?”. To answer this question, 
a suggested methodology was developed in the study. Later, the suggested methodology was 
applied on the two study areas: Babylon and Karbala. 

The next sections give a brief description for the DRASTIC index, seepage velocity 
calculations, and the suggested methodology. 

4.2 DRASTIC index 

4.2.1 Introduction 
Aquifer vulnerability is very important in the feasibility of the aquifer as thermal storage 

system. In order to avoid the pollution of groundwater by non-water heat carrier fluids that some 
systems use, aquifer susceptibility was estimated.  

In the cold environments, liquids like methanol (-97.6 ºC) and ethanol (-114 ºC) are used as 
heat carrier fluids to avoid freezing (Jové Manonelles, 2014). Using these liquids introduces the 
risk of aquifer contamination in case of leakage of these materials to the groundwater (Zhu et al., 
2017). To evaluate the risk of the prospect of contamination by these liquids the DRASTIC index 
was used.  

The DRASTIC model assesses the susceptibility of the aquifer to be polluted by the 
contaminants which are available at the surface of the ground and mobilized to the groundwater 
by infiltrated water (Aller et al., 1987). Aller et al. (1987) were the first who introduced this 
technique. This type of vulnerability is called intrinsic vulnerability (Barzegar et al., 2016; Vrba 
and Zaporozec, 1994). There is another type of vulnerability called specific vulnerability, which 
measures the ability of specific contaminants or a group of contaminants to be mobilized by 
infiltration of water and diffuses within the groundwater, (Barzegar et al., 2016; Cogu and 
Dassargues, 2000). In recent research, the intrinsic vulnerability is used. 

According to the DRASTIC methodology the vulnerability of the aquifer depends on seven 
geological/hydrogeological parameters, which are represented in the acronym DRASTIC. These 
parameters are: Depth to groundwater, net Recharge, Aquifer media, Soil media, Topography, 
Impact of the vadose zone, and aquifer hydraulic Conductivity (Figure 4-1). Depending on the 
instinct effect of each parameter on the vulnerability, each parameter is given a specific value 
called weighting value. The weighting values range from 1 to 5 (Table 4-1) (Aller, et al., 1987; 
Shrestha et al., 2016). In table 4-1, the effect of each geological or hydrogeological parameter, in 
addition to its weighting value, on the DRASTIC index was explained in a brief way. 
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Figure 4-1. DRASTIC index parameters (after Kumar et al., 2015). 

 

Another value is assigned to each parameter depending on the local conditions of that 
parameter within the region. This value is called “rating value”. Rating values range from 1 to 10 
(Table 4-2) (Aller, et al., 1987). The output from the model is called the DRASTIC index, which 
ranks the vulnerability of the aquifer on a linear scale from 26 to 226. A low DRASTIC index rank 
means less vulnerability to the contaminants, whilst the high DRASTIC index values refer to high 
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vulnerability to the contaminants (Table 4-3). According to the value of the DRASTIC index the 
aquifer vulnerability can be classified into nine classes, they are presented in table 4-3. 

Table 4-1. Assigned weight for DRASTIC parameters (After Shrestha, 2016). 

Factors/hydrological 
settings Description Relative 

weights 

Depth to water 
It is the depth from the surface of the ground to the 
water table. The deeper the water table the less the 
chances of pollutants to interact with groundwater. 

5 

Net Recharge 
It is the amount of water that penetrates the ground 
surface, and reaches the water table. It is the 
transporting agent for pollutants to the groundwater. 

4 

Aquifer media 

It is the potential area for water storage. The 
contaminant attenuation of aquifer depends on the 
amount and sorting of fine grains. The smaller the grain 
size, the higher the attenuation capacity of aquifer 
media. 

3 

Soil media 
Soil media is the uppermost and weathered part of the 
ground. Soil cover characteristics influence the surface 
and downward movement of contaminants. 

2 

Topography 

It refers to slope or steepness. Areas with low slope 
tend to retain water for longer time-periods. This 
allows greater infiltration or recharge of water and a 
greater potential for contaminant migration to 
groundwater contamination and vice versa. 

1 

Impact of vadose 
zone 

It is the ground portion found between the aquifer and 
the soil cover, in which pores or joints are unsaturated. 
Its influence on aquifer pollution potential is similar to 
that of soil cover, depending on its permeability, and 
on the attenuation characteristics of the media. 

5 

Hydraulic 
Conductivity 

It refers to the ability of the aquifer to transmit water. 
An aquifer with high conductivity is vulnerable to 
substantial contamination as a plume of contamination 
can move easily through the aquifer. 

3 
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Table 4-2. DRASTIC parameters and their rating scale (After Aller et al., 1987). 

Parameters Weight 
scale (w) 

Range Rating 
(r) 

Index scale 
(r * w) 

Depth to the 
water table 

(m) 
5 

0 - 1.5 10 50 
1.5 - 4.5 9 45 
4.5 - 9.1 7 35 
9.1 - 15.2 5 25 
15.2 - 22.9 3 15 
22.9 - 30.5 2 10 

>30.5 1 5 

Net 
Recharge 
of aquifer 
(mm/year) 

4 

0 - 50.8 1 4 
50.8 - 101.6 3 12 
101.6 - 177.8 6 24 
177.8 - 254.0 8 32 

>254.0 9 36 

Aquifer 
Media 3 

Massive Shale 2 6 
Metamorphic/Igneous  3 9 

Weathered Metamorphic/Igneous  4 12 
Thin Bedded Sandstone, 

Limestone, Shale Sequences  
6 18 

Massive Sandstone 6 18 
Massive Limestone  6 18 

Sand and Grave 8 24 
Basalt 9 27 

Karst Limestone 10 10 

Soil media 2 

Thin or Absent 10 20 
Gravel 10 20 
Sand 9 18 
Peat 8 16 

Shrinking and/or Aggregated Clay 7 14 
Sandy Loam 6 12 

Loam 5 10 
Silty Loam 4 8 
Clay Loam 3 6 

Muck 2 4 
Non-shrinking and Non-aggregated clay 1 2 

Topography 
(Slope) as 

(%) 
1 

0 - 2 10 10 
2 - 6 9 9 
6 -12 5 5 

12 – 18 3 3 
>18 1 1 

Impact of 
Vadose Zone 5 

Silt/Clay 1 5 
Shale 3 15 

Limestone 6 30 
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Sandstone 6 30 
Bedded Sandstone, Limestone, Shale 6 30 

Sand and Gravel with significant Silt and 
Clay 

6 30 

Metamorphic/Igneous 4 20 
Sand and Gravel  8 40 

Basalt 9 45 
Karst Limestone 10 50 

Hydraulic 
Conductivity 

(m/day) 
3 

0.0407 - 4.074 1 3 
4.074 - 12.222 2 6 
12.222 - 28.52 4 12 
28.52 - 40.74 6 18 
40.74 - 81.48 8 24 

>81.48 10 30 
 

Table 4-3. Vulnerability classification. 

Vulnerability class DRASTIC Index 
No <61 
Externally very low >61 - 80 
Very Low >80 - 100 
Low >100 - 120 
Moderate >120 - 140 
High moderate >140 - 160 
High >160 - 180 
Very high >180 - 200 
Extremely very high >200 

 

4.2.2 DRASTIC index  
Using ArcMap/GIS, the wells are to be projected on UTM 38N map. Then, the information 

from the logs of the wells is to be used to produce seven raster layers (interpolation maps) 
presenting the effect of seven geo-hydrological parameters. All the raster layers have the same 
number of cells (pixels) so that all the cells had the same size. Consequently, each point 
(coordinate) on the map had seven layers representing the effects of the seven parameters. Then, 
each of the seven layers is classified into subzones according to the range of values within table 4-
2. These layers are called the unrated maps. The unrated are maps then converted into rated maps 
using the rating values within table 4-2. Then, using Spatial Analyst Tools\Map Algebra\Raster 
Calculator tool, the DRASTIC Index can be evaluated for each pixel, according to the following 
equation (Abdullah et al, 2015; Aller, et al, 1987; Zhang, 2016): 

 𝐷𝐷𝐼𝐼 = 𝐷𝐷𝑟𝑟 ∗ 𝐷𝐷𝑤𝑤 + 𝑅𝑅𝑟𝑟 ∗ 𝑅𝑅𝑤𝑤 + 𝐴𝐴𝑟𝑟 ∗ 𝐴𝐴𝑤𝑤 + 𝑆𝑆𝑟𝑟 ∗ 𝑆𝑆𝑤𝑤
+ 𝑇𝑇𝑟𝑟 ∗ 𝑇𝑇𝑤𝑤 + 𝐼𝐼𝑟𝑟 ∗ 𝐼𝐼𝑤𝑤 + 𝐶𝐶𝑟𝑟 ∗ 𝐶𝐶𝑤𝑤 (7) 
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Where: D, R, A, S, T, I, and C are the seven parameters, and the subscripts (r) and (w) refer 
to rating and weight values for the corresponding parameter. 

The process of calculating the DRASTIC index using ArcMAp/GIS can be described as in 
figure 4-2.  

 
Figure 4-1. Finding DRASTIC index by using ArcMap/GIS.  

4.2.3 Implementation of ArcMap/GIS on the northern part of Babylon 
In this study, the DRASTIC index was implemented on the northern part of Babylon (Figure 

4-3). The northern part of Babylon province includes two local administrative districts. They are: 
Al-Musayyab, and Al-Mahawil Qadhaa. Both subdivisions cover an area of 2691 km2. Their 
population is 710,832 people. The major cities, that have population density greater than 5000 
/km2, cover an area of 32.12km2 (Figure 4-4). 

According to the aforementioned methodology, to produce a DRASTIC index, it is necessary 
to find the seven hydrogeological layers. For the northern part of Babylon, these layers were 
produced as follows: 

The necessary data regarding Babylon province was obtained from the literature (Jassim and 
Goff, 2006; Al-Jiburi and Al-Basrawi, 2011; Yacoub, 2011a; Yacoub, 2011b). Using the collected 
data, the depth to groundwater (Figure 4-5a) was interpolated. The unrated D-map was produced 
using the Kriging tool within the path of Spatial Analyst Tools/Interpolation. Depending on the 
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ranges in table 4-2, the unrated-map was classified into three classes. These classes are: (0-1.5), 
(1.5-4.5), and (4.5-9.1) m depth to groundwater. The unrated D-map was used to produce the rated 
D-map (Figure 4-5b). The rated map was produced using the tool Reclassify within the path of 
Spatial Analyst Tools/Reclass. Figure 4-5b clarifies that the study can be classified into three 
regions. These regions are: 7, 9, and 10 which represent the rating values (𝐷𝐷𝑟𝑟). 

  
Figure 4-3. Northern part of Babylon 

province. 
Figure 4-4. North Babylon population 

distribution. 

  
(a) (b) 

Figure 4-5. Depth to groundwater map: (a) Unrated D-map; (b) Rated D-map. 
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The net recharge within the study area can be found by subtracting evapotranspiration and 
the surface run off from precipitation, using the following equation (Mehta et al, 2006): 

 𝑁𝑁𝑅𝑅 = 𝐶𝐶 − 𝐸𝐸𝐶𝐶 − 𝑅𝑅𝑂𝑂 (8) 
 

Where, NR: is the net recharge in mm/year, P: is the annual precipitation in mm/year, EP: is 
the annual evapotranspiration in mm/year, and RO: is the annual surface runoff in mm/year. 

To produce the net recharge map, the rainfall information was used. The rainfall data, for the 
years 2014 - 2016, indicates that the average annual rainfall was less than 50.8 mm (Figure 4-6a). 
Therefore, the whole study area was given a value of 1 in the rated R-map (Figure 4-6b). The 
unrated and rated maps were produced using the tools Kriging and Reclassify in Spatial Analyst 
Tools. 

  
(a) (b) 

Figure 4-2. Net recharge map: (a) Unrated R-map; (b) Rated R-map. 

The aquifer media map, which explains the nature of the aquifer medium, is given in figure 
4-7a. The study area, according to table 4-2, has only one type of aquifer media. It is silty clay 
(Figure 4-7a). Due to that, the rated map of aquifer media has also one class which is 6 (Figure 4-
7b). 
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(a) (b) 

Figure 4-3. Aquifer media map: (a) Unrated A-map; (b) Rated A-map. 

The unrated soil map of the study area is represented by figure 4-8a. It indicates that the 
study area can be classified into three zones according to the local soil conditions and soil 
classification within table 4-2. These classes are: clayey loam, silty loam, and sandy loam. The 
results indicated that the area is covered by clayey loam (20%), silty loam (74%), and sandy loam 
(5%) from the total area. According to the unrated S map, the rated S map (Figure 4-8b) was 
produced. The rated S map has three rate regions; they are: 3, 4, and 6. 

  
(a) (b) 

Figure 4-4. Soil media map: (a) Unrated S-map; (b) Rated S-map. 
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The topographic map was produced by projecting the Digital Elevation Map (DEM) from 
the geographic coordinate system to the UTM 38N projected coordinate system. Using the slope 
tool in the path of (Spatial Analysis Tools/Surface), the unrated S-map was generated (Figure 4-
9a). The resultant unrated T-map shows that the study area can be classified, according to table 4-
2 and area slope, into three sub-zones. They are: 0%-2%, 2%-6%, and 6%-10% topographic sub-
zones. These subzones cover 93%, 6.5%, and a very small area of about 0.026% from the total 
area respectively. The rated S-map (Figure 4-9b) has three rates according to the table 4-2; they 
are: 5, 9, and 10. 

The impact of the vadose zone unrated map (Unrated I-map) is presented in figure 4-10a. 
The region includes only one class for the vadose zone, since the whole area has only silty clay 
layer (Figure 4-10a).  The rated I-map is presented in figure 4-10b, which has (3) value as a rating 
value. 

  
(a) (b) 

Figure 4-5. Topographic map: (a) Unrated T-map; (b) Rated T-map. 
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(a) (b) 

Figure 4-6. Impact of the vadose zone map: (a) Unrated I-map; (b) Rated I-map. 

The last map which is required to calculate the DRASTIC index, is the hydraulic 
conductivity map (C-map). Figure 4-11a represents the unrated hydraulic conductivity map of the 
study area. In figure 4-11a, the study area can be classified into three subzones according to the 
local conditions and the hydraulic conductivity classification within table 4-2. The ranges of 
hydraulic conductivity of these subzones are: less than 4.1 m/d, 4.1-12.2 m/d, 12.2-28.5 m/d. 
Depending on the unrated C-map, the rated C-map was found (Figure 4-11b). The rated C-map 
includes three rates; they are: 1, 2, and 4.  

  
(a) (b) 

Figure 4-7. Hydraulic conductivity map: (a) Unrated C-map; (b) Rated C-map 
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4.3 Seepage velocity 

4.3.1 Introduction 
The importance of seepage velocity in this research originates from its effect in determining 

the thermal advection losses from the aquifer thermal energy storage (ATES) system. Advection 
can be defined as the transport of solutes due to the bulk movement of groundwater (Delleur, 2007; 
Glasser et al., 2007). Seepage velocity results in moving some of the stored thermal energy away 
from the warm/cold wells. When the stored energy becomes distanced enough from the well, it 
cannot be recovered later, see figure 4-12, i.e. the efficiency of the ATES system is affected by the 
seepage velocity within the aquifer. 

Additionally, the seepage velocity calculation includes determination of saturated thickness, 
effective porosity, groundwater hydraulic head and transmissivity. These four parameters are very 
important in the feasibility of the ATES system. Consequently, it is important to calculate the 
seepage velocity in the studied area.  

 
Figure 4-8. Aquifer Thermal Energy Storage System losses due to advection (Apeldoorn 
city, Netherland) (modified after Bloemendal et al., 2018). 
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Seepage velocity refers to the groundwater flowing velocity within the pores of the aquifer 
(Abiye and Shaduka, 2017; Howard and Mclane, 1988) (see figure 4-13). It can be calculated by 
dividing Darcy’s velocity by the effective porosity of the aquifer, i.e., using the following equation: 

 
v =

q
n

 (9) 

Where: v is the seepage velocity (m/d); q is Darcy’s velocity (m/d); n is the effective 
porosity. 

 
Figure 4-9. Water seepage through the soil matrix. 

Darcy’s velocity can be found using the following equation (After Todd and May, 2005): 

 q = −k∇H (10) 

where: k: The hydraulic conductivity (m/d); ∇H: Head gradient (the change in the hydraulic 
head per unit length in the direction of the flow in an isotopic aquifer). 

Since the hydraulic conductivity (k) can be obtained by dividing transmissivity (T) by the 
saturated thickness (b) (Todd and Mays, 2005), then equation (2) can be rewritten as: 

 v = −(T∇H)/(bn) (11) 

4.3.2 Using ArcMap/GIS to find seepage velocity 
To introduce the output in a representative way, maps can be used. ArcMap/GIS software 

has the ability to present seepage velocity in maps, using the Darcy Velocity geoprocessing tool 
within the tools of Spatial Analyst Tools\Groundwater. To produce the seepage velocity map using 
this tool and according to equation 4, four raster maps should be produced first. These maps should 
have an equal cell size and they should be homogeneous in dimensions units. The four maps are: 

1- Groundwater elevation head map. 
2- Aquifer effective porosity map. 
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3- Aquifer saturated thickness map. 
4- Transmissivity map.  

These four maps should be expressed using floating values. More details, about these four 
maps for the two study areas (Babylon and Karbala provinces), are listed within the paragraphs 
4.3.3 and 4.3.4 below. 

The process of finding seepage velocity with the aid of ArcMap/GIS can be described by the 
flow chart in figure 4-14. 

 
Figure 4-10. Finding seepage velocity by using ArcMap/GIS. 

4.3.3 Seepage velocity within Babylon province 
The process of finding seepage velocity maps for Babylon province was initiated by 

collecting the wells’ logs information. The process ended with collecting the data from 51 wells 
logs. The data of the wells was obtained from the literature (Jassim and Goff, 2006; Al-Jiburi and 
Al-Basrawi, 2011). Using the collected data, the aquifer maps for groundwater elevation, effective 
porosity, saturated thickness, and transmissivity were drawn using ArcMap GIS software. The 
used tool was (Kriging) within the path of (Spatial Analyst Tools/ interpolation/Kriging). 

Figure 4-15 represents groundwater elevation within Babylon province. The sea level was 
taken as a datum. As in figure 4-15, the groundwater elevation decreases toward the south. The 
groundwater level decreases from 38.27 m.a.s.l. in the northern parts of Babylon to about 16 
m.a.s.l. in the southern parts of Babylon. This is the reason behind groundwater flowing from the 
northern parts to the southern parts of Babylon province. 

To produce an effective porosity map (Figure 4-16), data obtained from the in-situ geo-
hydrological survey was used. The obtained data was gathered by the Iraqi Ministry of water 
Resources and Al-Qadisiyah University (Iraq). For Babylon province, the effective porosity ranged 
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from 21.9% and 26.2%, (Figure 4-16). Compared to the values stated in the literature, the obtained 
values are less, see table 4-4 (Al-Madhlom et al., 2020). 

  
Figure 4-11. Babylon groundwater 
elevation head map (masl). 

Figure 4-12. Babylon effective porosity map 
obtained from the Iraqi Ministry of Water 
Resources and Al-Qadisiya University, Iraq. 

 

Table 4-4. Actual effective porosity Of the two study area (obtained from the Iraqi 
Ministry of Water Resources and Al-Qadisiya University, Iraq) compared with the total 

porosity stated in the literature, (Al-Madhlom et al., 2020). 

Region Actual effective 
porosity (as 

percent) 

Material  Total Porosity (as 
percent), (Todd and 

Mays, 2005) 

Babylon 21.9–26.2 
Silt 46 

Clay 42 

Dibdibba 23–29.3 
Sandstone, medium 

grained 37 

 

Figure 4-17 shows the saturated thickness map of Babylon province. This map demonstrates 
that the saturated thickness within Babylon changes from 8.82 m to 32.51 m. Generally, the 
northern region of the province has lower saturated thickness. This is due to the geological and 
hydro-geological conditions of the province. 
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Figure 4-18 represents the transmissivity map of Babylon province. As in figure 4-18, the 
transmissivity increases along the west direction. It increases from 52 (m2/d) in the eastern parts 
to 157 (m2/d) in the western parts of the Babylon province. This increment is generated from the 
increment of the product of hydraulic conductivity and the saturated thickness.  

  
Figure 4-13. Babylon aquifer saturated 
thickness map. 

Figure 4-14. Babylon aquifer transmissivity 
map. 

4.3.4 Seepage velocity within Karbala province study area (Dibdibba 
formation) 

After collecting the required data for establishing the maps of (groundwater elevation, 
effective porosity, saturated thickness, and transmissivity) from literature (Al-Ani, 2004), 
ArcMap/GIS software was used to draw the four maps. The Kriging tool within the path of (Spatial 
Analyst Tools/ interpolation) was used for this process. 

Figure 4-19 illustrates the groundwater elevation map within the Karbala study area 
(Dibdibba formation). The map demonstrates that groundwater elevation (potential head) in the 
western parts is higher than the eastern parts. The groundwater head dips from 40.19 m in the west 
to about 17.53m in the east. As a result, the groundwater flows from the west to the east within the 
study area. Examining figure 4-19, it can be observed that the hydraulic gradient (head 
difference/horizontal distance) in the eastern parts is greater than it is in the western parts.  

Data obtained from the geo-hydrological survey was used to draw the effective porosity map 
for the area concerned (Figure 4-20). The data is gathered by the Iraqi Ministry of Water Resources 
and Al-Qadisiyah University (Iraq). For the Karbala study area, the values of effective porosity 
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ranged from 23% to 29.3% (Table 4-4), (Al-Madhlom et al., 2020). These values are less than the 
values explained in ArcGIS 10.3 (2014) and Marsily (1986), see table (4-5). 

 

Table 4-5. Porosities of geologic media (ArcGIS 10.3, 2014; Marsily, 1986). 

Medium Total porosity 
Unaltered granite and gneiss 0.0002 - 0.018 
Quartzite 0.008 
Shale, slate, mica schist 0.005 - 0.075 
Limestone, primary dolomite 0.005 - 0.125 
Secondary dolomite 0.10 - 0.30 
Chalk 0.08 - 0.37 
Sandstone 0.035 - 0.38 
Volcanic tuff 0.30 - 0.40 
Sand 0.15 - 0.48 
Clay 0.44 - 0.53 
Swelling clay, silt up to 0.90 
Tilled arable soil 0.45 - 0.65 

 

Figure 4-21 represents the aquifer saturated thickness within the Karbala province. 
According to this figure, the aquifer saturated thickness decreases toward the east direction. In the 
western parts it is about 45m thick, whilst it is about 18.75m in the eastern parts. The reason behind 
that could be the difference among the head gradient values. 

 Figure 4-22 depicts the transmissivity map of the study area within the Karbala province. 
Figure 4-22 shows that the transmissivity increases with the north eastern direction. The values of 
transmissivity in the southwestern parts are about 29 m2/d, while its values are about 426 m2/d in 
the north eastern parts. 

There are two maps of seepage velocity outputs. These are: seepage velocity magnitude map 
and seepage velocity direction map. The output maps have the same cell size (resolution), and 
harmonic dimensions with the base four maps which are stated above. 

 



Methodology 

77 
 

  
Figure 4-15. Karbala groundwater 
elevation head map (modified from Al-Ani, 
2004). 

Figure 4-16. Karbala effective porosity map 
(after Al-Madhlom et al., 2020). 

  
Figure 4-17. Karbala aquifer saturated 
thickness map (modified from Al-Ani, 
2004). 

Figure 4-18. Karbala aquifer transmissivity 
map (modified from Al-Ani, 2004). 
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4.4 Site selection 

4.4.1 Introduction  
One of the most important considerations in the designing of an underground thermal energy 

storage system is the selection of the site where the system will be installed. Due to two reasons: 
Firstly, once the process of the installation initiates then the site cannot be changed without losing 
money. Secondly, which is the most important, the efficiency of the storage system depends greatly 
on the geological and hydro-geological properties of the location. Therefore, the step of site 
selection is the first step that should be considered in the design. 

Apart from this study, there is no specific method that can be used to determine the best 
location to install the UTES system. In this study, a method is suggested to find the best location 
to install the UTES system. The suggested method is a synthesis of two methods: Analytical 
Hierarchy Process AHP (Saaty, 1990) and DRASTIC (Aller, 1987). 

The process of selecting the best location depends upon the geological and geo-hydrological 
features and properties of the location. The best location can be defined as the site that provides 
the best efficiency of the system. The best efficiency can be explained through different 
approaches. Some of these approaches are energy, cost, return period (payback time), and 
environmental approaches (Al-Madhlom, 2019). The desired approach can be a compilation of 
two or more of different approaches. The resultant approach can be referred to as the objective 
approach. The objective approach can be formulated into a function (objective function) by the 
decision makers, (Al-Madhlom, 2019a and b). 

The objective function passes through different steps until it reaches the result of this method. 
The result of this method is represented by the map that is produced by ArcMap/GIS software. 
The map explains the best location to install the ATES system. The methodology is explained in 
more detail in the subsection below, and then the applications on the two study areas (Babylon and 
Karbala) are explained later in two separate subsections. 

4.4.2 Methodology of site selection 
The suggested method can be represented in four main steps. They are: weighting, 

verification, DRASTIC formulation, and mapping steps. Furthermore, each one of these main steps 
can be divided into sub-steps (Al-Madhlom et al., 2019a and b). The method in more detail is 
explained below. 

4.4.2.1 Weighting 
In this step, the objective function is specified according to the desired approach. As stated 

before, there are different approaches that can be used to find the best location, like, storage 
efficiency, cost, return period (payback time), and environmental approach. The desired approach 
can be a compilation/compound of two or more from these approaches. According to the principles 
of optimization, the best location is the location that maximizes (efficiency) or minimizes (losses) 
the objective function. In site selection, the best location is that location which maximizes the 
objective function (increases the efficiency). The objective function can be written as follows, (Al-
Madhlom et al., 2019a and 2019b): 
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S = �𝑊𝑊𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎

𝑎𝑎

𝑎𝑎=1

 (12) 

 

where S is the site suitability index factor (dimensionless; its values rate from 0 to 10), 𝑊𝑊𝑎𝑎𝑎𝑎 is the 
normalized weight of the 𝑤𝑤𝑖𝑖ℎ in-site factor (dimensionless; its values rate from 0 to 1), and 𝑅𝑅𝑎𝑎 is 
the rating of the 𝑤𝑤𝑖𝑖ℎ factor (dimensionless; its values rate from 0 to 10), (Al-Madhlom et al, 2019a 
and b). 

In the weighting step, the value of the normalized weight of each in-site parameter (𝑊𝑊𝑎𝑎𝑎𝑎) is 
calculated, see equation 12. The weighting step can be, furthermore, subdivided into the following 
sub-steps, (Al-Madhlom et al, 2019a and b): 

4.4.2.1.1 Defining the Problem 
 In this step, the problem with all controlling geological and geo-hydrological factors (site-

specific parameters) should be defined. The problem is finding the best location to install the 
Underground Thermal Energy Storage UTES system. The best location is determined by many 
geological and geo-hydrological factors. These factors change from one to another type of 
Underground Thermal Energy Storage UTES system. In the case of the Aquifer Thermal Energy 
Storage ATES system, some of these parameters are depth to water table, seepage velocity, 
transmissivity, aquifer thickness, type of aquifer, volume of the aquifer, types of groundwater, and 
temperatures of groundwater, (Al-Madhlom et al, 2019a and b). 

4.4.2.1.2 Ranking 
In this step, the in-site parameters are arranged according to their importance starting with 

most important/effect and ending with the least important. A rating value (an integer value) from 
1 to 9 is assigned to each parameter, see table 4-6. A parameter of high effect is rated to a large 
integer value like 8 or 9. A low affecting parameter is assigned to a small integer like 1 or 2. When 
the parameter is assigned to zero importance, then it is not comparable with the considered problem 
(Saaty and Vargas, 2012). The parameter that has intermediate influence is assigned to 
intermediate assessment value. Though there are many applications that which follow this scale of 
ranking (1 to 9), (Barzegar et al., 2019), this scale can however, be changed according to the 
judgement of the decision makers. For example, fractional “tad” values can be assigned in order 
to refine the scale (Saaty and Vargas, 2012; Al-Madhlom et al., 2019a and b). 

Table 4-6. Ranking of insite parameters (Saaty, 2012). 

Intensity of importance Description 
1  Equal importance 
3  Moderate importance 
5  Strong importance 
7  Very strong importance 
9  Extreme importance 
2,4,6,8  Intermediate values between the two adjacent judgments 
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4.4.2.1.3 Constructing pairwise matrix 
In this step, the pairwise matrix is constructed using the ranking of the parameters in step 

(4.4.2.1.2). To construct the pairwise matrix, the priority matrix is needed. The elements of the 
priority matrix (𝑤𝑤) represent the ratios of the priorities of elements to the priorities of 
corresponding elements (Saaty, 2012). The pairwise matrix represents the relationships between 
the involved parameters, see figures 4-23a and b. Priority matrix (Figure 4-23a) can be written in 
terms of matrix A (Figure 4-23b) , (Saaty, 2012; Al-Madhlom et al., 2019a and 2019b). 
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Figure 4-19. Pairwise matrix: (a) Priority matrix in term of 𝒘𝒘𝒊𝒊 and 𝒘𝒘𝒋𝒋; (b) Matrix A in 
terms of 𝒂𝒂𝒊𝒊,𝒋𝒋 (after Al-Madhlom et al., 2019a and 2019b). 

There are many methods that can be used to derive the vector of priorities from the matrix 
A. But since the emphasis is on the consistency of the matrix, the eigenvalue formation (Equation 
13) is used. Accordingly, matrix A (Figure 4-23b) can be written in terms of eigenvalues as follows 
(Saaty and Vargas, 2012): 

 
𝐴𝐴𝑤𝑤 = 𝑛𝑛𝑤𝑤 (13) 

and 
𝑤𝑤 = (𝑤𝑤1,𝑤𝑤2,𝑤𝑤3, … … ,𝑤𝑤𝑎𝑎) (14) 

where 𝑤𝑤 is the priority matrix, 𝑤𝑤𝑎𝑎 is priority of the element 𝑤𝑤 (Figure 4-23a), A is the matrix of 
elements (𝜆𝜆𝑎𝑎,𝑗𝑗) (Figure 4-23b), 𝑛𝑛 is the number of the rows or columns in the matrix 𝐴𝐴, And 𝑛𝑛 is 
equal to the number of the in-site parameters that are considered in the problem, 𝑤𝑤 is the index of 
the row, 𝑤𝑤 is the index of the column, see figure 4-23b, (Saaty and Vargas, 2012). 
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4.4.2.1.4 Weighting the factors 
The weight of each factor (in-site parameter) is determined by using the pairwise matrix 

(matrix 𝐴𝐴) which is shown in figure 4-23b. The weight (𝑊𝑊𝑎𝑎) of the parameter 𝑤𝑤 is the degree of 
relative importance or the relative importance of the parameter 𝑤𝑤 compared to other parameters 
(Jayant, 2018). The weight (𝑊𝑊𝑎𝑎) of the 𝑤𝑤 parameter can be found by using the equation (15), 
(Chabuk et al., 2016): 

 
𝑊𝑊𝑎𝑎  = �𝐶𝐶𝑎𝑎

𝑛𝑛  (15) 

where 𝑊𝑊𝑎𝑎 is the weight of the 𝑤𝑤𝑖𝑖ℎ  parameter, 𝐶𝐶𝑎𝑎 is the product of the 𝑤𝑤𝑖𝑖ℎ row elements, 𝑛𝑛 is the 
number of the parameters, which is equal to the number of columns or rows within the matrix 𝐴𝐴, 
see figure 4-23b. 

To normalize the weights of the parameters that are produced by equation 15, each one is 
divided by the summation of the computed weights as in equation 16, (Saaty and Vargas, 2012; 
Al-Madhlom et al., 2019a and b): 

 
𝑊𝑊𝑎𝑎𝑎𝑎  =

𝑊𝑊𝑎𝑎

∑ 𝑊𝑊𝑎𝑎
𝑎𝑎
𝑎𝑎=1

 (16) 

where 𝑊𝑊𝑎𝑎𝑎𝑎 is the normalized weight of the 𝑤𝑤𝑖𝑖ℎ parameter. 

 

4.4.2.2 Verification 
In this step, the consistency of the pairwise matrix A is evaluated and verified.  This step can 

be divided into the following sub-steps, (Al-Madhlom et al., 2019a and b): 

4.4.2.2.1 Evaluating Lambda (𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚) 
Lambda (𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚, maximum eigenvalue) is a fundamental verifying parameter in AHP. It is 

used to calculate the consistency ratio (CR) of the estimated vector in order to validate the 
consistency of the pairwise matrix (Jayant, 2018). In other words, it is used to verify the rational 
relations between the elements of the matrix 𝐴𝐴 (Saaty and Vargas, 2012; Saaty, 2012). Equation 
13 can be written in terms of 𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚 as follows (Saaty and Vargas, 2012): 

 
𝐴𝐴𝑤𝑤 = 𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚 𝑤𝑤 (17) 

 

𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚 is calculated from the following equation (Jayant, 2018): 

 𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚 = ��𝑊𝑊𝐽𝐽𝑎𝑎�𝜆𝜆𝑎𝑎𝑗𝑗

𝑚𝑚

𝑎𝑎=1

�
𝑎𝑎

𝑗𝑗=1

 (18) 
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where 𝑊𝑊𝐽𝐽𝑎𝑎 is the normalized weight of the 𝐽𝐽𝑖𝑖ℎ factor, 𝜆𝜆𝑎𝑎,𝑗𝑗 is the element 𝑤𝑤, 𝑤𝑤 in the matrix 𝐴𝐴 (Figure 
4-23b), 𝑛𝑛 is the number of columns in 𝐴𝐴 matrix, 𝜆𝜆 is the number of rows in 𝐴𝐴 matrix. Note that  
𝑛𝑛 = 𝜆𝜆 , (Al-Madhlom et al., 2019a and 2019b). 

 

4.4.2.2.2 Consisteancy index (CI) 
Consistency index (CI) can be obtained by the following equation (Saaty, 1980): 
 

 
𝐶𝐶𝐼𝐼 =

𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚  −  𝑛𝑛
𝑛𝑛 − 1

 (19) 

 
where 𝑛𝑛 is the order of the matrix. Equation 19 represents the variance of the error incurred in 
estimating aij (Saaty and Vargas; 2012), see figures 4-23a and b, (Al-Madhlom et al., 2019a and 
b). 

 

4.4.2.2.3 Consistency ratio (CR) 
The consistency ratio is calculated by using the following equation (Saaty, 1980): 

 
𝐶𝐶𝑅𝑅 =

𝐶𝐶𝐼𝐼
𝑅𝑅𝐼𝐼

 (20) 

 
where 𝐶𝐶𝑅𝑅 is the consistency ratio, 𝐶𝐶𝐼𝐼 is the consistency index, and 𝑅𝑅𝐼𝐼 is the random index. 

Random index is determined by the order of the matrix.  It can be found by using table 4-7. 
Each value in table 4-7 represents the average random consistency indexes which were derived 
from a reciprocal matrices sample that was randomly generated on the scale 1/9, 1/8, 1/7, ……, 1, 
……, 7, 8, 9 (Saaty and Vargas, 2012; Al-Madhlom et al., 2019a and b). 

 
Table 4-7. Random index for different matrix orders (Saaty 1980; Chang et al., 2007). 

Order RI Order RI Order RI 
1 0 6 1.24 11 1.51 
2 0 7 1.32 12 1.48 
3 0.58 8 1.41 13 1.56 
4 0.9 9 1.45 14 1.57 
5 1.12 10 1.49 15 1.59 

 

4.4.2.2.4 Comparing consistency ratio (CR) 
The last step in the verification step (4.4.2.2 Verification) is comparing the calculated 

consistency ratio (CR) with the standard values. The standard values of CR is determined by the 
order of the matrix; it is 0.05 for the 3rd order; 0.08 for 4th order; and 0.1 for 5th order and more. 
The consistency ratio must be less than the standard values (maximum values) otherwise the matrix 
will be inconsistent, (Jayant, 2018; Al-Madhlom et al., 2019a and b). 
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When the matrix has an acceptable consistency that means the adjustments in the matrix 
elements are small compared to the real values of the eigenvector entries (Saaty, 2012; Saaty and 
Vergas 2012). Whilst the inconsistent matrix implies that there is inconsistency in the relations 
between the elements of the matrix A. In other words, the geological and hydrogeological 
parameters have inconsistent relations between them. Accordingly, an inconsistent matrix does not 
satisfy equation 21 (Saaty, 2012; Saaty and Vergas 2012): 

 
𝜆𝜆𝑎𝑎𝑗𝑗   ×   𝜆𝜆𝑗𝑗𝑗𝑗 =   𝜆𝜆𝑎𝑎𝑗𝑗 (21) 

where 𝜆𝜆𝑎𝑎𝑗𝑗 is the importance of the parameter 𝑤𝑤 over parameter 𝑤𝑤, 𝜆𝜆𝑗𝑗𝑗𝑗 is the importance of the 
parameter 𝑤𝑤 over parameter 𝑘𝑘, 𝜆𝜆𝑎𝑎𝑗𝑗 is the importance of the parameter 𝑤𝑤 over parameter 𝑘𝑘 (Saaty, 
2012; Saaty and Vergas 2012; Al-Madhlom et al., 2019a and b). 

In cases where the matrix is inconsistent, the process is initiated from the ranking step 
(4.4.2.1.2 Ranking) by changing the ranking (importance of the parameters) to produce a matrix 
that satisfies equations 20 and 21. Otherwise, when the matrix is consistent, the process is switched 
to the next step (DRASTIC mode), (Al-Madhlom et al., 2019a and b). 

4.4.2.3 DRASTIC formulation 
By approving the consistency of the pairwise matrix, the step of DRASTIC formulation can 

be started. This step consists of two sub-steps, they are: ranging and rating. More details about 
both these sub-steps are explained below, (Al-Madhlom et al., 2019a and b). 

4.4.2.3.1 Ranging 
In ranging, each controlling parameter is classified (categorized) into either numerical ranges 

or different significant types according to its influence on site selection (Aller et al., 1987). This 
step is controlled by the decision makers’ judgement. The results from this step are either 
qualitative (ranges of different quantity values) or quantitative (ranges of different types) 
assessments. Here the factors are groundwater and bedrock depth, transmissivity, groundwater 
salinity, and thermal and hydraulic conductivity of the deposits are of quantity type parameters. 
Soil and groundwater type, aquifer media and type and the vadose zone media are quality based 
site specific parameters, (Al-Madhlom et al., 2019a and b). 

4.4.2.3.2 Rating 
In this sub-step each range in ranging sub-step (4.4.2.3.1 Ranging) is assigned to an integer 

value, the floating number (number contains decimal places) can also be used. Rating explains the 
relative significance of each range on the site selection according to the judgment of the decisions 
makers. The rating is applied on both types of ranges: quantitative and qualitative. It is performed 
by assigning an index for each range. The assigned index ranges from 1 to 10 is based on the 
relative influence of that range compared to the other ranges of the same parameter. High index 
(e.g. 10) means the range is of high and significant influence on site selection, whilst the low index 
(e.g. 1) means the range is of low importance. It is possible to unite/ normalize the rating of each 
range by dividing the rate values by 10 (The maximum value of rating). The site suitability index 



Chapter Four 

84 
 

in this case ranges from 0 to 1 with floating numbers between them, (Al-Madhlom et al., 2019a 
and b). 

The scale 1 to 10 can be changed according to: the decision makers’ judgement; the 
importance of the parameter; and the range of the factor that should be covered (length). As an 
example, scaling 1 to 100 can be used. Another way to change the scale is by using a “tad” rating. 
“Tad” rating refers to when the fractions are used in the rating process, i.e. using fractional 
numbers like 2.9, 7.3, 5.1, 6.8, etc., (Al-Madhlom et al., 2019a and b).  

If one range is rated to zero value, then the hydro-geological parameter within that range has 
no influence on the site selection, (Al-Madhlom et al., 2019a and b). 

The different factors can have different rating scales depending on: the importance of that 
factor and the decision makers’ judgement. But it should be mentioned that in this case all these 
scales should be normalized to general/unified scale range, (Al-Madhlom et al., 2019a and b). 

The method that was explained in this study is not based on 0 to 1 scale, but it is based on 1 
to 10 scale. By performing rating, equation 12 gets ready to be performed by ArcMap/GIS. 

 

4.4.2.4 Mapping 
To map equation 12, ArcMap is used. ArcMap is the main application from the three 

applications which are issued by ArcGIS. The other two applications are ArcGlobe and ArcScene. 
ArcMap is used for mapping, editing, analysis, and data management. It includes 19 toolboxes 
(ArcGIS 10.3, 2019a). Spatial Analyst toolbox is one of the most a significant boxes from ArcMap 
toolboxes, (Al-Madhlom et al., 2019a and b). 

Spatial Analyst extension box is the gist of ArcGIS. It includes a rich set of spatial analysis 
and modeling tools (170 tools in 23 toolsets). These tools can be used to carry out different 
methods/equations on maps from both types: raster (cell-based) and feature (vector) data (ESRI, 
2019; ArcGIS 10.3 Help, 2019b and c). Spatial Analyst tools box is the main box that is used to 
map equation 12 to find the best location to install the Aquifer Thermal Energy Storage ATES 
system, (Al-Madhlom et al., 2019a and b). 

There is an additional aspect that should be considered in the process of thermal storage site 
selection. It is the potential disagreement between the available infrastructures in the region and 
the considered thermal storage. In other words, there are some sites should be avoided/excluded 
from the locations where the thermal storage will be installed. The excluded locations are those of 
infrastructures and natural resources, e.g. rivers; electricity mainlines; oil pipes; highway roads; 
rainfall drainage network; sewage drainage systems; and landfills. To present the effect of these 
infrastructures, (Buffer) tool within ArcMap/GIS can be used. This tool can exclude specified 
locations from the resultant site selection map (ArcGIS 10.3 Help, 2019d). The aspect of 
disagreement between the thermal storage and the available infrastructures including the using of 
buffer tools is not present in this study, since the aim of this paper is to explain a methodology and 
to simplify the process of site selection, (Al-Madhlom et al., 2019a and b). 
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Mapping step can be subdivided into the following sub-steps (Al-Madhlom et al., 2019a): 

4.4.2.4.1 Collecting the data 
The row data that concerns the considered parameters is collected. The data can be collected 

from the preliminary survey or from previous studies. The data could be software maps or excel 
files. When the data is an excel file, it is collected from wells dug in the study area. The collected 
data includes site coordinates (geographical or projected system) and the values and the readings 
values of the considered in-site parameters. The excel files are then imported by ArcMap/GIS 
software, to produce maps in ArcMap/GIS, (Al-Madhlom et al., 2019a and b). 

4.4.2.4.2 Projecting the wells 
After importing the excel files to ArcMap/GIS software, the wells are projected on an 

appropriate coordinate system. The coordinate system that can be used for the Iraq study area is 
Universal Transverse Mercator (UTM), specifically, World Position System WSG1984 UTM 
Zone 38N (ArcGIS 10.3 Help, 2019e; Al-Madhlom et al., 2019a and b). 

4.4.2.4.3 Interpolating and ranging 
In this step the maps, which depict the layers of different in-site parameters, are produced by 

using the Interpolation tool (Kriging tool) within Spatial Analysis tools. Each layer/map of single 
hydro-geological parameter is classified into different ranges according to the range classes 
specified in step (4.4.2.3.1  Ranging), (Al-Madhlom et al., 2019a and b). 

4.4.2.4.4 Reclassifying 
In this step, the effects of different ranges on the site selection process are defined through 

rating. Hereby each range is assigned to a single quantitative value according to rating classes in 
rating step (4.4.2.3.2 Rating). To implement this step, a Reclassify tool within Reclass set/Spatial 
Analysis Tools is used. The results from this step are maps, which are similar to the maps of 
interpolation and ranging (4.4.2.4.3  Interpolating and ranging) but with rates instead of ranges, i.e. 
different legends, (Al-Madhlom et al., 2019a, Al-Madhlom et al., 2019b). 

4.4.2.4.5 Producing the site selection map 
Finally, the site selection map is produced by using the Raster calculator tool within Map 

Algebra set/Spatial Analysis Tools. Using this tool, equation 12 can be depicted easily. Since, 𝑊𝑊𝑎𝑎𝑎𝑎 
within equation 12 represents the normalized weight factor (𝑊𝑊𝑎𝑎𝑎𝑎) which is produced by equation 
16 within step (4.4.2.1.4 Weighting the factors), whilst 𝑅𝑅𝑎𝑎 in the same equation (equation 12) 
represents the rated layers within step (4.4.2.4.4 Reclassifying). One of the conditions of this tool 
is that all the input maps (layers) are raster maps. The resultant map, which represents the site 
selection map, contains pixels that possess ranking ranges from 1 to 10. The most suitable site has 
the highest rank, (Al-Madhlom et al., 2019a and b). 

 

4.4.3 Site selection within Babylon province 
Babylon province, as well as the other provinces of Iraq excluding the northern provinces of 

Iraq, suffers from electricity deficiency. One of the main reasons behind this problem is the 
overloading due to the use of cooling and heating application systems. It is believed that use of 



Chapter Four 

86 
 

aquifer thermal energy storage systems will decrease this problem. The question now is “where is 
the best location to install the aquifer thermal energy storage system in Babylon?”. Here below is 
the application of the suggested methodology to find the best location. 

The process of site selection is initiated by defining the problem (the aforementioned 
question) and the involved controlling parameters. The involved controlled parameters are all the 
geo-hydrological parameters, such as the depth to water table, the volume of the aquifer,  
transmissivity, hydraulic conductivity, seepage velocity (can be explained as Darcy velocity), 
salinity of the groundwater, the thickness of the aquifer, porosity, type of aquifer (confined or 
unconfined), confining layers, and temperature of the groundwater. Other types of parameters can 
be involved in defining the best location to install the ATES system, they are: the design and 
operation parameters, see figure 1-2. But since these parameters are human controlled, then they 
can be excluded from the controlling parameters. Since the main aim of this study is to explain the 
methodology in a simple way, four of the in-site specific parameters are chosen as controlling 
parameters, they are: depth to water table, transmissivity, seepage velocity, and aquifer saturated 
thickness, (Al-Madhlom et al., 2019a). 

Then, the second step in the methodology is ranking. To rank the geo-hydrological 
parameters, the influence of each parameter should be defined, evaluated and assessed. The 
reasons behind the assessment of the effect of that parameter should be explained. Accordingly, 
the depth to the water table affects the surface losses, the construction cost, and indirectly the 
hydraulic conductivity. The seepage velocity affects the advection losses. Advection is the rate of 
flow of the groundwater as bulk mass, it produces the advection thermal losses (Fetter, 2018). 
Transmissivity influences the peak loads of the system. High transmissivity permits high thermal 
peak loads to be stored. Aquifer saturated thickness influences the water extraction rate, which 
affects the shape of the stored energy, and the served and peak thermal loads, (Al-Madhlom et al., 
2019a). The effects of the four considered parameters with their priorities are summarized in table 
4-8, (Al-Madhlom et al., 2019a). 

 Table 4-8. Influences and priorities of the four in-site parameters, (Al-Madhlom et al., 2019a). 

Parameter Influence/s on system efficiency Priority (𝑤𝑤𝑎𝑎) 
Depth to 

groundwater 
Surface thermal losses 

Cost of digging 
Hydraulic conductivity 

9 

Seepage velocity Advection thermal losses 
Spread of leached contaminant (Environmental aspect) 

9/5 

Transmissivity Rate of pumping in/out  9/7 
Aquifer saturated 

thickness 
Sieve length of the well (filter design) 

Shape of the stored energy 
1 

 

The next step is constructing the pairwise matrix based on the priority matrix. Such that 
𝜆𝜆𝑎𝑎𝑗𝑗 = 𝑤𝑤𝑎𝑎/𝑤𝑤𝑗𝑗. The pairwise matrix (matrix A) is explained in table 4-9. 
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Table 4-9. Pairwise matrix (A matrix) with the weighted and normalised weighted 
factors, (Al-Madhlom et al., 2019a). 

 Depth to 
groundwater 

Seepage 
velocity 

Transmi
ssivity 

Saturated 
thickness 

Weight 
(𝑾𝑾𝒊𝒊) 

Normalized 
weights (𝑾𝑾𝒊𝒊𝒊𝒊) 

Depth to 
groundwater 1 5 7 9 4.213 0.654 

Seepage 
velocity 1/5 1 3 5 1.316 0.204 

Transmissivity 1/7 1/3 1 3 0.615 0.096 
Saturated 
thickness 1/9 1/5 1/3 1 0.293 0.046 

 

 

The Pairwise matrix (Table 4-9) was used to find the weight factor (𝑊𝑊𝑎𝑎) for each site-specific 
parameter through applying equation 15. The normalized weights (𝑊𝑊𝑎𝑎𝑎𝑎) were calculated by 
applying equation 16, see table 4-9, (Al-Madhlom et al., 2019a). 

The verification step was initiated by finding Lambda (𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚) from equation 17. The Lambda 
(𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚) value equals 4.1901. Consistency index (CI) was calculated by using equation 19. Its value 
is 0.0634. To find the consistency ratio (CR), random index (RI) must be evaluated first. To 
evaluate random index (RI), table 4-7 was used. For n equals 4, the random index is 0.9. Hence, 
the consistency ratio was calculated by using equation 20. Its value equals 7.04%. The consistency 
of the A matrix was approved, since the calculated consistency ratio is less than allowable one of 
8% (Jayant, 2018; Al-Madhlom et al., 2019a). 

After approving the consistency of the A matrix, the DRASTIC formulation was started. 
First, each parameter of the four site-specific parameters was classified into a number of ranges. 
The classification is based on the judgement of the decision makers considering the influence of 
each range on site selection. In this step it was assumed that the classification is as table 4-10, (Al-
Madhlom et al., 2019a). 

After ranging the parameter, the rating of each range was performed. The rating also, is based 
on the judgment of the decision makers and the influence of each range on site selection. In this 
study, it was assumed that the rating is as in table 4-10, (Al-Madhlom et al., 2019a). 
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Table 4-10. Ranging and rating of the geo-hydrological parameters, (Al-
Madhlom et al., 2019a). 

Parameter Ranges Rating Parameter Ranges Rating 

Depth to groundwater 
(mbgs) 

0-2.5 2 
Seepage 
velocity 
(m/d) 

0-0.02 10 
2.5-15 4 0.02-0.04 8 
15-30 9 0.04-0.08 6 
30-50 6 0.08-0.18 2 

Transmissivity (m2/d) 
 

20-130 3 
Saturated 

thickness (m) 
 

18 -25 3 
130-240 5 25-33 5 
240-350 7 33-41 7 
350-460 9 41-49 9 

 

The last step in the site selection process was the mapping step. Within this step, the data 
was collected from the hydrological survey, then was tabulated as excel files. The required data 
was obtained from the Iraq Geological Survey and the literature (Jassim and Goff, 2006; Al-Jiburi 
and Al-Basrawi, 2011). These files were imported by ArcMap/GIS software to produce the maps 
of the four geo-hydrological parameters: depth to water table; seepage velocity; transmissivity; 
and aquifer saturated thickness. Then the classify command (Figure 4-24) was used to classify 
each parameter into a number of ranges according to the table 4-10. The range maps of the four 
parameters are explained in figures 4-25 to 4-28. After that, the Reclassify tool (Figure 4-29) was 
used to produce the rated maps according to the table 4-10. The rated maps are explained in figures 
4-25 to 4-28, which they are the same maps of ranges but switch the legends to the rate legends, 
(Al-Madhlom et al., 2019a). 

The final map of the site selection is explained within the Results chapter, section 5-6.  

  
(a) (b) 

Figure 4-20. Classify command (ArcMap/GIS): a) Windows of layer properties, b) 
Window of classification. 
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Figure 4-21. Depth to water table maps 
(ranges and rates) (after Al-Madhlom et 
al., 2019a). 

Figure 4-22. Seepage velocity maps (ranges and 
rates) (after Al-Madhlom et al., 2019a). 

  
Figure 4-23. Transmissivity maps 
(ranges and rates) (after Al-Madhlom et 
al., 2019a). 

Figure 4-24. Saturated thickness maps (ranges 
and rates) (after Al-Madhlom et al., 2019a). 
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(a) (b) 

Figure 4-25. Reclassify tool (arcMap/GIS): a) Reclassify tool, b) Reclassify window. 

4.4.4 Site selection within Karbala study area 
As well as Babylon province and most of Iraq, Karbala province has the same problem of 

electricity deficiency. The process of installing aquifer thermal energy storage systems starts by 
finding the best location to install the system. Here below is the application of the methodology of 
finding the best location to install the system. 

The process of site selection was initiated by defining the problem and controlling 
parameters. The problem is represented in finding the best location to install the thermal storage 
system. To find the solution for this problem, the term “The best location to install the storage” 
must be defined first. There are different approaches that can be used to define the best location. 
One of the most desired approaches is the location that provides best storage efficiency. The 
location that provides the best storage system is determined by different parameters, like: depth to 
water table; seepage velocity; transmissivity; thickness of aquifer; type of aquifer; volume of the 
aquifer; types of groundwater; and temperature of groundwater. Four of the in-site specific 
parameters were chosen as controlling parameters. Ranked from high to low effect the parameters 
are: depth to water table; transmissivity; seepage velocity; and saturated thickness of the aquifer, 
see table 4-11, (Al-Madhlom et al., 2019b).  

Table 4-11. Priority of the four in-site parameters, (Al-Madhlom et al., 2019b). 

Parameter Priority (𝑤𝑤𝑎𝑎) Parameter Priority (𝑤𝑤𝑎𝑎) 
Depth to groundwater 9 Transmissivity 9/5 

Seepage velocity 9/7 Aquifer saturated thickness 1 
 

The priority matrix was used to construct the pairwise matrix, see table 4-12. The weighted 
factor and normalized weighted factor for each geo-hydrological parameter were calculated by 
using equations 15 and 16, (Al-Madhlom et al., 2019b).   



Methodology 

91 
 

Table 4-12. Priority of the four in-site parameters for Karbala region, (Al-Madhlom et al., 2019b). 

 Depth to 
groundwater 

Seepage 
velocity Transmissivity Saturated 

thickness Weight(W) Normalized 
weights (Wn) 

Depth to 
groundwater 1 7 5 9 4.213 0.654 

Seepage velocity 1/7 1 1/3 3 0.615 0.096 
Transmissivity 1/5 3 1 5 1.316 0.204 

Saturated thickness 1/9 1/3 1/5 1 0.293 0.046 
 

The consistency of the pairwise matrix (table 4-12) was verified. Lambda (𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚) was 
calculated from equation 18. It equals 4.1705. Consistency index (𝐶𝐶𝐼𝐼) was calculated from 
equation 19. Its value is 0.0568. The consistency ratio is calculated using equation 20. The random 
index (RI) must be evaluated first. Its value equals 0.9 (since n=4, Table 4-7). The value of 
consistency ratio according to equation 20 is equal to 6.3%. Thus the pairwise matrix (A matrix) 
is consistent, since the maximum allowable standard is 0.08 (Jayant, 2018). 

 After checking the consistency of the pairwise matrix, each one of the heo-hydrological 
properties was ranged and rated, see table 4-13, (Al-Madhlom et al., 2019b). 

Table 4-13. Parameters ranging and rating for Karbala region, (Al-Madhlom et al., 2019b). 

Parameter Ranges Rating Parameter Ranges Rating 

Depth to water 
table (mbgs) 

0-2.5 2 Transmissivity 
(m2/d) 

 

20-130 3 
2.5-15 4 130-240 5 
15-30 9 240-350 7 
30-50 6 350-460 9 

Seepage velocity 
(m/d) 

0-0.02 10 

Saturated 
thickness (m) 

 

18 -25 3 
002-0.04 8 25-33 5 
0.04-
0.08 6 33-41 7 

0.08-
0.18 2 41-49 9 

 

Lastly the mapping step was reached. In which the required data to produce the ranged and rated 
maps for each in-site specific parameter was collected. The required data for establishing the maps 
of (groundwater elevation, saturated thickness, and transmissivity) was obtained from literature 
(Al-Ani, 2004). The data was used, rated and ranged. The ranged and rated maps are shown in the 
figures 4-30 to 4-33, (Al-Madhlom et al., 2019b). 

The final map that depicts the site suitability index factor is explained in the Results chapter 
(section 5.7). 
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Figure 4-26. Ranged and rated maps for 
the depth to water table for the study area 
(after Al-Madhlom et al., 2019b). 

Figure 4-27. Ranged and rated maps for the 
seepage velocity for the study area (after Al-
Madhlom et al., 2019b). 

  
Figure 4-28. Ranged and rated maps for 
the Transmissivity for the study area 
(after Al-Madhlom et al., 2019b). 

Figure 4-29. Ranged and rated maps of the 
aquifer saturated thickness within the study 
area (after Al-Madhlom et al., 2019b). 
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Chapter Five: Results and Discussion 

5.1. Introduction 
This chapter can be summarized and divided according to the subject and the study area 

into the following parts: 
1- Part 1: It considers the general conditions of Iraq and Babylon province. The results from 

this part are summarized in table 5-1. 
2- Part 2: It is related to the vulnerability of the Northern part of Babylon Province. The output 

of this part is a DRASTIC index map that was constructed using the seven rated maps in 
chapter 4. 

3- Part 3: It considers the seepage velocity within the aquifer of Babylon province. The results 
from this part include four maps. They are: seepage velocity magnitude, seepage velocity 
direction, seepage velocity direction-groundwater elevation, and seepage velocity 
magnitude-seepage velocity direction maps. 

4- Part 4: It relates to the seepage velocity within the study area that is located within Karbala 
Province. This part includes four maps; they are: seepage velocity magnitude, seepage 
velocity direction, seepage velocity direction-groundwater elevation, and seepage velocity 
magnitude-seepage velocity direction maps. 

5- Part 5: It is related to the site selection within Babylon province.  
6- Part 6: It relates to the site selection of Karbala study area.  
7- Part 7: It is the last part. It contains the discussion of different aspects related to the 

considered study. 
 

5.2. Iraq and Babylon Province (acquired from literature)  
A lot of information was collected from literature and maps regarding Iraq and Babylon 

province. These include metrological, geological, geo-hydrological, and thermal data. In order to 
summarize the obtained information in an effective way, table 5-1 was prepared. To set more 
accuracy to the representative zones. The Iraq area was divided into seven zones according to the 
morphology (Yacoub, 2011b). These seven zones are: Thrust Zone (TZ), High Folded Zone (HF), 
Low Folded Zone (LF), Al-Jazira Area (JZ), Mesopotamian Zone (MZ), Western Desert Zone 
(WD), and Southern Desert Zone (SD) (Figure 5-1). The columns in table 5-1 are assigned to the 
different regions, whilst the rows are assigned to the properties. Then, in table 5-1, each of Babylon 
province’s and Iraq’s seven morphological zones are represented by 9 dots (see figure 5-2a). I.e. 
it is assumed that each dot denotes a (1/9) fraction from the real region. The location of the dot 
within the cell matches that (1/9) region fraction in the reality. More details can be found in the 
figure 5-2a. 

If the dots that belong to a specific region (column) are located within different categories 
(rows), that means that region is located in those categories, such that each (1/9) part is located 
within the corresponding categories. Figure 5-2b explains that the northernwestern 1/9 fraction of 
the region entitled with code TZ (which refers to Thrust zone), is located within the corresponding 
category (which in this case it is category A). 
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According to table 5-1, the depth of crystalline bedrock, which is represented by the 
Precambrian basement, is very deep. For Iraq, the basement bedrock dips from about 5 km in the 
western parts of Iraq to about 13 km in the eastern parts. Whilst for Babylon province, most of its 
area is located within the range of 10 km and 12 km, except some regions within the south western 
part which are located within the range of 8 km and 10 km. This fact points out that all the 
formations between the upper alluvial silty clay soil and the crystalline basement are sedimentary 
rock (Sissakian, 2013). 

Table 5-1. Iraq and Babylon metrological, geological, geo-hydrological, and thermal 
data15. 
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1: for more details, it is recommended to review the original articles which are cited in the 
table.  
2: (Al-Jiburi and Al-Basrawi, 2015).  
3: (Iraqi Organization for Meteorological Information (IOM), 2000).  
4: represents the geological eras for the exposed formations. More details returns to cited 
map.  
5: refers to Cenozoic - Quaternary.  
6: refers to Cenozoic - Paleogene and Neogene.  
7: (Awadh and Abdallah, 2009)  
8: includes carbonate with other types like marl, shale, phosphorite, or clastics.  
9: includes Carbonates, Igneous and Metamorphic rock.  
10: includes Marl, Limestone and Gypsum.  
11: (Sissakian and Saeed, 2012).  
12: (Aqrawi et al., 2010)  
13: (Jassim and Goff, 2006).  
14: Kx/Kz for the studied region ranges from 5-7. (Jassim and Goff, 2006) 
15: TZ: Thrust Zone; HF: High Folded zone; LF: Low Folded zone; JZ: Al-Jazira Area; MZ: 

Mesopotamia Zone; WD: Western Desert; SD: Southern Desert (Figure 5-1). 
 

 

 
(a) 

 
(b) 

Figure 5-1. Iraq morphology and 
hydrogeological zones (after Al-Jiburi 
and Al-Basrawi, 2015). 

Figure 5-2. Regions area representation. (a) 
Region representing; (b) Illustration 
example. 
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5.3. The vulnerability of Northern part of Babylon province 
Figure 5-3 represents the DRASTIC Index for the northern part of Babylon. According to 

the map, the DRASTIC index within northern Babylon has two classes. They are: (80-100) and 
(100-120) classes. These values correspond with the classes (very low) and (low) vulnerability in 
table 4-3. The reasons behind the low values of vulnerability are the low value for net recharge (its 
rating value = 1), the silt clay type of the vadose zone (its rating value = 3), low hydraulic 
conductivity (1, 2, and 4 as rating values), and the silty clay soil media (3, 4, and 6 as rating values). 

It should be mentioned, however, there are two criteria that have rating values that increase 
the DRASTIC Index. These are depth to groundwater (7, 9, and 10 as rating value) and topography 
criteria (5, 9, and 10 as rating values). In spite of the effect of these two parameters, the resultant 
values of vulnerability were relatively low. There is another parameter, which has a moderate 
effect on vulnerability. It is the aquifer media parameter, which has the value of (6) as a rating 
value. 

 
Figure 5-3.DRASTIC index map of Northern part of Babylon. 

5.4. The seepage velocity within the aquifer of Babylon province 
The seepage velocity magnitude map within Babylon province is represented in figure 5-

4a. As in this figure, the seepage velocity changes from 2.12*10-6 (m/d) to 0.185 (m/d). The lines 
that appear on the map show that the seepage velocity changes from one class to another, according 
to the classification explained in the legend. The lineament map (Figure 5-4a) is generated from 
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the lineament of the base maps that were used to produce seepage maps.  The base maps are 
groundwater elevation head (Figure 4-15); aquifer saturated thickness (Figure 4-17), aquifer 
transmissivity (Figure 4-18), and the porosity map (Figure 4-14) of the Babylon province. 

Figure 5-4b shows the seepage velocity direction within Babylon province. In this figure, 
groundwater generally flows from the northwest toward the southeast. The difference in 
groundwater potential head is the reason behind this movement. Figure 5-5 shows how the seepage 
velocity direction changes with the groundwater elevation. 

 Figure 5-6 represents the combined map of seepage velocity magnitude and seepage 
velocity direction. 

  
(a) (b) 

Figure 5-4. Seepage velocity magnitude within Babylon provinve. (a) Seepage velocity 
magnitude (m/d); (b) Seepage velocity direction 
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Figure 5-5. Seepage velocity direction-
groundwater elevation map within 
Babylon. 

Figure 5-6. Seepage velocity magnitude and 
direction map within Babylon. 

 

5.5. The seepage velocity within the aquifer of Karbala province 
study area (Dibdibba formation) 

The seepage velocity magnitude and direction maps of the study area within Karbala 
province are given in figures 5-7a and 5-7b respectively. The seepage velocity changes from 0 to 
about 0.27 (m/d). The seepage velocity magnitude map of Karbala area (Figure 5-7a) was 
determined using the maps of groundwater elevation, effective porosity, saturated thickness, and 
transmissivity. As in figure 5-7b, the groundwater, generally, flows from the west to the east. The 
reason behind that is the potential head in the west is higher than in the east (Figure 5-8). Figure 
5-8 represents the combined map for the seepage velocity direction and the groundwater elevation. 

Figure 5-9 represents the combined map of seepage velocity magnitude and seepage 
velocity direction within Karbala study area. 
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(a) (b) 

Figure 5-7. Seepage velocity magnitude within Karbala study area. (a) Seepage velocity 
magnitude (m/d); (b) Seepage velocity direction. 

  
Figure 5-8. Karbala study area seepage 
velocity direction- groundwater elevation 
map. 

Figure 5-9. Karbala study area seepage 
velocity direction- magnitude map. 
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5.6. Site selection within Babylon province 
To produce the map of site selection the Raster calculator tool/Map algebra set was used 

(Figure 4-29a). According to the suggested method and equation 12, four maps are required to 
produce the site selection map, they are: depth to water table, seepage velocity, transmissivity, and 
thickness of aquifer, see figures 4-25 to 4-28. By applying the aforementioned equation through 
using these maps, a site selection map was produced (Figure 5-10), (Al-Madhlom et al., 2019a).  

The site selection map (Figure 5-10) explains the best locations to install the thermal storage. 
The most suitable locations have indices ranging between 4.71 and 5.3 (Figure 5-10). To improve 
the accuracy of the map, the ranges within the legend of map (5-10) can be increased through 
assigning a narrow range for the last range i.e. 5.11-5.3 instead of 4.71-5.3, (Al-Madhlom et al., 
2019a). 

 

 
Figure 5-10. Site selection map of Babylon province (after Al-Madhlom et al., 

2019a). 
 

Babylon aquifer in general has a low site selection index according to the proposed 
methodology, ranging, and rating details. The site index ranges between 2.9 and 5.3 on the scale 1 
to 10. For the area, it is distributed as follows 0.04%, 28.11%, 0.26%, and 71.59% for the ranges 
(2.9-3.5), (3.51-4.1), (4.11-.4.7), and (4.71-5.3) consequently (Figure 5-10). The range (4.71-5.3) 
covers most (about 71%) of the study area. 
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Site selection map (Figure 5-10) shows low site selection indices 5.3 and less on the scale of  
1 to 10. The reasons behind that are: the high weight of the depth to water table 0.654 (Table 4-9) 
compared to other parameters; and the low rates (2 and 4) of the depth to water table map (Figure 
4-25, table 4-10). Transmissivity rates (Figure 4-27) also have a negative effect on the site selection 
map (Figure 5-10) due to its low rates values (Tables 4-9 and 4-10). The reason behind the low 
transmissivity (transmissivity = hydraulic conductivity * saturated thickness) is the low hydraulic 
conductivity since Babylon province has silty clay soil (Yacoub, 2011; Todd and Mays, 2005; Al-
Madhlom et al., 2019a).  

The high weight of the depth to the water table (0.654) is generated from assigning high 
priority rank (9), see table 4-8, due to its importance. By examining the suggested method, it can 
be found that the depth to the water table property has the maximum influence on the site selection 
index. If the two rating values 4 and 9 (Table 4-10) for this property are considered. Then the 
change in site selection index is (𝑾𝑾𝒊𝒊  × ∆𝑹𝑹𝒊𝒊 = 0.654 × 5 = 3.27) (Tables 4-9 and 4-10). While the 
change that is generated from seepage velocity property, which has the second greater weight 
(0.204) (Table4 4-9 and 4-10), is limited to (𝑾𝑾𝒊𝒊  ∗  ∆𝑹𝑹𝒊𝒊 = 𝟎𝟎.𝟐𝟐𝟎𝟎𝟐𝟐 ∗ 𝟐𝟐 = 𝟎𝟎.𝟖𝟖𝟖𝟖𝟖𝟖) corresponding to 
the rating values 2 and 6 (Table 4-9 and 4-10), (Al-Madhlom et al., 2019a). 

Another important thing that can be observed is the big similarity between the map’s depth 
to water table and the site selection (figure 4-25 and 5-10). This results from the high weight factor 
of the depth to water table compared to other geo-hydrological properties (Table 4-9).  

 

5.7. Site selection within Karbala study area 
The raster maps (figures 4-30 to 4-33), that represent the rated maps of the four geo-

hydrological properties (depth to groundwater, seepage velocity, transmissivity, saturated 
thickness of the aquifer), were used to produce the site selection map of the proposal aquifer 
thermal storage system within Karbala region. The resultant map is shown in figure 5-11. 



Chapter Five 

104 
 

 
Figure 5-11. Site selection map of Babylon province (after Al-Madhlom et al., 

2019b). 
 

The site selection index of this aquifer, in general, has high values, ranging from 3.1 to 9.1 
on the scale 1 to 10, see figure 5.11. It is higher than the site selection index for Babylon province 
(Figure 5-10). The reason behind that is that the high rate and weighted factor for parameter of 
depth to water table the factor, see tables (4-9), (4-10), (4-12), (4-13) and figures (4-25) and (4-
30). About 20% of the region has a site selection index between 3.1 and 5, 49% between 5.1 and 
7, 14% between 7.1 and 8, and the remainder (about 15%) between 8.1 and 9.1, see figure 5-11.  

The most suitable locations to install the ATES system have index values ranging between 
8.1 and 9.1 on the scale 1 to 10 scale. The accuracy of the site selected map can be increased by 
using more ranges for each of the geo-hydrological parameters (Table 4-13). Thus, the length of 
the rates will be shorter and the resultant map will be more accurate. 

 

5.8. Other Considered Factors 

5.8.1. Groundwater depth and Hydraulic conductivity: Babylon and Karbala  
 The groundwater depths in Babylon province and the Dibdibba formation (Karbala area) 

are illustrated in figures 5-12 and 5-13 respectively. Examining figure 5-12, it can be noticed that 
the groundwater depth in Babylon province ranges from 0 m to 9.0 m below the ground surface 
(mbgs). Most of the region within Babylon has groundwater depth between 1.81 and 3.60 mbgs. 
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Figure 5-12. Groundwater depth in Babylon 
Province. 

Figure 5-13. Groundwater depth in 
Dibdibba formation. 

 

 

 

For the Dibdibba formation (Figure 5-13), it can be noted that the groundwater depth ranges 
from around 48 mbgs to 0.1 mbgs. Some points have a groundwater depth between 0 and (-3.31) 
mbgs which could represent the flowing well. Generally, The groundwater in the western parts is 
deeper than the eastern parts. Comparing figures 5-12 and 5-13, some differences can be noticed. 
The first difference is the wide range of groundwater depth in the Dibdibba formation (from 0.1 to 
48m) compared to Babylon (from 0 to 9.0m). The second difference is that the groundwater in the 
Dibdibba formation is deeper than in Babylon.  

The groundwater depth has its effect on choosing suitable aquifer thermal energy storage 
(ATES) systems in both provinces. The suitable (ATES) system is predicted to be shallow in 
Babylon, and deep to moderate in depth in the Dibdibba. 

 The hydraulic conductivity maps within the Babylon and Karbala study areas are 
represented in figures 5-14 and 5-15 respectivity. According to map 5-14, the hydraulic 
conductivity of the Babylon aquifer ranges from 0 to 16 m/d, which is equivalent to 0 to  1.85*10-

2 cm/s. The predominant hydraulic conductivity within Babylon, however, is between the range (0 
- 3.2) m/d, which is equivalent to 0 to 3.7*10-3 cm/s. Figure 5-16 and table 5-2 give the hydraulic 
conductivity ranges for different materials. For silty sand deposits, the hydraulic conductivity 
values are (1*10-5 - 2*10-2 cm/s). Therefore, the predominant hydraulic conductivity for the 
Babylon aquifer is located within the silty sand range. 
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Figure 5-14. Aquifer hydraulic conductivity 
within Babylon Province. 

Figure 5-15. Aquifer hydraulic 
conductivity within Karbala study area. 

 

The hydraulic conductivity of the Karbala study area (the Dibdibba formation) ranges from 
0.74 to about 20.5 m/d, which is equivalent to 8.45*10-4 to 2.37*10-2 cm/s.  

The hydraulic conductivities of sandstone are about (3*10-9 – 7*10-5 cm/s) from figure 5-14, and 
(10-8 – 10-4 cm/s) according to table 2. Thus the hydraulic conductivity of the Dibdibba formation 
is higher than the hydraulic conductivity of sandstone rock. The reason behind this could be the 
low transforming conditions (pressure and temperature) combined with a short time factor. These 
conditions lead to an incomplete transformation process from loose particles to sedimentary rocks. 
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Figure 5-16. Monograph of the hydraulic conductivity and permeability ranges for 
different materials (after Todd and Mays, 2005). 
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Table 5-2. Important Physical Properties of Soil and Rock (after Delleur, 2010). 

Lithology Porosity (percent) Hydraulic conductivity (cm/sec) 
Unconsolidated 

Gravel 25–40 10−2–102 
Sand 25–50 10−4–1 
Silt 35–50 10−7–10−3 
Clay 40–70 10−10–10−7 

Glacial Till 10–20 10−10–10−4 
Indurated 

Fractured Basalt 5–50 10−5–1 
Karst Limestone 5–50 10−4–10 

Sandstone 5–30 10−8–10−4 
Limestone, Dolomite 0–20 10−7–10−4 

Shale 0–10 10−11–10−7 
Fractured Crystalline Rock 0–10 10−7–10−2 

Dense Crystalline Rock 0–5 10−12–10−8 
 

5.8.2. Comparing the conditions of aquifer thermal storage for Babylon and 
Karbala with the standards criteria 
Nordell et al. (2014) and Cabeza (2014) summarized the important geohydrological 

properties for aquifer storage systems in a table form (see Table 5-3). This table was used, and the 
hydrogeological properties for Babylon and Karbala study areas were illustrated within Table 5-3 
for  comparison purposes with the standards listed. 

As in table 5-3, the aquifer thickness for both study areas, in some locations, are within the 
range of the standards (25 m thickness). For aquifer depth, most parts of the Babylon aquifer have 
values close to the lower limit(5 mbgs), i.e.; the aquifer storage system in Babylon is located within 
the range of the shallow aquifer according to this classification. Whilst, in most of the parts of 
Karbala study area; the aquifer has a depth greater than 5 mbgs (Figure 5-13). This indicates that 
the aquifer is located within the lower limit (5 mbgs) and typical value (50 mbgs). For aquifer 
permeability, the Dibdibba formation is closer to the the limits (3*10-5 m/s) than Babylon province, 
which has low permeability compared with the standards. For Groundwater flow, both study areas 
are located within the range of the limits in table 3 (less than 0.3 m/d). For a static water head, both 
study areas satisfy the limits of the standards (50 to -5 mbgs). 
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Table 5-3. Comparison of the Babylon aquifer geohydrological properties with major 
criteria for unconsolidated aquifer (Compiled from Cabeza, 2014; Nordell, et al., 2014). 

Aspect Lower limit Typical Upper limit Babylon 
province 

Karbala study 
area 

Aquifer thickness 
(m) 2-5 25 None (partial 

use) 2-80 18-45 

Aquifer depth 
(mbgs) 

5 (injection 
pressure) 50 150 

(economic) 

0.00 - 9.00 
1.8-3.6 

(mostly) 
0 - 48 

Aquifer 
permeability 

(m/s) 
3*10-5 3*10-4 1*10-3 

2.6*10-8-
2.6*10-5 
(mostly) 

8.45*10-6 -
2.37*10-4 

Groundwater 
flow (m/d) 0 0.1 0.3 

2.12*10-6 – 
5.09*10-3 
(mostly) 

0 - 0.27 

Static head 
(mbgs) 50 10 -5 

0.00-9.00 
1.8-3.6 

(mostly) 
0 - 48 

 

5.8.3. Comparing the Babylon and Karbala aquifers with some examples 
of aquifer storage systems installed in Germany 

 A comparison between hydrogeological parameters in the Babylon and Karbala Study areas 
with some storage systems installed in Germany is illustrated in table 5-4. The comparison includes 
aquifer depth, porosity, mineralization, and initial store temperature. No values assigned to 
permeability (µm²) of Babylon and Karbala aquifers, since there is not enough data in literature. 

The results indicate that there is some similarity in the aquifers’ geological age. The aquifer 
in Babylon province is closer to the ground surface than the German aquifers. Whilst, the aquifer 
in Karbala in some locations is closer to the ground surface than the German aquifers.    The 
assumed porosity of study area aquifers is higher than that of other aquifers described. The salinity 
of the Iraqi considered aquifers is within the range of German aquifers’ salinity. Since the initial 
storage temperature changes from one location to another, depending on many factors such as 
aquifer depth, latitude, and geology of the region. Therefore, the initial store temperature of 
Babylon and Karbala aquifers is higher than the shallow German aquifers and less than the German 
deeper ones. 
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Table 5-4. Hydrogeological parameters of the aquifer thermal energy stores (modified from 
Seibt and Kabus, 2006). 

Site 
Dresden 
(Field 
test) 

Rostock- 
Brinckm
anshöhe 

Buildings of the 
German Parliament 

in Berlin 

Neubrande
nburg 

Babylo
n 

Karbala 
study area 

Geological 
Formation 

Quatern-
ary 

Quatern-
ary 

Hettang-
ian 

Quatern-
ary 

Upper 
Postera 

Quarter
-nary 

Miocene-
Pliocene*

* 

Depth 7m-10m 13m-
27m 

285m-
315m 

30m-
60m 

1234m-
1274m 0m-9m 0m-48m 

Porosity ~25% ~20% 30% ~30% 25% Assum-
ed 44% 

Assumed 
37% 

Permeabil-
ity >2 µm² 8 µm² 2.8 – 4.2 

µm² >1µm² >1 µm² — — 

Mineralis-
ation 

Fresh 
water 

Fresh 
water 29 g/L Fresh 

water 133 g/L 1g/L-10 
g/L* 

3g/L-
10g/L** 

Store 
temperatu-
re (initial) 

8°C 10°C 19°C 10°C 54°C 23°C-
25°C 

23°C-
25°C 

* Al-Jiburi, H., K., ve Al-Basrawi, N., H. (2015). Hydrogeological Map of Iraq, Scale 1: 
1000 000, 2nd Edition, 2013. Iraqi Bull. of Geology and Mining, 11(1), 17-26. 

** Jassim, S. ve Goff, J. (2006). Geology of Iraq. Dolin, Prague and Moravian Museum, 
Brno, 2006 

 

5.8.4. Expected energy saving and achieved COP  
Until now, there is no specific study on the feasibility of ATES-systems or UTES systems 

in Iraq. The nearest countries to Iraq that initiated UTES systems for domestic purposes are 
Turkey, Iran and Syria. Therefore, in this section three examples (from these countries) of thermal 
storage systems are considered. 

Turkey: The first example is an aquifer thermal energy storage (ATES) coupled to heating; 
ventilation and air-conditioning (HVAC) system. This system serves a supermarket building in 
Mersin, a city near the Mediterranean coast in Turkey (36º 49’0’’ N and 34º 36’0’’ E) (Paksoy et 
al., 2004). The gross area of the building is 1800 m2, from which 1400 m2 are to be served. The 
temperature in summer is about 35 ºC during the day and about 24 during the night. In the winter, 

it is about 15ºC during the day and drops to 7ºC at night (Accuweather, 2018; Paksoy et al., 2004). 
The peak cooling load of 195 kW in August takes place when the outside temperature is 35ºC. The 
peak heating load of 74 kW takes place at a temperature of 3ºC. The average aquifer temperature 

is about 18ºC. The aquifer is used to cool down the condenser of the heating ventilating air 
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conditioning (HVAC) system and at the same time save the waste heat to be used later for heating 
purposes in winter. The results show that by using the ATES system the average energy saving is 
about 60% with COP of 4.18 (Paksoy et al., 2004). 

Iran: The second example is the simulation of a confined aquifer that is proposed to be used 
as thermal storage in Tehran, Iran (Ghaebi et al., 2014). The simulation process is performed by 
the Fluent software. The aquifer storage system is supposed to serve ten four-story residential 
buildings. The total floor area of the residential building is 12800m2 (Ghaebi et al., 2014). Average 
maximum daily temperature in Tehran is about 41ºC during summer and about 20ºC during winter. 
The average minimum daily temperatures are about 30ºC during summer and 2ºC during winter 
(Accuweather, 2018). The annual heating and cooling demands were estimated to be 1.9 TJ and 
8.7 TJ, respectively (Ghaebi et al., 2014). Three alternatives were considered in that study. They 
are (Ghaebi et al., 2014): 

1- Using the aquifer for cooling purposes only. Groundwater with 3ºC is pumped from the 
cold well. After passing through the heat exchanger, its temperature increases to 14ºC. Then 
it is injected into the warm well. In winter, the water is pumped from the warm well into 
the cold well through a cooling tower to cool the water to 3ºC.  

2- Using the aquifer for cooling and heating purposes, with heating demand higher than 
cooling demand. The heating demand, in this case, cannot be covered solely by the heat 
recovered by the heat exchanger. Therefore, the system is supported by solar collectors to 
cover the heating demands in winter. 

3- Using the aquifer for heating and cooling purposes, with cooling demand higher than 
heating demand. This case is very familiar in the residential building in Tehran. The system 
is supported by both a cooling tower and a heat pump to cover the heating and cooling 
loads. 

The values of COP (from Fluent) for the three alternatives were: 

1- When the aquifer is used for cooling purposes only, a COP of 10.36 was obtained. 
2- When the ATES is coupled to the heat pump, a COP of 17.2 was obtained for the cooling 

process, and a COP of 5 was obtained for the heating process. 
3- When the ATES is combined with flat plate solar collectors, a COP of 19.6 was obtained 

for the heating process. 

The estimated (Fluent) aquifer recovery factor ranges from 55% to 72% depending upon 
the porosity, aquifer thickness, injection/withdrawal flow rate (l/s), and distance between the wells 
(Ghaebi et al., 2014). 

Syria: The third example is a ground source heat pump used to cover the heating and 
cooling demands of a chicken farm in Syria (Kharseh and Nordell, 2011). The chicken farm is in 
Hama. The annual average temperature in Syria is about 15-18 ºC. In winter, it drops to 0ºC on 
some nights, whilst it is about 45ºC during summer on some days. The farm has a floor area of 
500 m2 (50m x 10m). The temperature that is required inside the farm depends upon the chickens’ 
age. It decreases from 35ºC (one week chick age) to 21º (six weeks chick age). For a typical farm, 
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the heating demand is 93 MWh, whilst the cooling demand is 13 MWh (Kharseh and Nordell, 
2011). To decrease the cost of heating and cooling and to develop an environmentally friendly 
system, a ground source heat pump system is used. The system benefits from the ground 
temperature, which is about 18ºC at 12 m depth, to cover the heating and cooling loads. By using 
GSHP the annual electricity demand can be reduced to 57.2% compared to the existing heating 
and cooling system (Kharseh and Nordell, 2011).    

From the aforementioned cases, it is expected that in case of using the ATES system in 
Iraq the energy saving ranges from 55% to 72%. It is expected in the worst cases to be 55%. 

 

5.8.5. Analysis of electrical energy for heating and cooling analysis in Iraq 
Rashid (2012) gave the weekly electricity demand and the supplied electricity for the 

period from January 2004 to September 2009 in Iraq (Figure 5-17). The vertical axis represents 
the weekly load (MW in thousands) = average daily *7. The peaks of the demand curve represent 
the weekly loads in winters and summers. Whilst the droughts of the demand curve represent the 
loads in spring and autumn. The difference between the demand and the product curves represents 
the electricity deficiency. In Figure 5-17, the areas in red and cyan colors represent the estimated 
heating and cooling demands, respectively. From this figure, it can be noticed how the heating and 
cooling demands increase with e time. In addition, the cooling demand is much higher than the 
heating demand. 

Using Figure 5-17, the cooling demand through 2007 can be calculated as follows: 

  The demand = the area under the curve 

= [(200-125)/2] × (270/7) 

= 1446 *103 MWh 

According to the expected saving rates, this demand could be decreased by about 55% which 
means it will be 795*103 MWh. 
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Figure 5-17. The weekly demand and produced electrical energy (after Rashid, 2012). 

5.8.6. Application of ground source heat pump in Iraq 
As it is mentioned in chapter two, COP depends on the Tsouce, Tsink and Carnot efficiency 

𝜂𝜂𝑐𝑐  (Equations 5 and 6). To explain the effect of Tsouce and Tsink, within Iraq conditions, on heat 
pump performance, the following example will be considered. 

If we consider that the season is summer, the temperature outside is 50°C in the afternoon. 
The initial temperature indoors is 35 °C. Furthermore, the average ambient air annual temperature 
in Iraq is 26°C, and then the ground temperature below the seasonal effect at some point is about 
26°C. Assume that Carnot efficiency is 0.5 (Borgnakke and Sonntag, 2013). Now, two cases of 
heat pump performance are considered: 

 
1- Using air to air heat pump: In this case the source is the air indoors and the sink is the 

air outdoors. Therefore, Tsouce is 35°C and Tsink is 50°C. According to equation 5: 
 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. = 0.5 ∗

35 + 273
50 − 35

= 10.26  

 
Which means for each 1 kWh of electricity the system delivers 10.26 kWh of thermal 

energy, by transferring the heat into the outdoor air. The transferred heat dissipates into the 
air and cannot be collected later. 

 
2- Using a ground sink heat pump: In this case, the excess heat is deposited to the ground. 

Accordingly, Tsouce is 35°C and sink = 26°C. Equation 5 will be as follows: 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. = 0.5 ∗

35 + 273
26 − 35

= −17.11  

 

MW weekly load=average daily *7 
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Which means for each 1 kWh of electricity the system delivers 17.11 kWh of thermal 
energy. The negative COP value means that heat is transferred into the ground i.e. a cooling 
process. 

 
As mentioned above in the case of a using ground source heat pump, the excess heat is 

deposited in the ground. If it is well stored, then it can be used later for heating purposes in winter. 
By repeating the process between summer and winter, after about five years, the ground will be 
fully recharged with cold energy at the beginning of summer and vice versa, i.e. fully recharged 
by warm energy at the beginning of the winter. This process increases COP more, i.e. decreases 
the required electrical energy for cooling or heating purposes. 

Table 5-5 explains the measured COP for SAS Frösundavik for the years from 1988 to 1993. 
The average value for COP for the five years is 5.4, and it could be greater than this value 
depending on Tsouce, Tsink and Carnot efficiency 𝜂𝜂𝑐𝑐  (Equations 5 and 6).   

 

Table 5-5. COP for SAS Frösundavik heat pump for years from 1988 to 1993 (after 
Bakema et al., 1995). 

Year Cold production 
(MWh) 

Heat production 
(MWh) 

Electricity 
consumption 

(MWh) 
System COP 

1989 3150 3521 1221 5.46 
1990 2964 3412 1021 6.25 
1991 3070 3425 1242 5.23 
1992 2494 3069 1116 4.98 
1993 2297 4153 1239 5.21 

Average 2795 3514 1168 5.4 
 

Table 5-6 (Dincer and Rosen, 2011) includes some of interesting thermal and technical 
data regarding the different types of thermal energy storage systems. It explains that the aquifer 
has the largest storage volume range (50000 m3-500000 m3) compared to other systems. Aquifer 
investment cost is low 20 €/m3 compared to other systems. Whilst the cost of energy supplied from 
an aquifer (<0.05 €/kWh) is the lowest cost compared to other systems in the table 5. In other 
words the aquifer system type, which is available in Iraq, is the most feasible system between the 
storage systems. 
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Chapter Six: Conclusions 
This work represents the potential using of UTES system in arid regions. Iraq was selected 

as a case study. In addition, the areas investigated represent shallow and relatively deep waters 
table areas. 

UTES systems have not been used in Iraq before because inexpensive energy was always 
available. Now, Iraq is suffering from electricity shortages. The big gap between supply and 
demand for electricity can be related to the following factors: 

a. Increased use of air-to-air heat pumps. 
b. High summer temperature (>50°C) and the low winter temperature (<0°C) 
c. Rapid increase in the Gross Domestic Production (GDP) of the country. 
d. Population growth. 
e. The changing climate  
f. Most of the electricity power stations are not fully functioning. This is partly due 

to the damage of these stations during the two Gulf wars, while hydropower stations 
are partially functioning due to water shortage problems. 

To minimize the gap between supply and demand UTES systems are suggested to be used. 
This study considered the potential use of aquifer thermal energy storage ATES systems in arid 
regions. The study considered two regions in the central part of Iraq as study area. The first area 
is characterized by shallow groundwater conditions (Babylon) while in the other area groundwater 
depth is not shallow (Karbala). In this work, in-site parameters were investigated. This is due to 
the fact that the in-site parameters cannot be changed after initiating the process of system 
installation, therefore it becomes very important to study and cover these parameters. 

To find out the best suitable system of UTES to be applied, the geological and 
hydrogeological conditions were investigated in the study areas. The main results obtained can be 
summarized as follows: 

1. The crystalline bedrock in Iraq is very deep. It ranges from 4-13 km depth. It reaches its 
maximum depth in the Mesopotamian plain. 

2. According to the in-site conditions within Babylon province, the suitable type of UTES 
system is the shallow ATESS. Since the groundwater is very shallow, less than 10 m depth, and 
the crystalline bedrock is very deep, between 8 and12 km. This type can be used in areas which 
have shallow groundwater conditions in Iraq. 

3. According to in-site conditions within Karbala province, the suitable type of UTES system 
is either the shallow or deep ATES system. Since the GW is either deep or shallow, and the 
crystalline bedrock is very deep 6-8 km. This example can be used for areas having similar 
groundwater conditions in Iraq. 



Chapter Six 

118 
 

To verify that the ATES systems suites the environmental conditions of the considered 
regions, two geo-hydrological factors were considered. They were the DRASTIC index and the 
seepage velocity. 

To evaluate the vulnerability of aquifers to the leak of non-water heat carrier fluid, 
DRASTIC model was used specifically for the Babylon area due to its very shallow groundwater 
depth. The DRASTIC index in the northern part of Babylon is low to very low. Its values are 
between 80 and 120 on the DRASTIC index rank which ranges from 26 (low vulnerability) to 226 
(high vulnerability). The results encourage using ATESS in that part of the province. 

Seepage velocity was studied in Babylon and Karbala due to its effect on energy losses 
within the storage aquifer. For Babylon province, the GW seepage velocity was 0.185 m/d and for 
Karbala it was 0.27 m/d. These values are within the permissible values of the standards that were 
specified in literature.  

Regarding the site selection results for Babylon study area, the area in general has low site 
selection index according to the proposed methodology, ranging, and rating details. The site index 
ranges between 2.9 and 5.3 on the scale 1to 10. About 71% of the study area has (4.71-5.3) as a 
value of site selection index, see figure 5-10. Concerning the Karbala study area, the site selection 
index of this area, in general, has higher value, ranging from 3.1 to 9.1 on the scale 1 to 10, see 
figure 5-11. It is higher than the site selection index for Babylon province (Figure 5-10). The reason 
behind that is that the high rate and weighted factor for parameter of depth to water table the factor, 
see tables (4-9), (4-10), (4-12), (4-13) and figures (4-25) and (4-30). About 15% of the region has 
a site selection index between 8.1 and 9.1. This methodology can be easily modified according to 
desired standards and the opinions of the decision makers.   

The energy saving in neighboring countries to Iraq using the ATESS system ranges from 
55% to 72%. It is also expected that using ground sink heat pump instead of an air-to-air heat pump 
increases the COP from roughly 10 to about -17.11 the negative sign means that the heat is injected 
into the ground. To verify these numbers field measurements/works are recommended. 
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Chapter Seven: Future works 
1. Using MODFLOW software to simulate the heat transfer due to groundwater flow. 
2. Studying the effect of using the UTES system in decreasing the temperature increment inside 

the city due to using an air to air heat pump for cooling purposes.  
3. Finding the DRASTIC index for the southern part of Babylon and Karbala provinces. 
4. Finding the validity of the models that are used in the simulation. 
5. The DRASTIC index can be modified to approximate the surface losses from the storage 

system. In the Traditional DRASTIC index, the protection layers try to decrease the effects of 
the contaminants from reaching down to the aquifer. In the suggested DRASTIC, the protection 
layers try to decrease the surface heat losses, see figure 7-1. For instance the traditional 
DRASTIC evaluates the susceptibility of GW to the surface contaminants. Whilst the modified 
DRASTIC evaluates the susceptibility of the thermal storage to surface losses, see figure 7-1. 

  
(a) (b) 
Figure 7-1. Traditional and modified DRASTIC index. 

 
6. Studying the effect of the seepage velocity on the thermal radius values for both Babylon and 

Karbala provinces. By introducing this effect the radius between the storage wells can be 
specified. Then an operation method is to be used to optimize the function of the storage 
system, see figure 7-2 and figure 7-3. 

7. Seepage velocity can be used in determining the treatment alternative, to decrease advection 
losses when GW flow cannot be avoided. A future study is suggested to find how the different 
alternatives could be used to decrease advection losses. The alternatives (treatments) are: 

a. Using multiple-points single-line cold/warm pumping wells. In this case the center of the stored 
plume is trapped between two or more extraction wells, see figure 7-4. The extraction well/ 
wells should be installed within a line parallel to GW flow direction. Thus seepage velocity is 
very important in determining the direction of the flow and the distances between the wells. 

b. Generate a hydraulic barrier by using pumping and injection wells (production wells) to change 
GW flow hydraulics. This process is introduced to treat the progress of saline GW into fresh 
GW within the regions that include both saline and fresh GW especially coastal regions. The 
process includes digging two wells. The first is used as extraction well, whilst the other is used 
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as injection well. Both wells have the same flow quantity. The storage well should be between 
the production wells. The well that is used as injection well should be the first well in the series 
that faces the seepage velocity from (see figure 7-5). 

  

Figure 7-2. ATES system in Agassiz city 
(Canada) (modified from Bridger and 
Allen, 2014). 

Figure 7-3. ATES-systems in Utrecht city 
(Netherlands) after 70 years (modified after 

Bloemendal  et al., 2014). 

 
Figure 7-4. Aquifer thermal energy storage system under seepage velocity effect in Agassiz 
city (Canada) (modified after Bridger and Allen, 2014). 

 

Thermal radius 

The pumping wells 
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The distances between the wells and the rate of discharge for the production system depend on 
the GW flow conditions and the hydrogeological and geo-energy properties as well as the 
pumping/injecting rate from the storage well (see figure 7-5). 

c. Use sheet piles/walls to change GW flow conditions. In this alternative, a wall/sheet pile is 
implemented in front of the thermal plume of the storage to prevent the access of seepage 
velocity effect, see figure 7-6. 

All these solutions are not approved until now, and they will be very useful since the aquifer 
thermal storage system is the most feasible system for district seasonal storage.    

 

Figure 7-5. Use injection wells to change GW flow hydraulic (modified from Martin 
Bloemendal et al., 2018). 

 

Figure 7-6. Use piles/walls to change GW flow conditions (modified Martin Bloemendal 
et al., 2018). 
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Abstract 
Iraq is located in the Middle East with an area that reaches 437,072 km2 and a population of about 
36 million. This country is suffering from severe electricity shortage problems which are expected 
to increase with time. In this research, an attempt is made to minimize this problem by combining 
the borehole thermal energy storage (BTES) with a heat pump, the indoor temperature of a resi-
dential building or other facility may be increased or reduced beyond the temperature interval of 
the heat carrier fluid. Due to the relatively high ground temperature in Middle Eastern countries, 
the seasonal thermal energy storages (STES) and ground source heat pump (GSHP) systems have a 
remarkable potential, partly because the reduced thermal losses from the underground storage 
and the expected high COP (ratio of thermal energy gain to required driving energy (electricity)) 
of a heat pump, partly because of the potential for using STES directly for heating and cooling. In 
this research, groundwater conditions of Babylon city in Iraq were investigated to evaluate the 
possibility of using GSHP to reduce energy consumption. It is believed that such system will reduce 
consumed energy by about 60%. 

 
Keywords 
Ground Source Heat Pump, Seasonal Thermal Energy Storages, Energy Saving, Babylon, Iraq 

 
 

1. Introduction 
Iraq is located in the Middle East region with an area that reaches 437,072 km2 (Figure 1). The population of 
Iraq reaches 36 million. The climate of the country is hot arid with subtropical influence. The temperature dur-
ing summer is usually above 40˚C as an average and it exceeds 50˚C during the day in July and August.  
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Figure 1. Location map of Iraq.                                        

 
During winter the average temperature during the day is about 15˚C and falls below zero at some nights. 

Recent years indicated that the use of electricity is increasing for heating and cooling purposes. The electricity 
situation in Iraq is very poor since the bombing of the electricity generation plants during Gulf War I and II. For 
this reason Iraq, outside is autonomous Kurdish region, cannot guarantee its people a reliable electricity supply 
for a whole day. Iraq capacity of generating electricity is about 13 Gigawatts (nearly a third from Kurdistan) and 
this is still a quarter short of demand. It is assumed that the demand will reach about 42 Gigawatts by 2030 [1]. 
About 79% of the electricity is domestically consumed. In 2013 the output of the electricity sector in Iraq aver-
ages about 10,000 MW [2]. It should be mentioned however that, the demand is 14,000 MW. Iraq, cannot guar-
antee its people a reliable electricity supply for a whole day. It imports gas from neighboring Iran at high Euro-
pean prices and electricity from Turkish barges in the Gulf. Many Iraqis run their own generators, which account 
for 8% of the country’s total electricity supply and can cost a family as much as $1000 a month (a sixth of aver-
age annual income) [1]. A number of factories (about 35,000) have been shut down the last 20 years, leaving 
almost seven million people without jobs [3]. To overcome the shortage it costs Iraq $40 billion a year [1]. 

There is no accurate estimate for actual electricity demand due to its suppression by institutional and eco-
nomic constraints on consumption and the lack of accurate historical data since the 1990s [4]. In two recent stu-
dies, [4] estimated the demand between 50 and 70 percent higher than originally anticipated by the Iraqi Gov-
ernment (Figure 2), taking into account factors such as shifting demographics and suppressed demand. Total 
peak demand is likely to reach 50,000 to 60,000 MW by 2030 while the Iraqi Government forecasts peak de-
mand as a mere 35,000 MW [4]. Continuous population growth (Figure 3) and the substantial jump in GDP 
growth after 2003, mainly due to the increase in crude oil prices, have contributed to the increase in the demand 
for electricity (Figure 4) [4]. Almintor [5] reported an example of one of the citizens in Babylon where he uses 
his own gasoline-powered generator, which produces 10 amps for six hours a day. The second source of elec-
tricity is the neighborhood’s generator supplying 20 amps for nearly 10 hours a day; then the rest of the day is 
supplied by the government. The Iraqi Government is still struggling to restore the electricity [6]. 

In view of the above, it is of prime importance to reduce the energy consumption without affecting the stan-
dard of living. In this research, the optimization of ground source heat pump systems is to be demonstrated for 
Babylon Governorate. It is believed that this approach will reduce tremendously the energy loss in heating and 
cooling. 

2. Study Area 
Babylon Governorate is situated in the middle of Iraq about 100 km to the northest of the Iraqi capital, Baghdad 
[7], between latitude 32˚5'41"N and 33˚7'36"N, and longitude 44˚2'43"E and 45˚12'11"E (Figure 5). It houses 
one of the most famous cities of the ancient world, the city of Babylon was built 4100 years ago, and the city  
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Figure 2. Electricity demand [4].                                                      

 

 
Figure 3. Population growth rate [4].                                                      

 

 
Figure 4. Electricity supply/demand 1991-2010 [4].                                                      
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Figure 5. Map of Babylon Governorate.                                    

 
was the power center of an expansive and influential empire. Babylon Governorate has a population of about 
1,974,490 inhabitants distributed throughout sixteen cities, as shown in the Figure 6 [8]. The governorate is di-
vided administratively into five major cities, referred to as Qadhaa and these cities are further divided into six-
teen smaller cities called Nahiah. The administrative units of Babylon Governorate and their area are shown in 
Figure 7 and Figure 8, according to [9]. The governorate is characterized by relatively flat inclining land. The 
northern part of the governorate rises to approximately 60 m above sea level and falls to approximately 20 m 
over sea level in the southern part. This gradual decline is broken by a specific area of Al-Iskandariyah Nahiah, 
in the north of the governorate, which rises between 35 - 45 m above sea level. The land is fertile because Shatt 
Al-Hillah River passes through most cities in Babylon Governorate. The river branches off from the Euphrates 
River at the town of Sadah Al-Hindiah in the north of governorate and forms an important part of the beautiful 
scenery that is a feature of this governorate [9]. The governorate is characterized by its desert climate. The tem-
perature fluctuates dramatically between day and night also with the changing seasons. Temperatures during the 
summer season can reach 45˚C - 50˚C with 12 hours of sunlight/day and usually no precipitation. The winter is 
cold and rainy. There is 6.2 hours/day of sunlight with temperatures generally remaining above zero 0˚C al-
though on some nights they can fall below freezing. Precipitation falls at an average rate of 50 - 200 mm/year, 
which considered very low [7] [9]. 

3. Groundwater Conditions 
Mesopotamian plain is a topographically flat plain. The slope is gentle from Baghdad to Basrah, but it gently 
undulated north of Baghdad. The elevation ranges from 150 to 3 meters above sea level. This region covers the 
area bounded by the Rivers Tigris and Euphrates south of Baghdad to the Gulf (Figure 9). The groundwater in 
this region is usually found within the recent alluvial deposits. The Tigris and Euphrates are the main source for 
groundwater in this region. The salinity varies with depth where it is of the order of 3500 ppm at depths less 
than 20 m while it reaches 20,000 ppm at greater depths, the groundwater table is very shallow near the ground 
level. In restricted areas fresh water of very good quality can be found overlying saline groundwater. Quaternary 
sediments (alternation of clay, silty clay, clayey silt, silt, sand and gravel) cover this area. 

The general groundwater flow in the central part of the Mesopotamian plain is towards southeast with some 
local divergences to the east and south (Figure 10). Groundwater recharge is by percolation of surface water 
from rivers, streams, infiltration of rain and Irrigation water [10]. Araim [11] and Al-Jiburi [12] stated that 
another source of recharge is possibly in form of lateral and upward leakage from the groundwater of carbonate 
aquifers at the western part of the Mesopotamia Plain, whereas the natural discharge is mainly in the form of 
evapotranspiration [10]. Influent river phenomenon exists along the left bank of Euphrates River, as well as along  
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Figure 6. Administrative units of Babylon Governorate and its population/(1000) [8].                                

 

 
Figure 7. Cities area of Babylon Governorate [9].                                                           

 

 
(a)                                                    (b) 

Figure 8. (a) proportion of Qadhaas’ area; (b) The total area for each Qadhaa in Babylon Governorate.                 
 

 
Figure 9. Location of Mesopotamian plain.                                                                



J. Lindblom et al. 
 

 
135 

 
Figure 10. Hydrogeological map of the Mesopotamia Plain, shows static water level and direction 
of the groundwater flow (after [10]).                                                                

 
both sides of Al-Hilla River [10]. Transmissivity and permeability ranges from 10 to 165 m2/day and 1 to 27 
m/day respectively [10]. The water is maily chloridic with sulphates and its total dissolved solids ranges from 
<1000 to 422,000 mg/l (Figure 11) [10]. At Babylon Governorate, the data collected from 130 groundwater 
wells (Figure 12) indicated that the dominant water table depth is ranging from about 2 to 4 meters (Figure 13) 
while the permeability ranges from 0 to 2.9 m/day (Figure 14). 

4. Seasonal Thermal Energy Storage 
Seasonal thermal energy storages (STES) are designed for storing thermal energy from one season to another. 
During winter, heat is extracted by circulating a cool heat carrier through the storage. The heat carrier extracts 
thermal energy from the warmer storage volume, and transports the absorbed energy to the recipient at the 
ground surface. During the summer months, the system can be reversed, so that the heat carrier absorbs indoor 
heat, and releases it to the underground storage, which is thereby recharged [15].  

One of the most commonly used STES today is the borehole thermal energy storage (BTES), in which one 
or more boreholes of 0.10 - 0.15 m in diameter are drilled vertically into the bedrock to 50 - 300 meters depth 
[13]. A U-shaped plastic pipe is inserted into each borehole, through which a heat carrier fluid is circulated. 
The space between the U-pipe and ground may be grouted, or filled with naturally occurring groundwater [14]. 
The BTES can when necessary be charged with excess heat up to temperatures of about 85˚C, which is the  
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Figure 11. Hydro-chemical map of Mesopotamian plain (after [10]).              

 

 
Figure 12. Location of groundwater wells in Babylon Governorate.               
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Figure 13. Static groundwater level (m) at Babylon Governorate.               

 

 
Figure 14. Permeability (m/day) of groundwater aquifers at Babylon Governorate.      

 
critical temperature of the plastic pipes in commercial use today [16]. BTES has become very popular in many 
countries in applications ranging from single family house systems to large district heating and cooling systems. 
Sweden is one of the world leading countries in BTES installations, supplying up to 20% of the heating demand 
[17]. As BTES can be constructed below buildings, parking lots, etc., the technology is viable even in densely 
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populated urban areas. The very long life expectancy of at least 100 years is another advantage of this technolo-
gy [16]. 

By combining the BTES with a heat pump, the indoor temperature of a residential building or other facility 
may be increased or reduced beyond the temperature interval of the heat carrier fluid (Figure 15). These so 
called ground source heat pump (GSHP) systems are generally associated with very high thermal performance 
compared to conventional heating and cooling systems, even compared with other heat pump systems. In Sweden, 
a GSHP installation designed for a single-family house reduces the electricity consumption between 64% - 80%, 
compared to electrical radiators, according to the Swedish Energy Agency [18] [19]. Due to the warmer climate 
in Iraq, heat pump performance (COP) is expected to be higher than what is achieved in Sweden. In a study 
performed by [20] of the potential for GSHP in Syria, the annual cost for heating and cooling of a chicken farm 
was reduced by 69.2% compared to a conventional coal heater and ASHP air conditioner. In the same study, the 
COP of a typical ASHP and GSHP system was compared in a Syrian climate. For heating and cooling, the COP 
for the ASHP was 4 and 4.3, respectively, while for the GSHP the COP was 6.2 for heating and 10 for cooling. 

Another common type of GSHP system is the so called shallow GSHP, where the heat carrier circulates inside 
closed collector loops, typically placed horizontally in the top 3 meters of the ground. The passively stored 
thermal solar energy in the topsoil layers of the ground is thereby used for heating purposes during winter. 
Cooling is achieved by releasing excess heat to the ground. In climates with negligible risk of frozen ground, 
water can be used as heat carrier fluid in the ground, thereby eliminating the risk of ground pollution in case of 
pipe ruptures.  

The primary difference in the shallow ground source system and the BTES is that the former are most suitable 
in locations with wet soils of low permeability, where the thermal conductivity is relatively high around the col-
lector pipes, while BTES is installed where the bedrock is shallow and robust. The installation cost in shallow 
ground source heat pump systems are also generally less than in BTES coupled with heat pumps, but the re-
quired ground area is on the other hand considerably larger. The heat pumps used in combination with both 
BTES and shallow ground source systems are, however, usually of the same capacity and functionality. 

Where the geohydrological and demographic situation is found suitable, Aquifer Thermal Energy Storage 
(ATES) systems can be used for cooling and/or heating purposes. These systems usually require one set of cold 
wells and another set of warm wells in the aquifer. A small scale ATES may consist of only two wells, one cold 
and one warm. During winter, the cold wells are charged with outside natural cold, using cooling towers, dry 
coolers, or waste cold water from heat pumps generating heat [20] [21]. Warmer water is simultaneously with-
drawn from the warm wells at the same pumping rate. When cooling is required, the pumping is reversed so that 
cold water is extracted from the cold wells, and warmer water is injected into the warm wells. 
 

 
Figure 15. Simple bore hole storage connected to a heat pump for domestic space 
heating and cooling [19].                                                        
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5. Conclusion 
GSHP and ATES have a great potential to improve both the energy market and the environment in Middle East-
ern countries in order to promote the technology in this region of the world; test facilities and pilot plants should 
be constructed and evaluated. There are several software products available for analyzing different types of de-
signs. If site specific designs are to be possible, in-situ measurements must also be conducted. It is believed that 
using this technique for cooling and heating purposes will reduce electricity consumption by at least 60%. 
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Abstract 
Groundwater is one of the main resources from the earth, especially for arid or se-
miarid countries. For this reason, it is very important to keep it unpolluted. Drastic 
Model is one of the widely used models to detect groundwater vulnerability to the 
contaminants that are found on ground surface. In this model, it is assumed that the 
vulnerability of the groundwater is affected by seven hydrological parameters. They 
are: depth from the surface ground to groundwater, net recharge into the aquifer 
from the surface, aquifer media, soil media, area topography, impact of vadose zone 
and aquifer hydraulic conductivity. In this study, the DRASTIC model was applied 
on the northern part of Babylon governorate in Iraq, to predict the vulnerability of 
Groundwater in that area. The results indicate that the vulnerability is very low to 
low grade.  
 

Keywords 
Groundwater Vulnerability, Groundwater Sensitivity, DRASTIC Model, GIS,  
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1. Introduction 

In the last decades, big developments took place in all fields of knowledge and industry 
with intensive attention on investment of all available resources to get the maximum 
benefit with minimum cost and minimum side effects on the environment. 

Groundwater is one of the main water resources on the earth [1] [2], especially for 
arid and semi-arid countries for two reasons. The first is the scarcity of both surface 
water, and the second is the relatively low susceptibility of groundwater to pollution 
[3]. After the industrial revolution the world witnessed many changes due to the global 
warming as a result of the large development in industry. Consequently, many countries 
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were affected and became arid or semi-arid. Middle East and North Africa countries are 
on the top of the affected countries. Some studies highlighted the size of the problem by 
comparing the annual water share for each person. For Iraq, it was found that the share 
reached about 6029 (m3/capita·year) during 1995, and it was expected to be 2100 
(m3/capita·year) in 2015 [4]. 

Recent work indicates that Iraq is facing water crises problems and its water re-
sources are declining due to climate change and building of dams upstream the Tigris 
and Euphrates rivers [5]-[14]. Due to this fact, Iraq will be depending more on its 
groundwater resources. Since groundwater is threatened to be contaminated due to 
natural reasons or different human activities (e.g. residential, industrial, agricultural ac-
tivities municipal and commercial) [15], in addition for the fact that water quality is an 
effective measure for human welfare [16], then it becomes very important to study the 
groundwater potential to be contaminated and try to avoid contamination hazards.  

There are two types of vulnerability intrinsic and specific vulnerability. Intrinsic vul-
nerability may be defined as how much easy for the contaminant that is found on the 
surface ground to be carried by the infiltrated water and diffused in to the groundwater 
[17] [18], while the specific vulnerability could be defined as the ability of a specific 
contaminant or a group of contaminants to be transported by the infiltrated water and 
diffuses in groundwater [17] [19].  

Some researchers studied the vulnerability of groundwater in various parts of Iraq 
[20] [22], but none of them studied the groundwater conditions in Babylon Governo-
rate. The groundwater in this area is relatively shallow and can be easily contaminated. 
For this reason this research was performed to see the vulnerability of groundwater to 
be polluted in the northern part of Babylon Governorate. This can help decision makers 
for putting prudent management planning for the groundwater resources in this go-
vernorate. 

2. Study Area 
2.1. Location 

The studied area represents the north part of Babylon governorate, the famous ancient 
city which is located in the middle part of Iraq about 100 km south of the capital Bagh-
dad (Figure 1). It is bounded between longitudes (44˚2'42.245''E and 45˚2'2.964''E) and 
latitudes (32˚25'55.287''N and 33˚7'34.229''N) (Figure 1). The study area includes the 
two northern administrative units from the five units of Babylon governorate, which 
are Al-Musayyab Qadhaa’ and Al-Mahawil Qadhaa’ (Figure 1) covering an area of 
about 2794 km2. Its population is about 710832 capita [23]. It is bordered by Baghdad 
from the north, Wasit from the east, Karbala and Anbar from the west, and the south-
ern part of Babylon from the south (Figure 1). The Euphrates River flows through this 
area for about 52 km (with 34 km before the Hindyia barrage which controls Euphrates 
flow into the downstream water courses: Euphrates, Shatt Al-Hilla, Kifil, Hussainina, 
Beni Hassan), and Tigris River flows for a distance of about 112 km about 20 km to the 
east of this area. 
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Figure 1. Study area. 

 
The study area forms 2.4% of the Mesopotamia plain (Figure 2) which covers an area 

of about 116,000 km2 [24]. The general topography of this area is characterized by its 
imperceptible gradient from northwest to the southeast. Where the highest point in this 
area is about 62 meter above sea level (m.a.s.l.) in its northern part, and the lowest 
point is about 21 (m.a.s.l.) in its southern part. This coincide with the slope of Mesopo-
tamia Plain, where its highest point is 140 (m.a.s.l.), in Fatha vicinity in the north, whe-
reas its lowest point is about 1 (m.a.s.l.), in the extreme southeastern margin along the 
Gulf [24].  

Generally, the soil in this area is alluvial fluvial silty clayey loam similar to the whole 
Mesopotamia Plain soil, where its origin is the fluvial deposition from Euphrates and 
Tigris Rivers. The climate of this area is arid or semiarid. It is extremely hot in summer, 
mild winter and short transition seasons of spring and autumn. The mean annual rain-
fall ranges between 200 mm to 125 mm from the north to the south, and the average 
annual evaporation from this area coincide with the general evaporation range for the 
Mesopotamia Plain which is 2600 mm in the northern parts to 3250 mm in the south-
ern parts (Figure 2) [24].  
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Figure 2. Location of the study area within the Mesopotamia plain [27]. 
 

The stratigraphy of the Mesopotamian region was summarized by Yacoub [25]. The 
sequence of deposits can be summarized as follow (Figure 3). 

1) Pliocene-Early Pleistocene Rock Units: These are represented by Bai Hassan For-
mation, Dibdibba Formation, Mahmudiya Formation. Bai Hassan is the formation that 
is found in the studied area, where the other formations are located in other locations 
in the Mesopotamia Plain. 

2) Pleistocene Sediments (Rock Units): These are sediments of the Mesopotamia 
Fluvial Basin, alluvial fan sediments, and river terraces (Figure 4). The study area con-
tains fluvial sediments and some of river terraces. 
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Figure 3. Subsurface geological cross section between Iskandariyah–Mandali, Northern Meso-
potamia plain [25]. 
 

 
Figure 4. Euphrates river terraces in the vicinity of Iskandariyah after [25]. 
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3) Pleistocene-Holocene Sequence: These are Sheet Run-off sediments, slope sedi-
ments, and gypcrete. This type of sediment is not observed in the study area. 

4) Holocene Sequence: This is the existing sedimentary environment. This type of 
sediments covers the majority of Mesopotamia plain (Figure 5). They make the upper 
part (about 15 - 20 m) of the Quaternary sediments of the Mesopotamia Basin. The 
Holocene sequence contains different types like fluvial, deltaic, lacustrine and estua-
rine/marine units. But the types that cover the study area are mostly flood plain of 
Euphrates and Tigris Rivers, some Aeolian sediment exists in the north and south of 
the studied area. There are some areas in the north of the studied area having exposures 
of Bai Hassan formation, which represents Pliocene-Early Pleistocene sediments 
(Figure 5). The depth of Quaternary deposits (Pleistocene deposits and Holocene de-
posits) reaches in some sites up to 100 m (see Figure 3). 
 

 
Figure 5. Geological map of the Mesopotamia plain [25]. 
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The aquifer-aquitard in Mesopotamia Plain is considered lithological complex aqui-
fer system [26]. This is due to the fact that there are abrupt lithological changes in the 
Mesopotamian plan which affects the hydrogeological properties. These effects repre- 
sented by the heterogeneous lithification (laterally and vertically) on the sediments 
which lead to heterogeneous hydraulic conductivity in the plain, consequently difficulty 
in aquifer-aquitard delineation.   

2.2. Population and Water Use  

The population of the study area is 710,832. The major cities cover an area of 32.12 km2 
with a population density greater than 5000 (capita/km2), and the remainder of the area 
(2691 km2) has population density less than that (see Figure 6). 

The main share of the used water in this area is consumed in the agriculture purposes 
with the fact of presence about 2961 km2 arable area. 
 

 
Figure 6. North Babylon population distribution. 
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2.3. Hydrology of the Mesopotamia Plain 

The groundwater piezometric level for the plain is based on the assumption of the hy-
draulic continuity within the entire Quaternary aquifer system. This means that all the 
aquifers in the plain are in a hydraulic continuity, which depends on the degree of lithi-
fication. Furthermore, there are two more facts related to the hydrogeological condi-
tions in the sedimentary plain. The first is the hydraulic continuity between the aquifer 
complex system and the rivers in the plain and the second is the hydraulic continuity 
between the aquifer system and the deep formation underlying the fluvial deposits. 
Thus, depending on these assumptions the water table can be drawn in Mesopotamia 
Plain [26]. 

3. Methodology 

In this study the DRASTIC model with the aid of GIS program was used to evaluate the 
intrinsic vulnerability of the aquifer of the study area [28] [29]. DRASTIC model was 
first developed by the United State Environmental Protection Agency (EPA) for eva-
luating the groundwater pollution potential [30] [31] [32], and during the last years it 
was widely used [33], because it gives a good indication for the groundwater sensitivity 
for the contaminants, and it is easy to get the required information for application of 
this model on groundwater [2].  

The concept of DRASTIC model is that groundwater is affected by the contaminants 
that are carried by infiltrated water from the surface of the ground. In this model the 
contaminants are assumed to be on the ground surface, they are flushed into the 
groundwater by precipitation, and they have the mobility of the water [31]. 

According to DRASTIC model, the intrinsic vulnerability of the aquifer is affected by 
seven geological, hydrological parameters. These can cause changes of the groundwater 
quality of the aquifer [30]. The seven parameters are collected in the acronym 
DRASTIC which refers to: (D) depth to groundwater (which means depth from the 
ground surface to the water table), (R) net recharge, (A) aquifer media, (S) soil media, 
(T) topography, (I) impact of vadose zone media, and (C) hydraulic conductivity of the 
aquifer [30] [32].  

In DRASTIC model each parameter has two values the first value is the rating value 
and the second is the weighting value. The rating value for each parameter ranges from 
1 to 10 depending on the different effects of the variable types of that parameter on the 
vulnerability of the aquifer. The weighting value of each parameter is a constant value 
in the model, i.e. it will be constant for different rating values of that parameter.  

The parameter weight value depends on the potential effect of that parameter on the 
groundwater vulnerability. Table 1 and Table 2 show the weight values with a brief 
description for each parameter and how it affects the vulnerability of the aquifer and 
the rating values for different cases for each parameter can be seen respectively.  

DRASTIC index is the output of the DRASTIC model, which represents the vulnera-
bility index of the groundwater, i.e. the higher DRASTIC index the greater chance for 
the groundwater to be affected by the pollution of the contaminants. The DRASTIC  



Q. Al-Madhlom et al. 
 

891 

Table 1. Assigned weight for DRASTIC parameters [32]. 

Factors/hydrological  
settings 

Description Relative weights 

Depth to water 
It is depth from ground to water table, deeper  

the water table lesser will be the chances of  
pollutants to interact with groundwater. 

5 

Net Recharge 
It is the amount of water/unit area of land that penetrates  

the ground surface and reaches the water table, it is the 
reporting agents for pollutants to the groundwater. 

4 

Aquifer media 

It is the potential area for water storage, the contaminant 
attenuation of aquifer depends on the amount and  

sorting of fine grains, lower the grain size higher the 
attenuation capacity of aquifer media. 

3 

Soil media 
Soil media is the uppermost and weathered part of  
the ground, soil cover characteristics influence the  

surface and downward movement of contaminants. 
2 

Topography 

it refers to slope or steepness, areas with low slope  
tend to retain water for longer, this allows a greater  

infiltration of recharge of water and a greater potential  
for contaminant migration and vulnerable to ground  

water contamination and vice versa. 

1 

Impact of vadose zone 

It is the ground portion found between the aquifer and the  
soil cover in which pores or joints are unsaturated,  

its influence on aquifer pollution potential similar to  
that of soil cover, depending on its permeability,  

and on the attenuation characteristics of the media. 

5 

Hydraulic Conductivity 

It refers to the ability of the aquifer formation to  
transmit water; an aquifer with high conductivity is  

vulnerable to substantial contamination as a plume of 
contamination can move easily through the aquifer. 

3 

 
Table 2. DRASTIC parameters and their rating scale [30]. 

Parameters 
Weight  

scale (w) 
Range Rating (r) 

Index scale  
(r * w) 

Depth to the  
water table (m) 

5 

0 - 1.5 10 50 

1.5 - 4.5 9 45 

4.5 - 9.1 7 35 

9.1 - 15.2 5 25 

15.2 - 22.9 3 15 

22.9 - 30.5 2 10 

>30.5 1 5 

Net Recharge  
of aquifer 

(mm/year) 
4 

0 - 50.8 1 4 

50.8 - 101.6 3 12 

101.6 - 177.8 6 24 

177.8 - 254.0 8 32 

>254.0 9 36 
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Continued 

Aquifer  
media 

3 

Massive Shale 2 6 

Metamorphic/Igneous 3 9 

Weathered Metamorphic/Igneous 4 12 
Thin Bedded Sandstone,  

Limestone, Shale Sequences 
6 18 

Massive Sandstone 6 18 

Massive Limestone 6 18 

Sand and Gravel 8 24 

Basalt 9 27 

Karst Limestone 10 30 

Soil media 2 

Thin or Absent 10 20 

Gravel 10 20 

Sand 9 18 

Peat 8 16 

Shrinking and/or Aggregated Clay 7 14 

Sandy Loam 6 12 

Loam 5 10 

Silty Loam 4 8 

Clay Loam 3 6 

Muck 2 4 

Nonshrinking and Nonaggregated clay 1 2 

Topography  
(Slope) as (%) 

1 

0 - 2 10 10 

2 - 6 9 9 

6 -12 5 5 

12 - 18 3 3 

>18 1 1 

Impact of  
Vadose Zone 

5 

Silt/Clay 1 5 

Shale 3 15 

Limestone 6 30 

Sandstone 6 30 

Bedded Sandstone, Limestone, Shale 6 30 

Sand and Gravel with significant Silt and Clay 6 30 

Metamorphic/Igneous 4 20 

Sand and Gravel 8 40 

Basalt 9 45 

Karst Limestone 10 50 

Hydraulic 
Conductivity 

(m/day) 
3 

0.0407 - 4.074 1 3 

4.074 - 12.222 2 6 

12.222 - 28.52 4 12 

28.52 - 40.74 6 18 

40.74 - 81.48 8 24 

>81.48 10 30 
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model can be written as [21] [30] [34]: 

I r w r w rR w r w r w r w r wD D D R R A A S S T T I I C C= ∗ + ∗ + ∗ + ∗ + ∗ + ∗ + ∗         (1) 

where D, R, A, S, T, I, and C are the seven parameters, r and w refer to rating and 
weight values for the corresponding parameter.  

After collecting all the required data to calculate the DRASTIC Index for a specific 
region, ArcMap10.3 of GIS-Software is needed to perform DRASTIC model on that re-
gion. The ArcMap10.3 gives the capabilities to construct a digital map (raster map) for 
each parameter of the seven parameters. The constructed maps work as layers for the 
same region. Then by using Raster Calculator Tool in Map Algebra Tool Box from Spa-
tial Analyst Tools, an integrated map for the DRASTIC Index can be generated. The 
resultant map represents the Vulnerability index map of the region. From the literature 
[2] [20] [21] [31] [32] [33] [35] the vulnerability can be divided into seven classes de-
pending on RASTIC index, these classes are summarized in Table 3. From Table 3, it 
can be seen that high DRASTIC index corresponds to high vulnerability, i.e. ground-
water is easily affected by the contaminants.   

4. Results and Discussion 

After collecting and inputting all the required data to find the aquifer vulnerability for 
north Babylon region, Arc Map software was used to construct seven rated layers for 
that region representing seven parameters’ maps, with one layer for each parameter. 
The resulting maps were two for each variable (before the rating and after the rating). 

4.1. Depth to Groundwater Table Map 

The results from the Arc Map program showed that the area of north Babylon is 
2794.42 km2. The unrated map for the depth to the groundwater is shown in Figure 
7(a). The results indicate that most of the region (about 87% from the area) has a depth 
to groundwater ranging from 1.5 to 4.5 m, and a small area (about 11%) has ground-
water depth with a range of 4.5 to 9.1 m and a very small area with depth to ground-  
 
Table 3. Vulnerability classification. 

Vulnerability class DRASTIC Index 

No <61 

Externally very low >61 - 80 

Very Low >80 - 100 

Low >100 - 120 

Moderate >120 - 140 

High moderate >140 - 160 

High >160 - 180 

Very high >180 - 200 

Extremely very high >200 
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(a)                                        (b) 

Figure 7. Depth to groundwater map ((a)-before the rating; (b)-after the rating). 
 
water less than 1.5 m. By using the Arc Map toolboxes the rated map for the depth to 
the groundwater was produced, and it is shown in Figure 7. The rated map (Figure 
7(b)) shows that there are three zones (depending on the rating) in the studied area 
which are 7, 9 and 10 zones. 

4.2. Net Recharge Map 

Figure 8(a) shows the unrated recharge map of the studied area. It is obvious from the 
map that all the area has a net recharge less than 50 mm/year. Consequently the rated 
map for the recharge is one zone map which has rating equal to 1 (Figure 8(b)). 

4.3. Aquifer Media Map  

The aquifer media for the studied area is from one type which is silty clay, as shown in 
Figure 9(a). Depending on that classification the rated map of the aquifer media has 
also one type rating which is 6 (Figure 9(b)). 

4.4. Soil Map 

According to Table 1 and the soil map for the study area (Figure 10(a)), there are three 
type of the soil rating in the studied area. These are clayey loam, silty loam and sandy 
loam. The results of ArcMap indicate that the area is covered by clayey loam soil (20%), 
silty loam soil (74%), and sandy loam soil (5%). Consequently the rated map of the soil 
is shown in Figure 10(b). 
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(a)                                        (b) 

Figure 8. Recharge map ((a)-before the rating; (b)-after the rating). 
 

 
(a)                                        (b) 

Figure 9. Aquifer media map ((a)-before the rating; (b)-after the rating). 
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(a)                                        (b) 

Figure 10. Soil map ((a)-before the rating; (b)-after the rating). 

4.5. Topographic Map (Slope Map) 

The topographic map can be produced by using the Digital Elevation Map (DEM) and 
the Arc toolboxes in ArcMap. The topographic map of the area is shown in Figure 
11(a). The results show that most of the area (which is about 93%) has a slope ranging 
between 0% and 2%, while an area about 6.5% has a slope ranging from 2% to 6%. Fi-
nally, a very small area (0.026%) has a slope ranging between 6% and 10%. According 
to the unrated map of the slope the topographic rated map can be drawn as in Figure 
11(b), in which three types of zones can be distinguished according to the slope value 
which is 5, 9 and 10 rated zones. 

4.6. Impact of Vadose Zone Map 

Figure 12(a) shows the unrated map of impact of vadose zone, in this figure the area is 
classified as one type, because the entire region has one type of vadose zone which is 
silty clay. Due to that classification the resultant rated map for impact of vadose zone in 
Figure 12(b) is also one type and has the rating 3 according to the classification in 
Table 2. 

4.7. Hydraulic Conductivity Map 

Figure 13(a) represents the unrated map of hydraulic conductivity, according to the 
results, the region is divided into 3 zones due to the difference in the hydraulic  
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(a)                                        (b) 

Figure 11. Topographic map ((a)-before the rating; (b)-after the rating).  
 

 
(a)                                        (b) 

Figure 12. Impact of Vadose zone map ((a)-before the rating; (b)-after the rating). 
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(a)                                        (b) 

Figure 13. Hydraulic conductivity map ((a)-before the rating; (b)-after the rating). 
 
conductivity of the aquifer. These zones are less than (4.1), (4.1 - 12.2) and (12.2 - 28.5) 
m/d hydraulic conductivity. The results indicate that about 87% of the total area has 
hydraulic conductivity of less than 4.1 m/d. The remainder area (10%) has hydraulic 
conductivity between 4.1 and 12.2 m/d, and about 1.5% has hydraulic conductivity be-
tween 12.2 and 28.5 m/d. Depending on these values the rated map of hydraulic con-
ductivity was produced (Figure 13(b)). The resultant rated map shows three zones with 
rating 1, 2 and 4. 

Table 4 shows some statistical values for the rated maps for all the seven parameters. 
The integrated vulnerability map is shown in Figure 14. The map indicates that the re-
gion is divided into two zones according to the vulnerability. The first and second zones 
have vulnerability of (86 - 100) and (100 - 120) respectively. So the region in general is 
either has very low vulnerability or low vulnerability. This is due to the low rating val-
ues of the factors or because of the low weight values of these factors, especially re-
charge factor and impact of vadose zone, where they have high weight values but low 
rating values. 

5. Conclusion 

Due to water shortage problems in Iraq, it is expected that the demand of using 
groundwater resources will increase with time. Pollution of groundwater will create se-
vere consequences. DRASTIC model had been applied to look at the vulnerability of  
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Figure 14. Vulnerability map. 

 
Table 4. The statistical values for the rated maps. 

map Minimum value Maximum value Mean 
Standard  
deviation 

Coefficient of 
variation 

Depth to groundwater 7 10 8.7686 0.6570 0.2190 

Net recharge 1 1 1 0 0 

Aquifer media 6 6 6 0 0 

Soil 3 6 4.0594 0.3397 0.1132 

Topography 5 10 9.9333 0.2596 0.0865 

Impact of Vadose zone 3 3 3 0 0 

Hydraulic conductivity 1 4 1.1550 0.4751 0.1584 

 
groundwater to pollution in the northern part of Babylon Governorate in Iraq. The re-
sults indicated that the area is divided into two regions according to its vulnerability. It 
either has very low vulnerability or low vulnerability. This leads to the possibility to 
utilize the groundwater in this region with small risks on its chemical or physical prop-
erties. It is noteworthy to mention that further checking is required due to the fact 
that the low rating values of the factors or because of the low weight values of these 
factors.  
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Abstract 
Iraq highly depends on its surface water resources. Now it is facing water 
shortage problems. For these reasons, the utilization of groundwater will be 
increasing with time. Karbala Governorate is located in the central part of 
Iraq. It covers an area of 5034 km2 and the population exceeds one million. It 
is characterized by an arid or semiarid environment. Karbala Governorate 
lack surface water resource and consequently, groundwater is the only availa-
ble resource. The main groundwater aquifer within the area is Dibdibba for-
mation. It is composed of poorly sorted sand and sand stone with gravel. In 
this research hydrological and hydrogeological information were used to find 
out the magnitude and the direction of groundwater seepage velocity. The re-
sults indicate that groundwater flow toward the flood plain to the east of the 
study region. The seepage velocity ranges from 0 to 0.18 m/d, with a general 
increase when moving from the west to the east. 
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1. Introduction 

Groundwater is one of the most important sources of water in the world, since it 
represents 30% of the fresh water that consists (fresh water) in about 2.5% of the 
whole water on the earth [1] [2]. This importance increases enormously especially 
for those countries that don’t have surface water. Iraq heavily relies (95%) on its 
surface water resources [3] [4]. It was considered as one of the richest countries in 
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its water resources where the allocation per capita was 6029 m3 in 1995 and 
dropped to 2100 m3 in 2015 [3] [4] [5] [6] [7]. Recently, Iraq is suffering from wa-
ter shortage problems due to the effect of climate change and building of dams up-
stream the Tigris and Euphrates Rivers and their tributaries [3] [7] [8]. With this 
shortage in surface water in Iraq, it becomes very important to look for another 
resource of fresh water, which can fulfill the requirements of both the municipal 
and agricultural practices. The most promising resource of fresh water in middle 
of Iraq is groundwater. This is due to many reasons among them are its quality 
and occurrence near the ground surface. 

Karbala Governorate is one of the most important Iraq middle cities from its re-
ligious point of view. It covers an area of 5034 km2 and has a population that ex-
ceeds one million capita [9]. In this research the seepage velocity (magnitude and 
direction), it was evaluated for an area within Karbala Governorate, due to the 
importance of these variables in calculating many properties like the contaminants 
transporting velocity inside the aquifer, the well discharge rate, permeability of the 
aquifer, hydraulic conductivity, Darcy velocity and other geohydrology properties. 

2. Study Area 

The study area is a part of Karbala Governorate and it is located between Karba-
la and Najaf Governorates (in the middle of Iraq), between 412,000 - 432,000 
UTM longitude and 3,574,000 - 3,594,000 UTM latitude. It covers an area of 400 
km2. It is surrounded by Khan Al-Nukhaylah from the north, Khan Al-Hammad 
from the south, oil pipe from the west, and Euphrates River from the east (Figure 
1). The study area is a part from Dibdibba Basin where Dibdibba formation is 
exposed. Dibdibba Basin (2485 km2) covers a part of Karbala Najaf region and 
can be represented by a triangle plateau surrounded by Tar-Al-Sayad from the 
west, Tar-AL-Najaf from the south, and by the flood plain from the east. This  
 

 
Figure 1. Location of the study area. 
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basin has a dip that ranges from 0.5% to 0.1% from the west to the east (Figure 
2) [10]. 

Dibdibba formation is composed of poorly sorted sand, sand stone with gra-
vel. The mineral composition of Dibdibba formation consists of 84.2% Quartz, 
8.5% rock fragment, and 7.3% feldspar [11]. This (Pliocene-Pleistocene) forma-
tion is underlain by Injana (Upper Miocene) formation, which is in turn under-
lain by Nfayil (Middle Miocene) formation, then Euphrates (Early Miocene) 
formation as shown in Figure 2 [12]. Injana formation in the study area 
represents a confining or semi-confining layer for Dibdibba formation [10]. This 
forces the ground water to flow horizontally in the dip direction of Dibdibba 
formation through its thickness which ranges, in general, from 1 meter or less to 
about 18 meters [11]. Within the studied area however, it ranges from 25 m to 
70 m [10]. 
 

 
(a) 

 
(b) 

Figure 2. (a) Boundaries of Dibdibba Basin; (b) cross section inside Dibdibba formation 
[13]. 
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3. Review of Literature 

Number of researchers realized the importance of the Dibdibba basin due to: Its 
arid or semi-arid climate, which leads to low rains and limited rain recharge, and 
low fluctuation in groundwater table. Beside that there are many reasons incen-
tivize researchers to study this area, like: 

1) It is located within a major city (Karbala). 
2) Absence of surface water resources in the area where it is far from Euph-

rates and Tigris rivers. 
3) Its arid or semi-arid area, having low rain, limited recharge, and low fluc-

tuation in groundwater table. 
4) Underlain by Injana formation and having a free water table, making it 

unconfined basin aquifer type, which facilitates the measuring process. 
5) Shallow ground water, which produces an effective and quick recharge 

process. 
6) Available hydrological and geo-hydrological information of the area. 
7) Presence the natural boundaries around Dibdibba Basin, and having a dip 

from the west to east toward the flood plain lead to more accurate estimation 
process. 

8) The increasing usage of the groundwater within the area. 
Al-Ani [10] estimated the groundwater recharge of Dibdibba aquifer by using 

four techniques (groundwater fluctuation, water budget, numerical method/ Mod 
Flow/simulation model, and tracers). He found out that the tracer technique gave 
the closest results to the water exploitation in that area. Al-Mussawi [14] found 
the groundwater contour maps for the study area using Kriging and Inverse 
Distance Weighted (IDW) methods, and demonstrated the groundwater table 
decreasing in the direction from the west to the east. Ibrahim [15] studied the 
hydrochemistry of the area, and found high concentration of Ca2+ and SO4

2− in 
addition to heavy metal Zn and Al. Al-Saadi [16] classified the groundwater of 
Karbala Governorate according to WHO and Iraqi standards, US Salinity hazard 
laboratory classification [17], Wilcox specification [18], and permeability index 
(PI by Doneen [19]) classifications. According to those classification he found 
that the groundwater in some places is suitable and in others not suitable for 
drinking and irrigation purposes. Ramadhan [20] evaluated the groundwater 
recharge in the study area using four methods: fluctuating water table, water 
balance of the basin, numerical modelling, and balance of chloride ion mass in 
unsaturated zone. He found that the values from the last method (chloride ion 
mass balance) are the most accurate values comparatively to the volume of water 
from the renewed inventories. Khalaf [21] located the best places to drill irriga-
tion wells in the study area according to the topography of the region, sodium 
ratio, total dissolved salt, and groundwater elevation. In addition, he stated that 
there are two aquifers in the area: Dibdibba and Dammam. Thabit [22] generat-
ed 3-D image that simulate the resistivity for an area of 30 m * 30 m, then he 
used this image to demonstrate the seepage velocity-depth relation. He noticed 
that the maximum seepage velocity occurred in the depth ranged from 3 to 6 m 
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below the ground surface, and the seepage velocity direction is from south west 
to north east of that area. 

Despite the number of published papers, no article was found to evaluate the 
magnitude of seepage velocity of the study area (20 km * 20 km) shown in Fig-
ure 1. Therefore this article was performed to estimate this important geohy-
drological property. 

4. Methodology 

Seepage velocity refers to the velocity of the flowing liquid through the pores of 
the porous media. It can be calculated by dividing Darcy’s velocity by the effec-
tive porosity, as follow [23]: 

qv
n

=                              (1) 

where: 
v: The seepage velocity (m/d), 
q: Darcy’s velocity (m/d), 
n: The effective porosity. 
Darcy’s velocity can be found by the following equation: 

q K H= − ∇                           (2) 

where: 
K: The hydraulic conductivity (m/d), 

H∇ : Head gradient (the change in the hydraulic head per unit length in the 
direction of the flow in an isotopic aquifer). 

Since, hydraulic conductivity is equal to the transmissivity (T) divided by the 
effective thickness of the aquifer (b), therefore, Equation (1) can be rewritten as 
follow: 

( ) ( )bT H nν = − ∇                       (3) 

To generate seepage velocity maps (magnitude and direction maps) by GIS 
ArcMap software, four maps should be found first, they are: 

1) Groundwater elevation head map. 
2) Aquifer effective porosity map. 
3) Aquifer saturated thickness map. 
4) Aquifer transmissivity map. 
All these maps should be in a raster type (with floating points) and have the 

same extent and cell size; otherwise the calculation process cannot be executed. 
Also all the dimensional parameters should be homogenous (i.e. the same unit 
for length and time). Ground water elevation (in the equations) is taken from a 
certain datum, which is usually the sea level. 

The resulting maps after performing the commands (Darcy Velocity) in 
GIS/ArcMap are two maps: the first is seepage velocity magnitude map and the 
other is seepage velocity direction map. The direction map can be explained in 
an arrows map, while the magnitude map is explained as a raster map with 
floating values. 



Q. Al-Madhlom et al. 
 

284 

The process for finding Darcy’s maps includes the projection of the wells on 
the UTM coordinate system map either by interpolation using Kriging method 
which is more accurate or IDW which is less accurate. In this work Kriging me-
thod was used. Maps representing the four parameters (groundwater head eleva-
tion, effective porosity, saturated thickness, and transmissivity) were con-
structed. The same cell size for all maps was used. The input of these four maps 
was used in the command interference concerning Darcy velocity, to get the 
seepage velocity maps (magnitude and direction). 

5. Results and Discussion 

After collecting the necessary information to establish the four primary maps 
that are required for generate Darcy maps, GIS/ArcMap software was used to 
generate these maps using Kriging command (Figures 3-6). Figure 3, shows the 
groundwater head elevation above sea level in meter. From the figure it can be 
noticed that the water table dips toward the east. According to that, the ground 
water is flowing from the west to the east. 

The effective porosity of aquifer in the study area is shown in Figure 4. Since 
there are no measured values for the porosity within this area, Todd [23], and 
(GIS/ArcMap/Help) porosity ranges for different porous media were used. It 
had assumed that the average value for the porosity was 37%. Figure 5 shows the  
 

 
Figure 3. Groundwater head elevation (m.a.s.l). 
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Figure 4. Effective porosity. 

 

 
Figure 5. Saturated thickness (m) for the study area. 
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Figure 6. Transmissivity (m2/d). 

 
saturated thickness of Dibdiba formation in the study area. The figure indicates 
that the saturated thickness of the western region is more than that the eastern 
region. The saturated thickness dips from 45 m in the west to 18.75 m in the 
east. Figure 6 demonstrates the transmissivity of the study area in (m2/day). It 
can be conducted that the transmissivity increase in the east and north east di-
rection. And it ranges from 29 m2/d to 426 m2/d. 

After producing the four maps (groundwater head elevation, effective porosi-
ty, saturated thickness, and transmissivity maps), they were used to generate 
seepage velocity maps (magnitude and direction maps), through inputting them 
in the command interface of Darcy Velocity. The resulting maps are shown in 
Figure 7 and Figure 8. Figure 7 shows that the seepage velocity range is 0 to 
0.18 (m/d). Figure 8 reveals the seepage velocity direction. The overall flow di-
rection is from the west to the east. The reasons beyond that are the dip of the 
Injana upper surface which represents an impervious bed underlying Dibdibba 
formation and the dip of water table toward the east direction. Figure 9 
represent the combination of the seepage velocity direction map and the 
groundwater head elevation map. In Figure 9 the seepage velocity direction is 
perpendicular to the groundwater potential line which it is a reasonable result. 
Figure 10 represent the combination of the seepage velocity maps (magnitude 
and direction). 
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Figure 7. Seepage velocity magnitude. 

 

 
Figure 8. Seepage velocity direction. 
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Figure 9. Seepage velocity direction and the groundwa-
ter head elevation map. 

 

 
Figure 10. Seepage velocity maps (magnitude and direction). 
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6. Conclusion 

Surface water is the main fresh water resource in Iraq. During the last years Iraq 
surface water was decreased dramatically. To solve or minimize the conse-
quences of this shortage, other resources that can fulfill the municipality and 
agriculture requirements are to be used. One of the most important cities in the 
middle of Iraq is Karbala, due to its religious importance and population which 
exceeds one million. This city mainly depends on groundwater resources. The 
results indicated that the groundwater flows from the west to the east toward 
Mesopotamia Plain. This is due to the fact that Injana formation, which 
represents the bed of the unconfined Dibdibba aquifer, is dipping in that direc-
tion, and the water table is dipping in that direction also. The seepage velocity 
ranged from 0 m/d to 0.18 m/d. This variation in the seepage velocity is due to 
the changes in the geo-hydrological properties which govern the seepage velocity 
(i.e., groundwater elevation head, effective porosity, effective thickness, and 
transmissivity). 
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Abstract: Seepage velocity is a very important criterion in infrastructure construction. The planning 

of numerous large infrastructure projects requires the mapping of seepage velocity at a large scale. 

To date, however, no reliable approach exists to determine seepage velocity at such a scale. This 

paper presents a tool within ArcMap/Geographic Information System (GIS) software that can be 

used to map the seepage velocity at a large scale. The resultant maps include both direction and 

magnitude mapping of the seepage velocity. To verify the GIS tool, this study considered two types 

of aquifer conditions in two regions in Iraq: silty clayey (Babylon province) and sandy (Dibdibba in 

Karbala province). The results indicate that, for Babylon province, the groundwater flows from the 

northwest to southeast with a seepage velocity no more than 0.19 m/d; for the Dibdibba region, the 

groundwater flows from the west to the east with a seepage velocity not exceeding 0.27 m/d. The 

effectiveness of the presented tool in depicting the seepage velocity was thus demonstrated. The 

accuracy of the resultant maps depends on the resolution of the four essential maps (groundwater 

elevation head, effective porosity, saturated thickness, and transmissivity) and locations of wells 

that are used to collect the data. 

Keywords: darcy velocity large scale mapping; seepage velocity large scale mapping; average linear 

velocity large scale mapping; ArcMap/GIS software; groundwater tools; darcy velocity tool; thermal 

advection losses; heat transfer with porous media; mass transfer porous media; contaminants 

transfer within soil 

 

1. Introduction 

Groundwater represents a promising solution for one of the most significant problems facing 

humanity in recent decades. Amongst many significant complex problems, such as resource 

depletion, poverty, ecosystem service deterioration, pollution, biodiversity loss, and climate change 

and global warming [1–4], the shortage of water represents the greatest threat because it is directly 

related to human wellbeing [5,6]. According to the World Resources Institute (WRI), numerous 

countries have experienced serious problems regarding quality and quantity of water resources, and 

many more countries will face these problems in the future [7,8]. The Tigris and Euphrates river basin 

(spanning parts of Turkey, Syria, Iraq, and Iran) lost about 144 cubic kilometers of fresh water 

between 2003 and 2009. This loss is roughly equivalent to the volume of the Dead Sea [9]. The total 
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loss of all water resources in the basin between 2003 and 2010 has been estimated to be a depth of 

about 200 mm [10], resulting in drought, and affecting the marshes of south Iraq [11–14]. 

Groundwater is the most suitable solution to the problem of water shortages [15] because it is 

more reliable and predictable compared to surface water under current conditions [16,17]. During 

2015, groundwater represented the major source of fresh water for approximately 2 billion people 

globally [17]. 

Although groundwater is more reliable than surface water, it can also be depleted due to 

anthropogenic activities (mismanagement) and global climate change [18,19]. Most aquifers around 

the world are overstressed and subject to depletion because the water withdrawn surpasses the 

recharged volume [17,20]. About 60 percent (equivalent to 90 cubic kilometers) of the loss of the total 

water resources in the Tigris and Euphrates river basin during the 2003–2010 period was attributed 

to the pumping of groundwater from underground reservoirs [9]. The depletion in groundwater for 

the basin was equivalent to a fall in the water level of about 140 mm during the same period (2003–

2010) [10]. 

A large number of applications in civil engineering relate to groundwater flow, such as slope 

stability [21–23]; surface/subsurface soil erosion and sediment transport [24–26]; dam safety, 

including piping under and through dams [27–32]; groundwater contamination [33–36]; stability of 

artificially freezing ground [37,38]; sustainable management of water resources [39–42]; interaction 

between groundwater and surface water [43,44]; and karst collapse pillars [45–47]. 

Two additional important sustainable applications related to groundwater flow are geothermal 

systems and underground thermal energy storage (UTES) systems [48–59]. These systems were first 

used due to the oil crisis of the 1970s to identify alternative sources of energy [60,61], and have 

subsequently been proven to be successful in solving various challenges. Global warming represents 

an additional challenge [62,63]. As a result of their demonstrated feasibility, these systems are now 

wildly spread across Europe and North America [64–66]. However, they are still not well known in 

Middle Eastern countries, despite the potential advantages that the systems could offer in this region 

[67–72]. 

In practice, all of the previously mentioned applications of groundwater engineering are related 

to groundwater seepage. Due to the hydraulic conditions of global groundwater, it is seldom under 

static conditions [73,74], and flows from high to low hydraulic head regions [75,76]. The flow of 

groundwater is subject to Darcy’s law [75,76]. Darcy’s law states that Darcy flux, which can 

misleadingly be called Darcy velocity, is proportional to hydraulic gradient [77]. The constant of the 

proportion is the hydraulic conductivity of the porous medium (aquifer). Darcy flux is also known 

as the specific discharge or the volumetric flow rate per unit area of the aquifer. The velocity of the 

groundwater can be more accurately represented by the seepage velocity, which is also called average 

linear velocity or average pore velocity through a porous medium. Seepage velocity represents the 

average velocity of flowing groundwater within pores of a porous medium, and is derived by 

dividing Darcy flux by the effective porosity [73,75,76,78]. 

In the study area considered for this article (Babylon and Karbala regions in the middle of Iraq), 

it is expected that Aquifer Thermal Energy Storage (ATES) systems will be used in the future rather 

than conventional Heating Ventilation Air Conditioning systems. This expectation is consistent with 

the Middle East and North Africa (MENA) orientation to expand the use of renewable energy instead 

of fossil fuel [79–83]. Feasibility studies of ATES systems should be conducted prior to installation. 

One approach involves numerical simulation of ATES systems to identify potential problems and 

potential solutions [84,85]. Seepage velocity is a significant variable in these simulations, in addition 

to representing the simulation’s boundary conditions. Therefore, it is important to determine the 

seepage velocity within a given study area [86,87]. 

Numerous software packages are used to simulate the movement of groundwater in the soil and 

aquifers, including Groundwater Modelling System (GMS) [88–91]; Visual MODFLOW Flex [92–95]; 

and ModelMuse [96–99]. Most of these packages require inputting the seepage velocity as the 

boundary or initial conditions to conduct the simulation. In this study, Visual MODFLOW Flex was 

used to analyze the utilization of aquifers in the study area (Babylon and Dibdibba within Karbala) 
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as thermal energy storage systems. The MODFLOW software was used to analyze operations under 

different scenarios, and to explore the consequences of using these aquifers as thermal storage. 

Different features and properties of the ATES system must be studied prior to its implementation 

such as storage efficiency, Coefficient of Performance (COP) for the planned heating/cooling system, 

and the effect of the system on the groundwater table and potential soil settlement. Therefore, 

mapping of the seepage velocity at a large scale is required as an input to the analysis software. 

Furthermore, most groundwater simulation packages allow the import of Geographic Information 

Systems (GIS) files, which makes seepage velocity maps produced with a GIS extension useful for 

simulating groundwater systems [100–102]. 

Another benefit of mapping seepage velocity at a large scale is the innovative use of the site 

selection of the UTES system [71,103]. Seepage velocity maps are used in the determination of the 

optimal location to install the UTES systems. These maps are a significant input to the process because 

determining the optimal location requires minimizing the advection losses, i.e., minimizing seepage 

velocity [71,103]. 

Despite the importance of seepage velocity in engineering applications, such as heat transfer 

[34,37,51] and aquifer pollution [104–106], few published papers exist that consider the mapping of 

seepage velocity (direction and magnitude) at a large scale. A large number of studies have been 

conducted to simulate seepage velocity at a small scale [52,107,108], but no previous studies (with the 

exception of those conducted by the authors of the current paper) have investigated seepage velocity 

on a large scale. Therefore, this study presents a straightforward approach to mapping seepage 

velocity at a large scale. In addition, the produced seepage velocity maps can be used in other 

disciplines, e.g., optimizing the water resource management of the study area and preventing 

deterioration of Iraq’s water resources [10], in addition to the engineering applications noted 

previously. Thus, the problem addressed by this study can be formulated as the following two 

questions: “How can seepage velocity maps (direction and magnitude) be produced?”, and “What 

tools are required to produce these maps?”. To provide a better understanding of the considered tools 

and seepage velocity, a third research question can be added: “What are the differences in the seepage 

velocity between two cases of aquifers: silty clayey and sandy?”. 

It should be noted that the use of ATES systems is important for all countries trying to reduce 

their energy consumption. To apply a suitable method or techniques, the seepage velocity must be 

known within the area concerned. In addition, knowledge of seepage velocity also helps in the 

identification of a suitable site to install these systems. This paper advances a tool within ArcMap/GIS 

software that can be used to determine the seepage velocity (magnitude and direction) for large-scale 

mapping. The results can subsequently be used as an input in the simulation of ATES systems using 

MODFLOW Flex, and to find the optimal location for the installation of ATES systems using the site 

selection approach [71,103]. To illustrate the use of the presented tool and determine the differences 

in seepage velocity between two aquifer types (silty clay and sandy), two regions within Iraq were 

considered: Babylon and part of Dibdibba basin within Karbala. 

2. Study Area 

The study area comprises two regions: Babylon province and a portion of the Dibdibba basin 

within Karbala province (Figure 1). A description of each region is provided below. 



Hydrology 2020, 7, 60 4 of 30 

 

 

Figure 1. Study area (Babylon and Dibdibba aquifers within Iraq) projected on satellite images [109].  

2.1. Babylon 

Babylon province is located in the middle of Iraq, about 100 km south the capital Baghdad 

(Figure 1). Its area is about 5135 km2, and has a population of about 2 million. It is bounded by the 

longitudes 44°2′42″ E and 45°12′1″ E and the latitudes 32°5′54″ N and 33°7′35″ N; see Figures 1 and 

2a. It is part of the sedimentary plain (Mesopotamia zone) of Iraq (Figure 2a). The ground surface has 

a gentle slope from the northwest toward the southeast. The elevation of the ground in the north is 

about 72 m.a.s.l. (meters above sea level), and is about 11 m.a.s.l. in the southern areas; see Figure 2b. 

The slope of the ground surface ranges from 0% to 16.5%. About 96% of the ground surface in the 

province has a slope less than 2% (20 m/km), and 3.8% has a slope ranging from 2% to 4% (40 m/km). 

The province is mainly covered by Quaternary sediment [110]; see Figure 2. Most of these 

Quaternary sediments are eroded and transported by the Euphrates and Tigris Rivers from the 

northern parts of their basins and along their courses. The Euphrates River flows through Babylon 

province from the northwest toward the southeast. There are mainly two types of Quaternary 

geomorphological units exposed in this region: the prevail flood plain and Aeolian (southeast) 
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landforms. Both of these belong to the Holocene epoch, the most recent series within the Quaternary 

Period [110,111]; see Figure 2a. 

 

(a) 
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(b) 

Figure 2. Babylon study area, (a) geomorphology of Babylon study area, (b) ground surface elevation 

(m.a.s.l.) map; a modified after [112]. 

Stratigraphically, the Quaternary sediments in this region can be further divided into layers 

based on the geological epoch (period). Ranked from the bottom to the top, these layers are: 

 Mesopotamia fluvial basin sediments: these are fluvial sediments belonging to the Pleistocene 

epoch and comprising inner bedding varying from sandy gravel to silty clay. Sand prevails in 

this layer followed by silt. Its thickness ranges from 58 to 174 m [111]; 

 river terraces: these are well developed along the cliffs bordering the Euphrates flood plain in 

the vicinity of Iskandariyah. They belong to the Pleistocene epoch. They comprise inter-bedding 

ranging from sandy gravel to sand; however, local laminated horizons of silty clay are also found 

in some places. Their thickness reaches 6 m in the vicinity of Iskandariyah [111]; 

 flood plain sediments: Babylon province can be represented by a vast fertile flood plain 

comprising the Euphrates (primary) and Tigris (secondary) rivers. These sediments belong to 

the Holocene epoch. They consist predominantly of silty clay, but loamy sand and sandy loam 

are also recorded frequently. Their thickness ranges from 15 to 20 m [111]; 

 Aeolian sediments: these are situated in the southeastern parts of the province. It is believed that 

these sediments belong to the late Holocene epoch. The sediments essentially comprise fine 

sand, silt, and clay. The main sources of these sediments are the flood plain sediments of the 

Euphrates and Tigris rivers. Its thickness reaches 5 m [111–113]. 

The Quaternary sediments are underlain by the Pre-Quaternary sediments, which are classified 

into a number of easily distinguishable formations. The Pre-Quaternary formations comprise 

Dibdibba, Mahmudiya, and Bai Hasan formations. All of these are fluvial sedimentary rocks [111]. 

Considering the geo-hydrological conditions, there are two aquifers systems in this region. The 

first is present within the Quaternary system/formations in the region. The upper fine particle layers 

of the sediments represent the aquitards, while the deeper coarse particle layers of the sediments 
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represent the aquifers. The second aquifer system is available within the Pre-Quaternary systems. 

Pre-Quaternary formations, such as Bai Hassan and Mukdadiya, are also in a hydraulic continuity 

with the first system of aquifers, thus, the Quaternary formations produce the second aquifer system 

(Pre-Quaternary system) [114,115]. The groundwater table within the study area is very shallow; it is 

less than 9 m below the ground surface (m.b.g.s.) [115]. Furthermore, some regions have a 

groundwater table of less than 2 m depth [72]; see Figure 3. For the Babylon region, the elevation of 

the water table is not characterized by sensitive variation. This is mainly because of the low 

dependence of the region on groundwater due to the presence of the surface water. Other reasons 

include regional characteristics such as its hydrology, topography, and stratigraphy, and the presence 

of barrages and regulators that control the surface water elevation and thus control the seepage from 

rivers and canals that are not lined. 

 

Figure 3. Groundwater table depth within Babylon study area (meters below the ground surface, 

m.b.g.s.) [71]. 

The climate of Babylon province is arid to semi-arid. The annual average precipitation is 

between 100 and 150 mm/year. The mean annual temperature is about 24 °C. In summer, the 

temperature can exceed 50 °C, can drop below 0 °C at nights in winter. The mean annual evaporation 

ranges from 3.4 to 3.5 m/year [72,115]. 

2.1. Dibdibba Basin 

The second region in the study area is a portion of the Dibdibba basin, which is located in the 

plateau of the Karbala-Najaf region within the Western Desert of Iraq [116]; see Figure 4a. The overall 

Dibdibba basin is cone-shaped and encompasses an area of about 2700 km2 [117]. The studied portion 

is situated in the southeastern area of Karbala province (Figures 1 and 2a). It can be represented by a 

square region with sides of 20 km length and an area of 400 km2. It is bounded by the longitudes 

44°3′55″ E and 44°16′35″ E and the latitudes 32°17′58″ N and 32°28′52″ N; see Figures 1, 2a and 4c. 
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(c) 

Figure 4. Dibdibba study area, (a) geomography; (b) section A-A in Figure 4a above, (c) ground 

surface elevation (m.a.s.l.); a and b modified after [117]. 

The ground surface in the considered region has a slope from the west (more accurately, 

southwest) toward the east (more accurately, northeast). The elevation in the southwestern corner is 

about 83 m.a.s.l., and is about 25 m.a.s.l. at the east edge of the region; see Figure 4c. The slope of the 

ground surface ranges from 0% to 9.4% (94 m/km). About 80% of the ground surface in the region 

has a slope less than 1.9% (19 m/km), and 19% has a slope ranging from 1.9% to 3.8% (38 m/km). 

The soil types in this region can be classified into two types: Gypcrete and fluvial silty clayey 

loam soil (Figure 4a,b). The Gypcrete type covers the western and southwestern parts of the region, 

while the silty clayey loam soil covers the eastern and the northeastern parts of the region. The 

western part is a portion of Iraq’s Western Desert, and the eastern part is a portion of the 

Mesopotamia Plain. The eastern part is similar to the Babylon region in stratigraphy, and the western 

part is similar to the Western Desert of Iraq; see Figure 4b. Gypcrete, which covers the western portion 

of the Dibdibba study area, is a soil type from Quaternary deposits. Gypcrete can be defined as “a 

gypsiferous (CaSO4·2H2O) soil profile developed in arid regions. Gypcretes are formed by the 

precipitation of CaSO4 from saline waters drawn to the surface by capillary action” [118]. This layer 

is covered by a thin veneer of sand sheets and scattered pebbles. The percentage of SO4 is extremely 

variable. The thickness of the Gypcrete layer ranges from 0.5 to 2.0 m [116]. The Gypcrete layer is 

underlain by the Dibdibba formation, which represents the body of the aquifer, and belongs to the 

Pliocene–Pleistocene epoch; see Figure 4b. It mainly consists of poorly sorted sand and sandstone, 

and gravel of igneous rocks. Its thickness ranges from 3 to 15.5 m [111,116]. The Dibdibba formation 

is underlain by the Injana (Upper Miocene) formation, which is in turn underlain by the Nfayil 

(Middle Miocene) formation, then the Euphrates (Early Miocene) formation; see Figure 4b [119,120]. 

The Injana formation represents an aquitard bed for the Dibdibba formation, such that the 

groundwater flows within the direction of the dip of both the Dibdibba and Injana formations [111]. 

The depth of the water table in this region ranges from 48 m.b.g.s. in the southwestern corner to 

about 2 m.b.g.s. in the northeast corner (Figure 5). The shallow water table is one of the three reasons 

for the development of Gypcrete soil in the region. The other two reasons are groundwater 

composition and the arid climate [121]. Some variation exists in the water table elevations for the 

studied wells in the Dibdibba region between summer and winter. The mean value of the variation 
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for the considered wells is about 0.3 m. The mean values for the elevations of the water table of 

summer and winter were used in the simulation. 

 

Figure 5. Groundwater table depth within Dibdibba study area (m.b.g.s.), modified after Al-

Madhlom et al. (2019) [103]. 

As for the Babylon region, the climate of this region is arid to semi-arid. The annual average 

precipitation is about 100 mm/year. The mean annual temperature is about 24 °C. The temperature 

can exceed 50 °C during the day in summer and fall below 0 °C at night in winter. The mean annual 

evaporation ranges from 3.4 to 3.5 m/year [72,115]. 

3. Materials and Methods 

This section is divided into three subsections: Theory and equations; ArcMap/GIS software; and 

Methodology. The first subsection outlines the theory and equations used in this article. The second 

subsection discusses the software used. Finally, the last subsection describes the methodology used 

in this study. 

3.1. Theory and Equations 

Seepage velocity refers to the velocity of flowing groundwater within the pores of the aquifer 

matrix [75]. It can be defined as “the rate of movement of fluid particles through porous media along 

a line from one point to another” [76]. It is an apparent velocity through the bulk of the porous 

medium [118]. Although it is an apparent velocity, it is more realistic than Darcy flux (misleadingly 

called Darcy velocity) for the expression of the actual velocity of groundwater within the pores of an 

aquifer; this is because the Darcy flux is fabricated and assumes that the flow occurs through the 

entire cross section of the soil, whereas in reality the flow is limited to the space of the pores [122]. 

The seepage velocity can be found by dividing the Darcy flux by the effective porosity, shown in 

Equation (1) [122,123]: 

����� = 
�

����
 (1) 
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where �����  is the seepage velocity (m/s), � is the Darcy flux (m3/s·m2), and ����  is the effective 

porosity of the aquifer (dimensionless). Darcy velocity is equal to the hydraulic gradient multiplied 

by the hydraulic conductivity of the aquifer, as in Equation (2) [73,123]: 

� = −�
∆�

∆�
 (2) 

where � is the hydraulic conductivity (m/s), ∆ℎ is the difference in the hydraulic head (m), and ∆� 

is the distance (m). The hydraulic conductivity can be written in terms of transmissivity and the 

saturated thickness of the aquifer, as in Equation (3) [73,75]: 

� = 
�

�
 (3) 

where � is the transmissivity (m2/s) and � is the saturated thickness of the aquifer (m). 

Equation (3) is useful in groundwater hydraulics because most of the wells’ hydraulic logs, 

calculations, and equations are written in terms of the transmissivity rather than the hydraulic 

conductivity [73,75], and because transmissivity is an aquifer or a well attribute, whereas hydraulic 

conductivity is a soil characteristic. 

According to Equations (1)–(3), the seepage velocity can be written as Equation (4): 

����� = − 
�

� ����
 
∆�

∆�
 (4) 

Equation (4) was modeled in ArcMap/GIS and was used as a map framework to determine 

seepage velocity within the aquifers. 

3.2. ArcMap/GIS Software 

ArcMap/Geographic Information System (GIS), offered by Environmental Systems Research 

Institute (Esri), is powerful mapping software, which includes tools to create maps, perform spatial 

analysis, manage geographic data, and share results [124]. This software includes a tool called Darcy 

Velocity within the Spatial Analyst Tools\Groundwater box (Figure 6a). This tool is used to map 

seepage velocity. To draw seepage velocity using this tool, four raster maps are required to be 

inputted, they are (Figure 6b) [125,126]: 

 groundwater elevation head; 

 aquifer effective porosity; 

 aquifer saturated thickness; 

 aquifer transmissivity. 

Three conditions must be fulfilled within the input raster maps so that they can be used to 

determine seepage velocity [125]: 

 the rasters of the four maps must have the same extent and cell size; 

 the rasters of the four maps must be a floating point; 

 the maps should be dimensionally homogeneous, i.e., data should be consistent in units, using 

the same unit for time (years, days, seconds) and length (meters, feet) for all data. 

Two output raster maps are produced: the seepage velocity magnitude and the seepage velocity 

direction (Figure 6b). 
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(a) 

 

(b) 

Figure 6. ArcMap/Geographic Information System (GIS) tools used: (a) interpolation; (b) Darcy 

velocity interface [109]. 

3.3. Methodology 

The same methodology was used for both regions of the study area: Babylon and Dibdibba. The 

methodology was as follows. The required data were collected from the wells in the region. The 

collected data included: well locations (longitude and latitude); the static water head (m.b.g.s.) (meter 

below the ground surface, which represents the distance between the ground surface and the static 

water elevation in the well); transmissivity of the aquifers at the locations of the wells (m2/d); effective 

porosity of the aquifer (dimensionless); and saturated thickness of the aquifers (m). The homogeneity 

of the units of the input data were considered during the data collection. Since the wells’ logs did not 

state the effective porosity, the values of effective porosity at the well locations were obtained from 

internal reports of the Iraqi Ministry of Water Resources and Al-Qadisiyah University, Iraq (Table 1). 

Therefore, the actual effective porosity values taken in the field (and were used) were less than the 

suggested porosity cited in the literature, see [73] and Table 1. The range of the actual effective 

porosity and the total porosity are shown in Table 1. 

Table 1. Actual effective porosity in the study area (obtained from the Iraqi Ministry of Water 

Resources and Al-Qadisiyah University, Iraq) compared with the total porosity stated in the 

literature. 

Region 
Actual Effective Porosity (as 

Percent) 
Material 

Total Porosity (as 

Percent), [73] 

Babylon 21.9–26.2 
Silt 46 

Clay 42 

Dibdibba 23–29.3 
Sandstone, medium 

grained 
37 

All of the acquired data were converted to Excel files, which were then exported to ArcMap/GIS. 

Then, the wells were projected using WGS1984UTM38N projection type and the well locations 

(latitude and longitude). WGS1984 refers to World Geodetic System 1984, UTM to Universal 
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Transverse Mercator; 38 N is the area bounded by 42 E and 48 E, which includes most of the country 

of Iraq [127,128], i.e., the study area. 

Next, four event layers were made by using the Excel table: static water level; transmissivity; 

effective porosity; and saturated thickness. Using a kriging-type interpolation tool (Figure 7a), the 

four event layers were converted to interpolated maps considering the raster cell sizes (which should 

be the same). Three of the four layers were directly used as inputs in the Darcy velocity command 

window (Figure 6b): transmissivity; effective porosity; and saturated thickness. The static water level 

map could not be used because the command window requires a groundwater head elevation (water 

table elevation) map rather than a static water elevation (water table depth) map. To resolve this 

issue, the Digital Elevation Map (DEM) for the study area was acquired. Then the static water level 

raster map was subtracted from the DEM raster map to obtain the groundwater head elevation map. 

Subtraction was performed using the Map Algebra/Raster calculator tool within Spatial Analyst 

Tools (Figure 7b). The resultant raster map was stored using a significant name. 

After producing the groundwater head elevation map, the inputs were completed and ready to 

be used in the Darcy velocity command window (Figure 6b). By inputting all of the required input 

maps and specifying the desirable paths of the output maps, the tool was used to produce both of the 

seepage velocity maps: magnitude and direction. The directional seepage velocity map needed to be 

reset by accessing “Symbology”; changing the “Show” style to “Vector Field”; and resetting the 

“Single Arrow” as “Symbol” (Figure 7c). 

(a) 

(b) 
 

(c) 

Figure 7. Additional tools and settings used: (a) interpolation tool, kriging type; (b) Map 

Algebra/Raster Calculator; (c) settings window for Darcy velocity direction map [109]. 

4. Results 

The results can be divided into two parts in line with the considered region: Babylon (silty clayey 

aquifer), and Dibdibba region within Karbala province (sandy aquifer). 

4.1. Babylon 

As stated previously, the Darcy velocity tool requires inputting four raster layers (head, effective 

porosity, saturated thickness, and transmissivity) to produce the seepage velocity maps (magnitude 

and direction). The required data was collected from the wells’ logs, which were published in Al-

Jiburi and Al-Basrawi (2011) [114]. The input layers were constructed as follows: 

To draw the groundwater elevation map, an elective and typical reference is needed. In this 

study, the sea level was considered a datum for measuring the groundwater elevation. The study 

area has a graduated change in groundwater elevation from the northwest to the southeast. The 
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groundwater level ranges from 38.27 m above sea level (m.a.s.l.) in the northern parts of the province 

to about 16 m.a.s.l. in the southern parts (Figure 8). 

 

Figure 8. Groundwater elevation map within Babylon province. 

Data obtained from the in situ geo-hydrological surveys, gathered by the Iraqi Ministry of Water 

Resources and Al-Qadisiyah University (Iraq), was used to map the effective porosity within the 

regions of the study area. For the Babylon aquifer, the values of effective porosity ranged from 21.9% 

to 26.2%; see Figure 9. These values are less than those stated in the literature, which are 42% for clay 

and 46% for silt [73]; see Table 1 and Figure 9. 

 

Figure 9. Actual effective porosity map for Babylon aquifer (obtained from the Iraqi Ministry of Water 

Resources and Al-Qadisiyah University, Iraq). 

The saturated thickness represents the thickness of the aquifer surrounded by the water table 

and the bed of the aquifer. Because the wells’ logs included the values of both the water table and the 

aquifer bed, the saturated thickness was able to be calculated. The saturated thickness within the 

Babylon study area varies from 8.8 to 32.5 m; see Figure 10. 
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Figure 10. Saturated thickness map for Babylon aquifer, modified after [71]. 

Transmissivity can be defined as saturated thickness multiplied by hydraulic conductivity 

(Equation (3)). Therefore, its values depend on both saturated thickness and hydraulic conductivity. 

The region has a considerable graduated transmissivity from west to east. The transmissivity within 

the Babylon study area ranges from 52 to 157 m2/d (Figure 11). A general trend can be observed from 

the east to the west. 

 

Figure 11. Transmissivity map for Babylon aquifer, modified after [71]. 

By inputting the four raster maps (hydraulic head, effective porosity, transmissivity, and 

saturated thickness) into the Darcy velocity command window (Figure 6b), seepage velocity maps 

were able to be produced. The resultant maps include: direction (Figure 12a), magnitude (Figure 12b), 

and merged (magnitude and direction) maps (Figure 12c). The results indicate that the groundwater 

in Babylon province flows from the north and the northwest to the south and the southeast (Figure 

12a). The groundwater flow direction is consistent with the ground surface elevation and slope. 

Focusing on magnitude, the seepage velocity ranges from 2.12 × 10−6 to 0.185 m/day (Figure 12b). 

About 86% of the region has a seepage velocity ranging from 2.12 × 10−6 m/d to 5.09 × 10−3 m/d, and 

12% between 5.10 × 10−3 and 1.74 × 10−2 m/d. The remainder of the region (about 2%) has a velocity 

ranging between 1.74 × 10−2 and 0.185 m/d. 
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The groundwater flow direction is consistent with the groundwater elevation. The groundwater 

flow from high to low head elevation within the region is shown in Figure 12d. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 12. Seepage velocity maps for Babylon groundwater: (a) direction map; (b) magnitude map; 

(c) merged magnitude–direction map, (d) seepage direction–groundwater elevation head map. 

The map of the hydraulic gradient of groundwater can be used to examine the behavior of 

groundwater within the region. This map represents the slope of the water table (groundwater 

hydraulic gradient) within the Babylon aquifer. According to the equations, the groundwater 

hydraulic gradient is found by dividing the change in the elevation of the water table (ΔH) (Figure 8) 

by the distance (ΔS), i.e., (ΔH/ΔS). Practically, it can be found by using the Slope tool within the 

ArcMap/GIS software. For the Babylon study area, the map is as shown in Figure 13. The hydraulic 

gradient is represented as a percent, and ranges from 0 to about 0.837% (8.37 m/km). By analyzing 

the hydraulic gradient map and comparing it with the seepage velocity magnitude map, it can be 
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found that a fair match exists between the two maps. This is expected because the hydraulic gradient 

represents the driving force of the seepage velocity; see Equations (1), (2) and (4). 

 

Figure 13. Groundwater hydraulic gradient in the Babylon study area. 

4.2. Dibdibba Region 

Where possible, required data were collected from well logs. In this study, however, required 

data were obtained from maps produced by Al-Ani [129]. Then, the obtained values were used to 

map the four fundamental maps that were required to produce the seepage velocity maps. The results 

for the four maps are as follows: 

Groundwater elevation is graduated from west to east. It ranges from 40.2 m.a.s.l. in the western 

parts of the region to about 17.5 m.a.s.l. in the eastern parts (Figure 14). The difference in the elevation 

of the water table between the western and eastern parts was about 22.7 m. This difference is the 

source of the energy that causes the groundwater flow. The slope of the water table is consistent with 

the slope of the ground surface and the bed of the aquifer (the upper surface of the Injana formation); 

see Figures 14 and 4b. 
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Figure 14. Groundwater elevation map within the Dibdibba region, modified after [120]. 

The effective porosity values, which were obtained from the Iraqi Ministry of Water Resources 

and Al-Qadisiyah University (Iraq), were used to map the effective porosity within the Dibdibba 

aquifer (Figure 15). The values of the actual effective porosity ranged from 23% to 29.3%. These values 

are less than the total porosity values stated in the literature; see Table 1 and Figure 15. 

. 

Figure 15. Actual effective porosity map for Dibdibba aquifer (data obtained from the Iraqi Ministry 

of Water Resources and Al-Qadisiyah University, Iraq). 

The saturated thickness of the study area changes gradually from west to east, and ranges from 

45.5 m in the western parts to 18.8 m in the eastern parts. The difference in the saturated thickness 

between the east and the west is about 26.7 m; see Figure 16a. 
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(a) 

 

(b) 

Figure 16. Maps of Babylon aquifer: (a) saturated thickness; (b) transmissivity of Babylon aquifer. 

Both maps are modified after [120]. 

Transmissivity is another property that showed a marked grading. It graduates from the 

southwest to the northeast direction, and ranges from 29.2 m2/d in the southwestern parts to 426.6 

m2/d in the northeastern parts of the region (Figure 16b). 

By inputting the four previous maps in the Darcy velocity command window and specifying the 

desirable paths of the output maps, the two seepage velocity maps (direction and magnitude) were 

able to be obtained. Considering the directional seepage velocity, it is clear that the groundwater 

flows in one direction, from west to east (Figure 17a). This direction is consistent with the bed of the 

aquifer and the groundwater elevation head. The magnitude of the seepage velocity ranges from 0 to 

about 0.27 m/day; see Figure 17b. About 28% of the region has a velocity between 0 and 1.92 × 10−2 

m/d, 21% between 1.921 × 10−2 m/d and 4.58 × 10−2 m/d, 29% between 4.58 × 10−2 m/d and 7.67 × 10−2 

m/d, 15% between 7.67 × 10−2 m/d and 0.114 m/d, and the remainder (about 6%) between 0.114 m/d 

and 0.272 m/d; see Figure 17b. The combined direction–magnitude map of seepage velocity is shown 

in Figure 17c. 

The groundwater flow direction is consistent with the groundwater elevation. The groundwater 

flow from high to low head elevation within the region is shown in Figure 17d. 
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(b) 

 

(c) 

 

(d) 

Figure 17. Seepage velocity map for Dibdibba groundwater: (a) direction map; (b) magnitude map; 

(c) merged magnitude–direction map; (d) seepage direction–groundwater elevation head map. 

The hydraulic gradient map for the groundwater in the Dibdibba study area is shown in Figure 

18. It ranges from 0 to about 0.595 (5.95 m/km). Focusing on Figures 17b and 18, it can be noted that 

the hydraulic gradient and the seepage velocity magnitude maps have a fair match. The reason for 

this similarity is the same as that which explains the matching of the seepage velocity and the 

hydraulic gradient of the Babylon studied area. 
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Figure 18. Groundwater hydraulic gradient in the Dibdibba study area. 

By examining the maps of the hydraulic gradient of the two study areas (Babylon and Dibdibba) 

(Figures 13 and 18), it can be found that the range for Babylon is 0–8.37 m/km, and that for Dibdibba 

is 0–5.95 m/km. This means Babylon has a higher hydraulic gradient than the Dibdibba area. Despite 

the higher hydraulic gradient of Babylon compared to Dibdibba, the seepage velocity within Babylon 

(0.185 m/d) is less than that of Dibdibba (0.272 m/d). This is due to two geo-hydrological properties: 

First, the different compositions of the two aquifers (soil particle sizes for silty clayey loam and sand); 

second, the different structures of the two aquifers (effective porosity); see Figures 9 and 15. Both of 

these geo-hydrological properties affect the hydraulic conductivity of the two aquifers. 

The comparison of the geo-hydrological properties of the two regions of the study area is 

summarized in Table 2. Table 2 provides the range (where available) of each geo-hydrological 

property; see Figures 8–18. 

Table 2. Comparison of the geo-hydrological properties between Babylon and Dibdibba. 

Property Unit Babylon Dibdibba 

Groundwater elevation m.a.s.l. 16–38.27 17.53–40.19 

Effective porosity range % 21.9–26.2 23–29.3 

Saturated thickness m 8.82–32.51 18.75–45.47 

Transmissivity m2/d 52–157 29.21–426.61 

Hydraulic gradient m/km 0–8.37 0–5.95 

Seepage velocity magnitude m/d 2.12 × 10−6–0.185 0–0.272 

Seepage velocity direction - Northwest to southeast West to east 
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5. Discussion 

Many researchers have studied the geo-hydrological properties of the two regions of the study 

area, but most did not specify the exact location (x and y coordinates, or longitude and latitude) in 

their studies. Rather than providing specific locations, they discussed region-wide ranged values, i.e., 

the data was not precise and lacked accuracy. Nonetheless, some researchers provided specific results 

concerning the geo-hydrological properties within a study area. These are discussed below, and their 

results are compared with the results of this article. The discussion section is divided into separate 

subsections for each of Dibdibba and Babylon. 

5.1. Dibdibba Study Area 

Jassim and Goff [113] stated in their book (Geology of Iraq) the depth of the water table for the 

whole of the country of Iraq. According to their results, the depth of the water table in the Dibdibba 

study area ranges between 5 and 20 m.b.g.s. Compared to the results of the current study (0–48 

m.b.g.s.; Figure 5), there is a significant difference in the value of the upper limit. However, both 

studies suggest the same slope for the water table, from west to east; see Figure 14. 

Al-Jiburi and Al-Basrawi (2007) studied the hydrology of the Western desert (which includes the 

Dibdibba study area) [130]. According to their results, the groundwater flows from the west to the 

east, which is similar to results of the current study; see Figure 17a,c,d [130]. 

Al-Mussawi (2008) used two GIS methods to estimate the groundwater elevation in the Dibdibba 

study area in two cases: dry (August 2002) and wet (March 2003) [131]. The GIS Tools used were 

kriging and inverse distance weighted (IDW). The values for the groundwater elevations using the 

kriging method ranged between 20 and 40 m.a.s.l. for the months of August 2002 and March 2003. 

These are approximately equal to the results of the current study for the groundwater elevations 

(17.5–40.2 m.a.s.l.); see Figure 14. 

Al-Dabbas et al. [132] estimated transmissivity in the area neighboring the Dibdibba study area 

and calculated a range of 55.1–903 [132]. In the same paper, the authors determined the general 

direction of groundwater flow as being from the west to the east. Compared to the current study, a 

significant difference exists for the upper limit for transmissivity, with the current work estimating a 

range between 29.2 and 426.6 m2/d (see Figure 17). Regarding the flow direction, the two sets of 

results are consistent (see Figure 17a). 

The research of Al-Jiburi and Al-Basrawi (2015) included a map of the groundwater flow 

direction within Iraq [115]. The direction of the groundwater flow within the Dibdibba study area 

was from the west to the east, which is consistent with the result of the current study; see Figure 17a. 

Thabit and Khalid (2016) proved that the seepage direction in a small area (30 × 30 m) within the 

region of Dibdibba is from the west (more specifically, the southwest) to the east (more specifically, 

the northeast), which is consistent with the current results [133]. 

Al-Sudani (2018) estimated geo-hydrological properties for the Dibdibba region [134], including 

saturated thickness and transmissivity, deriving a range for saturated thickness of 10–40 m, and a 

range for transmissivity of 10–150 m2/d. This saturated thickness result is consistent with the 

corresponding result in the current work (see Figure 16a), whereas the transmissivity is less than that 

mapped in the present study (Figure 16b). However, both papers agree that the transmissivity 

increases in the same direction, from the southwest to the northeast (see Figure 16b). 

Al-Abadi et al. [135] estimated the ranges of transmissivity and saturated thickness of the right 

edge of Dibdibba basin, including the study area of the current paper. These were 24–605 m2/d and 

11.11–44.88 m, respectively; by comparison, the current work estimated a transmissivity range of 

29.2–426.6 m2/d, and a saturated thickness range of 18.8–45.5 m. These results are consistent because 

the area investigated in the current study was included in the study area of [135]. 

In his study of the Iraq region, Al-Areedhi [136] found a range of groundwater elevation in the 

Dibdibba study area of 15 to 31 m.a.s.l., which is close to that of the current study (17.5–40.2 m.a.s.l.; 

see Figure 14). The direction of the groundwater flow was similar to that in the current study, i.e., 

from the west to the east (see Figure 17a). 
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Saleh et al. [137] studied the groundwater for the whole of Iraq. They estimated the range of 

transmissivity values within the cone-shaped Dibdibba basin, which includes the Dibdibba study 

area, as 29.2–426.6 m2/d. This is precisely the same range that was estimated in the current study; see 

Figure 16b. The same authors estimated the direction of the groundwater flow within Dibdibba study 

area; it was from the west to the east. 

No previous studies estimated the effective porosity, hydraulic gradient, and seepage velocity 

magnitude in the Dibdibba study area. In addition, we could not find any previously published 

materials about the field values of these geo-hydrological properties within the Dibdibba study area, 

with the exception of interior reports produced by the Iraqi Ministry of Water Resources and Al-

Qadisiyah University (Iraq) that included values for effective porosity. 

5.2. Babylon Study Area 

Although a small number of publications exist concerning the seepage velocity within Dibdibba 

study area, the number of publications about the Babylon region is even fewer. This is because of the 

dependence on surface water (the Euphrates River) rather than groundwater in the Babylon region, 

and is in contrast with the Dibdibba study area, in which there is greater reliance on groundwater 

due to a lack of surface water. 

Furthermore, few studies have examined the geo-hydrological properties investigated in this 

article for the Babylon area. The results acquired in previous research are generally limited to 

groundwater elevation and direction of the groundwater flow. Few examinations have been made of 

transmissivity and saturated thickness, and almost no data gathered on effective porosity, with the 

exception of the interior report produced by the Iraqi Ministry of Water Resources and Al-Qadisiyah 

University (Iraq). 

In their book, Jassim and Goff [113] estimated the depth of the water table in the Babylon study 

area [113], finding that it ranged between 1 and 5 m.b.g.s. This is similar to the results of the current 

study, which estimated a range of 1–9 m.b.g.s. (Figure 3). Furthermore, both sets of results indicated 

the same direction for the groundwater elevation decrement, i.e., from northwest to southeast (see 

Figure 8). 

Al-Jiburi and Al-Basrawi [114] published a paper concerning the hydrogeology and large 

morphology of Mesopotamia Plain, which includes the Babylon study area. The authors divided the 

Mesopotamia Plain into three regions: northern, central, and southern. According to [114], the range 

of transmissivity in the Babylon area is 10–165 m2/d, which is consistent with the results of the current 

study (52–157 m2/d; see Figure 11). In the same paper, the authors mapped the groundwater flow 

direction from northwest to southeast, which is also consistent with the results of this work (see 

Figure 12a). In 2015, the same authors published another paper [115], in which they confirmed the 

results of the previous paper [114] regarding the groundwater flow direction in Babylon (i.e., 

northwest to southeast). 

Al-Ansari et al. [138] studied the groundwater in Iraq, including maps of the flow direction. The 

results are consistent with the findings of the current study, with both papers stating that the 

groundwater flows from the northwest to the southeast (see Figure 12a). 

Al Maimuri [139] examined groundwater table elevation, saturated thickness, transmissivity, 

and seepage velocity within the Hashimiya region, which is located within the Babylon study area, 

and estimated ranges for each of groundwater level and transmissivity; these were 21–25 m.a.s.l. and 

250–420 m2/d, respectively. The groundwater elevation range is similar to that of the current work 

because Hashimiya is in the southern part of Babylon, i.e., within the ranges of 16–20.5 m.a.s.l. and 

20.5–24.9 m.a.s.l. shown on the groundwater elevation map (see Figure 8). Regarding transmissivity, 

the results for the Hashimiya region range between 52 and 102 m2/d, compared to the results of the 

current study, which extend across three classes of transmissivity, i.e., 52–67.2 to 82.2–102.7 (Figure 

11). There is thus a significant difference between the two results. The estimated values for the 

seepage velocity from the two papers are consistent, since they are within the ranges of 2.84 × 10−3 to 

3.29 × 10−3 m/d for [139] and 1.34 × 10−6 to 3.45 × 10−3 m/d for the current work. 
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Based on the comparisons outlined above for both regions of the study area (Dibdibba and 

Babylon), the results of the current paper appear to be broadly consistent with those of previous 

research. Furthermore, the results of the current study are important due to the lack of knowledge 

regarding the investigated geo-hydrological properties for the two studied regions. 

6. Conclusions 

Arc Map/GIS provides a suitable tool (Darcy velocity) to determine the seepage velocity and 

depict the results as large-scale maps. Accuracy of the resultant seepage velocity maps depends on 

the resolution of the four necessary underlying maps: groundwater elevation head; transmissivity; 

saturated thickness; and effective porosity. Thus, the accuracy of the resultant maps depends on the 

locations of the wells that are used to collect the data. In the case of complex topography, e.g., a 

mountainous area, more wells are required to reflect the real conditions of the topography and the 

geo-hydrological properties of the region. 

Results of the current study showed that the groundwater in Babylon province flows from the 

northwest to the southeast. The seepage velocity direction is controlled by groundwater gradient. 

The seepage velocity in Babylon province is limited to 0.185 m/d. 

In the Dibdibba formation, groundwater flows from the west to the east, with a velocity reaching 

0.272 m/d. The difference in the velocities between the two aquifers is due to differences in the studied 

geological properties. 

Although the Babylon region has a higher hydraulic gradient than Dibdibba, Dibdibba has 

higher seepage velocity. This is mainly due to the high hydraulic conductivity of the Dibdibba aquifer 

compared to that of the Babylon aquifer. A further explanation is the structure (effective porosity) 

and composition (size of particles) of the two aquifers. 

Due to the importance of seepage velocity in heat/mass transfer applications, primary 

investigations must be conducted before initiating the construction of related infrastructure. These 

studies should include large-scale mapping of the seepage velocity to acquire a comprehensive 

understanding of the behavior of the groundwater within the considered region. This capability is 

provided by the ArcMap/GIS software. 

Furthermore, the results of seepage velocity are useful in the design of landfill and ATES 

systems. In the case of the installation of ATES systems, for example, interference between cold and 

warm well storage should be minimized to prevent the energy losses. As a result, the planning of 

thermal energy storage wells should be perpendicular to the direction of groundwater flow. In 

Babylon, the axis between the warm and cold wells should extend from the southwest towards the 

northeast (perpendicular to the flow direction), and for Dibdibba it should extend from the north to 

the south (perpendicular to the east–west direction). In landfill planning, high seepage velocity 

regions should be excluded from the design to decrease the risk of contaminant spread in case of 

leakage. 
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A B S T R A C T   

There is a global attention that the future energy systems will be based on renewable energy like solar and wind. 
The large-scale utilization of renewables in space heating and cooling requires large Thermal Energy Storage TES 
to overcome the varying supply and demand. The process of producing the best Underground Thermal Energy 
Storage UTES system pass through two steps: first, finding the best type of UTES system, second, finding the best 
locations to install UTES system. Both of these two steps depend extremely on the site specific parameters such 
that the depth to the groundwater, transmissivity, type of soil, the depth to the bedrock, and seepage velocity. 
The purpose of this paper is to explain some of the site specific parameters that the type of UTES-system depends 
on and explain the suitable type of UTES systems. This study considers Babylon province (Iraq) as study area. 
This province has electricity deficiency due to Heating Ventilating and Air Conditioning HVAC applications. The 
methodology of this study includes reviewing the literature that consider the study area, and using Arc Map/GIS 
to visualize some of the in-site parameters. The results indicate that the best type of UTES system for the 
considered region is either aquifer or pit type, due to the type of the soil and the depth to the crystalline bedrock. 
The hydraulic conductivity and the seepage velocity in the considered region are (0.0023–2.5) m/d and 
(1.3 � 10� 6 – 3.45 � 10� 3) m/d respectively. These conditions satisfy the standards which regard aquifer type.   

1. Introduction 

The oil crisis of 1977 was the major motivation for oil consuming 
countries to start searching for new energy sources. As a result, the use of 
Renewable Energy RE increased. Unfortunately, most renewable energy 
sources (e.g. solar, wind, wave, etc.) supply energy intermittently. A 
complementary storage must therefore accompany the energy system, so 
that excess energy can be stored from times of surplus production to 
times when demand exceeds supply (Rad and Fung, 2016). 

Thermal Energy Storage TES systems are frequently used in both 
large and small scale renewable heating systems. An effective TES sys-
tem requires a material with suitable thermal properties, i.e. high spe-
cific heat capacity, and limited thermal resistance. The storage material 
should also be cheap and abundantly available. Consequently, the most 
eligible materials, for that function, are materials naturally found in the 
ground, i.e. soil, bedrock and groundwater, commonly called Under-
ground Thermal Energy Storage UTES systems. There are six types of 
Underground Thermal Energy Storage UTES system, they are: aquifer, 

bedrock, pits, tanks, cavern, and tubes in clay (Nordell, 2000; Schmidt 
and Miedaner, 2012b). 

Iraq is suffering from serious combined electricity deficiency and 
heating/cooling problem. Electricity deficiency problem started by the 
First Gulf War (1990), when the electricity power plants were bombed 
(Rashid et al., 2012). The literatures indicate that the shortage in the 
production was about one half of 2008 demand. Iraq has a hot climate, 
with temperatures reaching 50 �C in some days in summer, dropping 
towards 0 �C during some nights in winter. The temperature in the urban 
areas is further increased by the frequent use of air-to-air heat pumps 
(air conditioners) in buildings. This problem becomes more complicated 
with the time, due to the global warming and its consequences. 

One of the most promising solutions is underground thermal energy 
storage UTES to store winter cold and summer heat between the seasons. 
The stored thermal energy can sometimes be extracted for direct use or 
by heat pumps to obtain a suitable supply temperature (Lindblom et al., 
2016). 

The process of finding the best underground thermal energy storage 
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UTES system consists of two steps. First step is finding the best type of 
UTES system that can be installed. Second step is finding the best 
location to install the UTES system. Both of these two steps are 
extremely depend on in-site specific parameters. There are strong re-
lations between the thermal, chemical, hydrological, and mechanical 
properties of the materials in the underground thermal energy storage 
system (Pandey et al., 2018), see Fig. 1. 

The best type of Underground Thermal Energy Storage UTES system 
depends on three types of parameters they are: site specific, design, and 
operation parameters see Fig. 2. Some of design and operation param-
eters can be changed, whilst the site specific parameters cannot be 
changed after selecting the location of the system. Therefore the site 
specific parameters are the predominant parameters in selecting the best 
type of Underground Thermal Energy Storage UTES system. 

Using groundwater in Iraq is very limited compared to the use of 
surface water. Due to the policies of the neighbouring countries 
regarding the surface water, Iraq must find solutions to the future po-
tential problems regarding water (Al-Ansari, 2013; Al-Ansari et al., 
2014). One of the potential alternatives is using the groundwater. There 
are many uses for the groundwater in addition to the main uses for 
drinking and agriculture. One of these uses is for Thermal Energy 
Storage TES systems. The suitability and the potential use of the 
groundwater in Iraq as Aquifer Thermal Energy Storage ATES system 
was not discussed before. 

This paper introduces the idea of utilizing the groundwater in Iraq 
and Babylon as Aquifer Thermal Energy Storage ATES system, to over-
come the problems of electricity deficiency and using of the fossil fuel. In 
spite of the fact that this technique is well known around the world but it 
is still not adopted in Iraq, due to the lack of the knowledge in this field 
in Iraq and the dependence of the country on the available fossil fuel. 

To use groundwater as ATES system, first a preliminary study should 
be implemented to have primary information about the aquifer and its 
suitability to be used as ATES system. The primary study should depend 
in the first place on site specific parameters (hydrogeological, geological 
and metrological parameters). Due to the fact that these parameters 
cannot be changed and the play a great role in deciding the suitability of 
each type of UTES systems types many research had been executed in 
this context (Andersson, 2007; Bloemendal and Olsthoorn, 2018; Dincer 

and Rosen, 2011; Gao et al., 2019; Lee, 2013; Møller et al., 2019; Nordell 
et al., 2015a,b; Possemiers et al., 2014; Rad and Fung, 2016; Sommer 
et al., 2013; Spitler and Gehlin, 2015). This paper tries to present all site 
specific parameters and conclude the best type of UTES systems to be 
used according to these parameters. It includes summarizing some of 
these parameters and using ArcMap/GIS to depict some of 
geo-hydrological parameters. In addition, this study includes two more 
methods to evaluate the suitability of the groundwater as a thermal 
storage, they are: aquifer vulnerability and groundwater seepage ve-
locity. This study considers Babylon province (Iraq) as a study area. 

2. Methodology 

The methodology that was used in the paper consists of four main 
parts, they are: Review of the literature, interpolation to depict the 
geological and hydrological maps as GIS maps, evaluation of aquifer 
vulnerability by DRASTIC index, finding the seepage velocity for the 
groundwater. A brief descriptions for each method is as follow. 

2.1. Review the literature 

Many papers were reviewed to address the statement of this paper. 
The statement of the paper is that the in-site parameters affect the ef-
ficiency and the types of the Underground Thermal Energy Storage 
UTES systems. 

Some of the reviewed papers handled the reasons behind using UTES 
systems, UTES systems types, the components of each type, and its 
principle of work (Akhmetov et al., 2016; Andersson et al., 2003; Gao 
et al., 2015; Grein et al., 2006; Hesaraki et al., 2015; Jov�e Manonelles, 
2014; Nordell, 2000; Novo et al., 2010; Pinel et al., 2011; Rad and Fung, 
2016; Schmidt and Miedaner, 2012a,b; Socaciu, 2012; Xu et al., 2014; 
Zhang et al., 2016; Zhao et al., 2011). Other papers are related to the 
suitable local in-site conditions and how they affect the efficiency of the 
UTES systems (Bloemendal et al., 2014; Bonte et al., 2014; Lee, 2014; 
Possemiers et al., 2014; Sommer et al., 2013; Spitler and Gehlin, 2015; 
Zeghici et al., 2015). Other papers considered the field measurements of 
the installed systems and/or the results from the software simulation 
models for these installed systems (Arag�on-Aguilar et al., 2017; Bakr 

Fig. 1. Relation between thermal, mechanical, hydrological, and chemical properties, (modified from Rühaak et al., 2017).  
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et al., 2013; Bridger and Allen, 2014; Chung et al., 1998; Gehlin, 2002; 
Kharseh and Nordell, 2009, 2011; Kim et al., 2010; Kim et al., 2010, 
2010; Lee, 2011; Lundh and Dalenb€ack, 2008; Paksoy et al., 2000; 
R�eveill�ere et al., 2013; Schout et al., 2014; Sibbitt et al., 2012; Sommer 
et al., 2015; Sommer, 2015; Vanhoudt et al., 2011; Vanhoudt et al., 
2011, 2011; Yapparova et al., 2014; Yumrutaş and Ünsal, 2012; Zeghici 
et al., 2015; Zeghici et al., 2015, 2015). The last part of the reviewed 
papers was regarding the geological, hydrological conditions of the 
study area, Iraq and Babylon (Aqrawi et al., 2010; Hamza, 2007; Jassim 
and Al-Jiburi, 2009; Jassim and Goff (2006); Ma’ala and Al-Kubaysi, 
2009; Ma’ala, 2009A; Ma’ala, 2009B; Sissakian and Al-Jibuori (2012); 
Sissakian and Mohammed, 2007; Sissakian et al., 2014; Sissakian, 2013; 
Yacoub et al., 2012; Yacoub, 2011a,b). 

2.2. Interpolation the spatial data 

To include comprehensive information on the study area, maps 
which are produced by Interpolation tool are included. This tool is 
available in ArcMap (GIS) software within Spatial Analyst Tools. The 
used tool is Kriging because it the most accurate ones since it includes 
the behaviour of the investigated phenomenon in the estimation process 
(ArcGIS, 2014). 

2.3. Seepage velocity 

The seepage velocity affects directly on the storage efficiency of the 
system though determining the advection thermal losses from the stor-
age (Klepikova et al., 2016). Seepage velocity can be defined as the 
velocity of the water within the pores of the soil matrix (Fetter et al., 
2018). It can be calculated through dividing the Darcy velocity by the 
porosity of the soil (Delleur, 2007) as in equation (1): 

vs¼
v
n
¼

k
n

i ¼
k
n

Δh
Δs

(1) 

Since 

T ¼ k b (2) 

Then equation (1) can be written as: 

vs ¼
T
nb

Δh
Δs

(3)  

where: vs is the seepage velocity, v is the Darcy velocity, n is the effective 
porosity, k is the hydraulic conductivity, Δh is the change of hydraulic 
head, Δs is the distance, T is the aquifer transmissivity, and b is the 
aquifer saturated thickness. 

ArcMap/GIS software offers a tool that can be used to find the 
seepage velocity within a specific region. This tool is Darcy velocity 
within Groundwater set/Spatial Analysis Tool box. This tool requires 
inputting four raster maps to get the seepage velocity map. These maps 
are: Groundwater elevation, aquifer effective porosity, aquifer saturated 
thickness, and aquifer transmissivity (Al-Madhlom et al., 2017). 

2.4. Aquifer vulnerability (DRASTIC Index) 

Vulnerability of the aquifer assesses the susceptibility of the aquifer 
to be polluted by the surface contaminants. The contaminants are 
mobilized by the infiltrated water from the ground surface. The assess-
ment is based on assigning a rank ranges from 26 (less vulnerable) to 226 
(high vulnerable) to the aquifer. Vulnerability of the aquifer is one of the 
important factors that should be considered in the evaluating the suit-
ability of the aquifer for the thermal energy storage uses. The reason 
behind this is the risk of the aquifer to be contaminated by non-water 
heat transfer liquid. The vulnerability of the aquifer is evaluated by 
using DRASTIC index model. According to this model the vulnerability 
of the aquifer is affected by seven geo-hydrological parameters. They 
are: Depth to groundwater, net Recharge, Aquifer media, Soil media, 
region Topography, Impact of vadose zone, and hydraulic Conductivity 
of the aquifer. All the factors are collected in the acronym DRASTIC 
(Aller et al., 1987). 

Fig. 2. Parameters affecting choice of system type and efficiency, (after Al-Madhlom et al., 2019a,b).  
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DRASTIC model simulates the vulnerability of the aquifer by using 
equation (4). The different potential effects of the seven geo- 
hydrological parameters are introduced through the weight factors 
ðWÞ. While the local condition of the in-site parameter is assigned 
through the rating parameters ðRÞ (Aller et al., 1987). 

V ¼
X

W:R (4) 

Equation (4) can be written as follow: 

V ¼WDRD þWRRR þWARA þWSRS þWT RT þWIRI þWCRCþ (5)  

where: V is the vulnerability index, W the weight factor, R is the rating 
factor. The subscript letters (D; R; A; S; T; I; C) refer to the seven geo- 
hydrological parameters. 

The values of the W values and R values are arranged in Table 1. 
To apply equation (5) on spatial basis ArcMap/GIS software is use. 

This software has a tool (Raster calculator) that can be used to establish 
the vulnerability map through applying equation (5) on the considered 
region (Al-Madhlom et al., 2016). 

In the sections below, there are 16 different figures. Herein, in the 
Table 2, is a brief description for each figure. The table includes number 
of the figure, title, methodology to produce the figure. 

3. Study area 

This paper considers Babylon province as study area. Babylon 
province is located in the middle of Iraq. Since it is impossible to study 
the local conditions inside Babylon without relating to the geology of 
Iraq, this paper discusses in some sections the geology of Iraq. 

Iraq is one of the Middle East Countries see Fig. 3. Its land area is 
about 435000 km2. Its population is about 38 million. The climate is arid 
to semiarid. The temperature is summer can exceed 50 �C in afternoon, 
and it drops below 0 �C in some nights in winter. 

Iraq is suffering from a problem of deficiency in the electricity. This 
problem is generated mainly from the huge using of air to heat pump in 
Heating Ventilation Air Conditioning HVAC application (Rashid et al., 
2012). It is believed that this problem can be solved by using 

Underground Thermal Energy Storage UTES system to improve the 
Coefficient of Performance COP of the heat pumps (Lindblom et al., 
2016). 

Babylon province is located in the middle of Iraq. Its area is about 
5137 km2. Its population is about 2 million capita. 

3.1. Local conditions in Iraq and Babylon 

Iraq’s land area is divided into seven zones according to their 
morphology and hydrogeological conditions (Al-Jiburi and Al-Basrawi, 
2015). These are: Thrust zone [TZ]; High folded zone [HF]; Low 

Table 1 
Weighting (W) and Rating (R) factors of the geo-hydrological parameters of DRATIC model (Aller et al., 1987).  

Parameters Weight factor (W) Range Rating (R) Range Rating (R) 

Depth to the water table (m) 5 0–1.5 10 15.2–22.9 3 
1.5–4.5 9 22.9–30.5 2 
4.5–9.1 7 >30.5 1 
9.1–15.2 5   

Net Recharge of aquifer (mm/year) 4 0–50.8 1 177.8–254.0 8 
50.8–101.6 3 >254.0 9 
101.6–177.8 6   

Aquifer 
Media 

3 Massive Shale 2 Massive Limestone 6 
Metamorphic or Igneous 3 Sand and Grave 8 
Weathered Metamorphic or Igneous 4 Basalt 9 
Thin Bedded Sandstone, 
Limestone, Shale Sequences 

6 Karst Limestone 10 

Massive Sandstone 6   
Soil media 2 Thin or Absent 10 Loam 5 

Gravel 10 Silty Loam 4 
Sand 9 Clay Loam 3 
Peat 8 Muck 2 
Shrinking and/or Aggregated Clay 7 Non-shrinking and Non-aggregated clay 1 
Sandy Loam 6   

Topography (Slope) as (%) 1 0–2 10 12–18 3 
2–6 9 >18 1 
6–12 5   

Impact of Vadose Zone 5 Silt/Clay 1 Sand and Gravel with significant Silt and Clay 6 
Shale 3 Metamorphic/Igneous 4 
Limestone 6 Sand and Gravel 8 
Sandstone 6 Basalt 9 
Bedded Sandstone, Limestone, Shale 6 Karst Limestone 10 

Hydraulic 
Conductivity (m/day) 

3 0.0407–4.074 1 28.52–40.74 6 
4.074–12.222 2 40.74–81.48 8 
12.222–28.52 4 >81.48 10  

Table 2 
Figures of the paper (number, title, and methodology).  

Figure number Title of the figure Methodology 

3 Iraq morphology and hydrogeological zones Review the 
literature 

4 Regions area representation – 
5 Aquifer/aquifers group in Iraq Review the 

literature 
6-a Aquifer/aquifers group total area and 

aquifer modulus 
Review the 
literature 

6-b Aquifers different salinity resources Review the 
literature 

7 Aquifer mega-system groundwater amount Review the 
literature 

8 Stratigraphy column Review the 
literature 

9 Babylon Location within Mesopotamia Plain 
and alluvial deposits types 

Review the 
literature 

10 Iskandariyah –Salman Pak Quaternary cross 
section 

Review the 
literature 

11 Babylon groundwater depth map ArcMap/ 
Interpolation 

12 Babylon Hydraulic conductivity map ArcMap/ 
Interpolation 

13 Babylon transmissivity map ArcMap/ 
Interpolation 

14 Babylon seepage velocity Seepage velocity 
15 North Babylon vulnerability map DRASTIC model  
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folded zone [LF]; Al-Jazira zone [JZ]; Mesopotamia zone [MZ]; Western 
Desert zone [WD]; and Southern desert zone [SD] as shown in Fig. 3. 

To simplify the process of representation, dots within the cells of 
Table 3 (see appendix 1) are used. Each of the seven hydro-geological 
zones in the map is represented by nine dots in Table 3 (see appendix 
1). These dots are distributed on nine locations within the table cells. It is 
assumed that each dot represents a (1/9) fraction from the real region. 
The location of the dot within the cell matches that (1/9) region fraction 
in real life. More details can be found in Fig. 4 (left). 

Considering Fig. 4L and R, when the dots which belong to a specific 
region located in different categories means this region is located in 
different categories. Such that each distributed (1/9) fraction represents 
the corresponding real region part locates within that category (Fig. 4L 
and R). 

Considering Fig. 4 (right), it explains that the north western 1/9 
fraction of the region which titled TZ (Thrust zone) is located within the 
category A. 

Example, the property the mean annual evaporation (mm) in 
Table 3, for Al-Jazira area (JZ, see Fig. 3) the north eastern 1/9 fraction 
has an annual evaporation range (2000 mm–2500 mm). While the south 
eastern 1/9 fraction for the same zone (JZ, see Fig. 3) has an annual 
evaporation rang of (3000 mm–3500 mm). Whist the most of the region 
has an annual evaporation of (2500 mm–3000 mm) see Table 3. 

3.2. Geology of Iraq 

The geological features of the aquifers are very important to be 
considered in evaluating the suitability of the aquifer for thermal storage 
uses, since they affect the thermal properties of the aquifers (Lee, 2013; 
Møller et al., 2019). As stated in section 3.1, according to the 
morphology of Iraq can be divided into seven regions. They are: Thrust 
zone [TZ]; High folded zone [HF]; Low folded zone [LF]; Al-Jazira zone 
[JZ]; Mesopotamia zone [MZ]; Western Desert zone [WD]; and Southern 
desert zone. 

The general geology of these zones is as follow:  

� The High Folded zone [HF]: This region covers small part of Iraq 
about 4.82% (Fig. 3). Its area is about 15827 km2 (Sissakian et al., 
2014). It is bounded from the north and northeast by the Thrust Zone 
and from the south and southwest by the Low Folded Zone (Fig. 3). 
This region has two main topographical parts, they are: the elevated 
parts (mountains), and the flat and undulatory parts. Both of these 
two topographical parts are parallel the main strikes NW-SE and 
SE-NW. The elevation of the low parts areas in this region ranges 
between 215 m.a.s.l. and 230 m.a.s.l., while the high parts have an 
elation ranges from 2000 m.a.s.l. to 2500 m.a.s.l. (Sissakian et al., 
2014). Sissakian and Al-Jibuori (2012) mentioned 36 Pre- Quater-
nary formations which are exposed within the Thrust Zone. The 
oldest formations belong to Triassic age, while the youngest are of 
Pliocene –Pleistocene age. All these formations are sedimentary 
rocks. The predominant lithological types of the oldest formations 
are: dolomite, limestone, shale and marl. The lithological types of 
youngest formations are: sandstone, siltstone, claystone, and 
conglomerate. Additionally, there are 10 types of Quaternary sedi-
ments within this region, mainly covering the valleys of this zone. 
These Quaternary sediments are generated from the erosion the older 
formations that form the anticlines of the High folded zone. The ten 
types of Quaternary sediments are: Terraces (Pleistocene age), 
Moraine sediments (Pleistocene), Dokan conglomerate (Pleistocene), 
Anthropogenic sediments (Pleistocene – Holocene), Calcrete (Pleis-
tocene – Holocene), Alluvial fan sediments (Pleistocene – Holocene), 
Colluvial sediments (Pleistocene – Holocene), Flood plain sediments 
(Holocene), Valley fill sediments (Holocene), and Residual soil 
(Holocene) (Sissakian and Al-Jibuori, 2012). All these formations are 
explained in details by Sissakian and Al-Jibuori (2012).  
� The Low Folded zone [LF]: This zone covers a remarkable part of Iraq 

about 13.20% (Fig. 3). It has an area of 56930 km2 (Yacoub et al., 
2012). It is bounded from the north and north east by the High folded 
zone, and from the south and south west by Mesopotamia and 

Fig. 3. Iraq morphology and hydrogeological zones, (modified from Al-Jiburi 
and Al-Basrawi, 2015). 

Fig. 4. Regions area representation. (L): Region representing. (R): Illustration example.  

Q. Al-Madhlom et al.                                                                                                                                                                                                                          



Groundwater for Sustainable Development 10 (2020) 100283

6

Al-Jazira zones (Fig. 3) (Sissakian and Al-Jiburi, 2011). The ground 
surface of this region rises from the range of 125–300 m.a.s.l. in the 
southwestern parts to the range of 900–1000 m.a.s.l. in the north-
eastern parts. The two main topographical features that this region 
has are: The mountainous parts and the flat and undulated plains 
(Yacoub et al., 2012). Sissakian and Al-Jiburi (2011) mentioned 24 
formations Late Cretaceous and Pliocene-Pleistocene age. All these 
formations are composed of sedimentary rocks. The Cretaceous and 
Paleogene formations are mainly marine carbonates with rare clastic 
(marl and limestone). The Early and Middle Miocene formations are 
marine origin like (limestone with some marl and dolomitized thin 
beds). The Pliocene –Pleistocene formations are mainly molasse 
sediments (claystone, siltstone, and sandstone). In addition, the 
synclines of this region are covered by 10 types of Quaternary sedi-
ments. They are: Terraces (Pleistocene), Polygenetic sediments 
(Pleistocene – Holocene), Calcrete (Pleistocene – Holocene), Gyp-
crete (Pleistocene – Holocene), Alluvial fan sediments (Pleistocene – 
Holocene), Bammu conglomerate (Pleistocene – Holocene), Flood 
plain sediments (Holocene), Valley fill sediments (Holocene), Re-
sidual soil (Holocene), Anthropogenic sediments (Sissakian and 
Al-Jiburi, 2011). More details about all these geological formations 
and layers can be found in Sissakian and Al-Jiburi (2011). 
� Al-Jazera Zone [JZ]: This zone covers about 29270 km2 which rep-

resents about 8.1% from Iraq area (Ma’ala, 2009A). It is located in 
the northwestern part of Iraq, between Euphrates and Tigris Rivers 
(Fig. 3). This region is sloping towards the south. The lowest eleva-
tion is 50 m.a.s.l. and the highest elevation is 400 m.a.s.l. (Ma’ala, 
2009A). This region has two main different topographical features, 
they are: Ba’aj plain, and Hadhr plain (Ma’ala and Al-Kubaysi, 
2009). This region is built up by the sedimentary rocks of carbon-
ates (limestone), clastics (breccia) and evaporates facies (chalky). 
These rocks belong to Late Oligocene and the Late Miocene periods 
(Ma’ala, 2009A). Ma’ala and Al-Kubaysi (2009) mentioned four 
formations belong to four ages that they are exposed in this region, 
they are: Anah Formation (Late Oligocene), Euphrates Formation 
(Early Miocene), Fat’ha Formation (Middle Miocene), and Injana 
Formation (Late Miocene). Additionally, five types of Quaternary 
sediments are developed in this region. Its thickness ranges from few 
centimetres to 10 m, they are: Alluvial Sediments Evaporation Sed-
iments, Residual Soil, Slope Sediments, Aeolian Sediments (Ma’ala 
and Al-Kubaysi, 2009). More details can be found in Ma’ala and 
Al-Kubaysi (2009) and Ma’ala (2009A).  
� Mesopotamia Zone: This zone is a vast fluvial flat plain. Its area is 

about 116000 km2 which represents about 27.48% from the area of 
Iraq. It is bounded by Makhoul and Himreen Mountains from the 
north and east, Western and Southern deserts from the west and 
southwest (Yacoub, 2011A). In spite of its flatness, this zone has 
some undulations which are located at the northern borders. The 
highest elevation of this zone is about 140 m.a.s.l. at Fatha in the 
north. The lowest point is about 1 m.a.s.l. in the extreme south-
eastern margin near the Arabian Gulf. The region has gentle slope 
from the northwest toward southeast. The region can be classified 
into three subzones according to its slope. They are from the north to 
the south as follow: 1 m/1 km slope region, 1 m/3 km slope region, 
and 1 m/20 km slope region (Yacoub, 2011A). This region is mainly 
covered by the Quaternary sediments. These Quaternary sediments 
were eroded by the fluvial system from the neighbouring Zagros 
Fold-Thrust Belts and the Arabian platform. Besides the Quaternary 
sediments there are seven exposed formations belong to 
Pre-Quaternary ages. The exposed Pre-Quaternary formations are 
distributed in two groups. The first group is located along the border 
with the Western and Southern deserts. They are: Dammam (Late 
Eocene), Euphrates and Ghar (Early Miocene), Nfayil (Middle 
Miocene), Injana (Late Miocene), Dibdibba (Pliocene – Early Pleis-
tocene). The second group is located on the northern and eastern 
margin of the plain. They are: Injana (Late Miocene), Mukdadiya 

(Late Miocene – Pliocene) and Bai Hassan (Pliocene – Early Pleisto-
cene) (Yacoub, 2011B). The Quaternary sediments which are mainly 
silty clayey fluvial soil can be divided into four main stratigraphic 
units, they are: Pliocene – Early Pleistocene rock units, Pleistocene 
sediments (rock units), Pleistocene – Holocene Sequence, and Ho-
locene Sequence. The Holocene Sequence covers most of the sedi-
mentary plain. Its thickness is about 15–20 m and it is composed 
mainly of silty clay, loamy sand and sandy loam soil (Yacoub, 
2011B). More details can be found in Yacoub (2011A) and Yacoub 
(2011B).  
� The Western Desert [WD]: This region covers about 104000 km2 

which represents about 27.22% from Iraq area (Fig. 3). It is bordered 
by Euphrates River from the north and northeast, Iraqi-Jordanian 
and Iraqi-Suadi Arabian borders in the west and south, and wadi 
Al-Khir in the east (Sissakian and Mohammed, 2007). This region has 
a gentle slope of 5 m/km toward the east and the northeast (Hamza, 
2007; Sissakian and Mohammed, 2007). This region is covered by 
the sedimentary rocks of the types: limestone, dolomite limestone, 
dolomite, sandstone, marl, claystone and phosphorite with rare 
gypsum. The oldest exposed rocks are formed in Permian age, while 
the youngest one are formed in the Pliocene-Pleistocene age. This 
region can be divided into three main different parts, they are: the 
Eastern part, the Middle part, and the Western part (Sissakian and 
Mohammed, 2007). Sissakian and Mohammed (2007) mentioned 34 
formations that they are exposed in this region. They started by 
Ga’ara Formation (Early – Late Permian) and ended by Zahra For-
mation (Pliocene – Pleistocene). Additionally, Quaternary deposits 
are well developed in this region. They can be defined to the 
following main types: Habbariyah Gravels (Pleistocene), Hauran 
Gravels (Pleistocene), Terraces (Pleistocene), Calcrete (Pleistocene – 
Holocene), Gypcrete (Pleistocene – Holocene), Valley fill deposits 
(Holocene), Residual soil (Holocene), and Depression fill deposits 
(Holocene). More details can be found in Hamza (2007) and Sissa-
kian and Mohammed (2007).  
� The Southern Desert [SD] (also called Al-Badiya Al-Jinoobiyah): This 

region covers about 76000 km2, which represents about 16.81% 
from the total area of Iraq (Fig. 3). It is bounded by Euphrates River 
from the north and northeast, Wadi Al-Khir from the northwest, the 
Iraqi-Saudi Arabian borders in the south and southwest, and the Iraqi 
–Kuwaiti borders in the southeast (Ma’ala, 2009B). This region 
represents the extension of the northern part of the regional plateau 
of the Arabian Peninsula. It has a gentle slope toward northeast. The 
elevated parts of this region have an elevation range of 300–400 m.a. 
s.l., they are located near the Iraqi Saudi Arabian border. The low 
parts of this region are located along the western side of Euphrates 
River. They have elevation range of 20–50 m.a.s.l. (Jassim and 
Al-Jiburi, 2009; Ma’ala, 2009B). Most of exposed formations in this 
region are Pre-Quaternary in age. The oldest Pre-Quaternary exposed 
formation is Umm Er Radhuma (Paleocene age), and the youngest 
Pre-Quaternary exposed formation is Zahra Pliocene-Pleistocene 
age. There are 5 formations between Umm Er Radhuma and Zahra 
formations, they are: Dammam (Early – Late Eocene), Euphrates 
(Early Miocene), Ghar (Early Miocene), Nfayil (Middle Miocene), 
Dibdibba (Pliocene – Pleistocene) (Jassim and Al-Jiburi, 2009). All 
these formations are sedimentary rocks. Their lithological types for 
the three old formations are mainly: limestone (partly chalky), 
dolomite. For the later four formations, the lithological types are 
mainly: breccia, claystone, and sandstone (Jassim and Al-Jiburi, 
2009). Furthermore, the Southern desert has limited regions which 
are covered by the Quaternary sediments. There are 6 types of 
Quaternary sediments that are developed in this region, they are: 
Terracs (Pleistocene age), Gypcrete (Pleistocene), Alluvial Fan Sed-
iments (Pleistocene), Valley Fill Sediments (Holocene), Depression 
Fill Sediments (Holocene), Wind Blown Sands (Holocene). The lith-
ological types of the Quaternary sediments are mainly: composite of 
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gravel with sand and silt (Jassim and Al-Jiburi, 2009). More details 
can be found in Jassim and Al-Jiburi (2009) and Ma’ala (2009B).  
� The Thrust Zone TZ was excluded from the explanation, because of 

its small area about 1.32% from Iraq (Fig. 3) and complex geology 
and very low population. 
Babylon province is located in the middle of Mesopotamia Zone, 
therefore, all its geological features are the same features of the 
macro container system. 

The other metrological, geological, geo-hydrological data of Iraq and 
Babylon are summarized in Table 3 (Appendix 1). The earth crust 
thickness in Iraq ranges from 32 to 37 km, (Aqrawi et al., 2010). The fact 
that the depth of the crystalline Precambrian formation varies between 8 
and 12 km, reveals that all the upper formations are sedimentary rocks 
covered by alluvium Quaternary deposits (Sissakian, 2013). 

3.3. Aquifers within Iraq 

There are 14 main aquifers in Iraq (Table 3 and Fig. 5). These systems 
are explained in Jassim and Goff (2006). 

Classification of aquifers (considering porosity type and aquifer 
material) and comparison between them regarding: specific yield; 
typical porosity values; permeability ranges; and hydraulic conductivity 
can be found in Todd and Mays (2005). In order to use the available 
groundwater effectively and sustainably (quality and quantity), there 
are some specific constrictions should be considered. 

One of the most important constrains conditions is that the exploited 
groundwater should be within the aquifer resources limit. Groundwater 
resources (safe yield) can be defined as the amount of groundwater that 
can be pumped out without negative effects on the environment or the 
aquifer. Due to the discharged amount of groundwater can be easily 
replenished by the upcoming groundwater from adjacent aquifers, 
rivers, or catchments, groundwater resources is measured by (liter/sec. 
square kilometer) (L/s.km2), (Jassim and Goff, 2006). 

Regarding the groundwater salinity (gram/liter) (g/L), aquifer re-
sources are estimated groundwater by using resources modulus (L/s. 
km2). The results are shown in Fig. 6. In figure (6a), the total area (km2) 
and modulus (L/s.km2) for each aquifer is represented, whilst figure (6b) 
depicts aquifer resources (L/s) according to different salinity and the 
total aquifer resource (L/s). From figure (6b), it can be concluded that 
most of the groundwater resources existing in Mesopotamia plain 

(aquifer no. 10) has salinity more than 10 (g/L), on the contrary, the 
High folded zone groundwater resources (aquifer no. 14) which have 
salinity less than 1 (g/L) (Jassim and Goff, 2006). 

There is another classification for Iraqi Aquifer mega-systems set by 
Alsam et al. (1990) and Jassim and Goff (2006). According to the types 
of use, the mega-systems aquifer can be divided into: domestic (when its 
salinity less than 1 g/L); irrigation and livestock (when its salinity ranges 
between 1 and 3 g/L); unusable (when its salinity greater than 3 g/L). 
The results of each mega-system aquifer are depicted in Fig. 7. 

Fig. 7 explains that all the groundwater resources within Meso-
potamia aquifer (Aquifer no. 10, see Figs. 5 and 7) have no salinity less 
5 g/L (Jassim and Goff, 2006). Rather than that, most of the aquifer 
resources in this aquifer have salinity more than 10 g/L (Jassim and 
Goff, 2006). With this rate of salinity, Mesopotamia aquifer is not 
appropriate for domestic and irrigation purposes. On the other hand it 
could be appropriate for other purposes, e.g. thermal energy storage. 

Many researchers wrote on the stratigraphy of Iraq. For example 
Abawi and Hammodi (2010) studied the Stratigraphy of the Dokan 
Formation in the region of Azmer Jebel (Sulaimaniya, northeast of Iraq) 
and its lithology. Another example Aqrawi et al. (2010) studied the 
general stratigraphy of Iraq, explaining the geological age, names of the 
stratigraphy units, lithological conditions, and mega sequences. Jassim 
and Al-Jiburi (2009) studied the stratigraphy of the southern desert of 
Iraq, explaining the exposed formations in this region, lithology, and 
thickness of each formation. Ma’ala and Al-Kubaysi (2009) studied the 
stratigraphy of Al-Jazera Area (Iraq). They included their study infor-
mation about the exposed formations, lithology, and thickness of the 
formations. Sissakian and Al-Jibuori (2012) study the stratigraphy of the 
low folded zone (Iraq), and the exposed formations, their depths, and 
lithology. Sissakian and Al-Jiburi (2014) studied the stratigraphy of the 
high folded zone (Iraq), explaining the formation, their geological ages, 
lithology, and their thickness. Sissakian and Mohammed (2007) studied 
the stratigraphy of the western desert in Iraq, explaining the stratig-
raphy of the exposed formation, their lithology, thickness, and deposi-
tional environment. Some other researchers, Sissakian (2013) and 
Yacoub (2011a,b), studied the stratigraphy of the Mesopotamia plain 
which considered the macro region of the study area-Babylon Gover-
norate. The general output of these studies is that the general constitu-
tion of the upper formations (which could extent to 12 km in some 
location) is sedimentary deposit. Due to mechanical processing 
(compaction) or chemical processing (cementation) or both of them, the 

Fig. 5. Aquifer/aquifers group in Iraq, (modified from Jassim and Goff, 2006).  
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sedimentary deposits were transformed to sedimentary rock formations. 
There is no overall study covering the groundwater temperature 

covering the whole area of Iraq. Instead there are separate studies, each 
one covered a specific small area from the country. Examples, High 
Folded Zone (Sulaimani city, north of Iraq) Rasheed and Aziz (2013) 
measured the groundwater temperature for 12 wells from April 2010 till 
August 2010. The results pointed out that the temperature within 
19.6 �C - 24.4 �C range. Hussien and Gharbie (2010) measured the 
groundwater temperature for 24 springs in Hit - Kubaisa region (in Al- 
Anbar governorate\Western Desert Region). The temperature ranged 
from 22 �C to 34 �C. Another study by Al-Dahan et al. (2015) dealt with 
the groundwater temperature for 10 springs in the region of Western 
Desert close to Mesopotamia Plain, within Najaf Province. The results 
indicated that the temperature ranged between 23 �C and 24.5 �C, with 
an average of 23.6 �C. 

As in Fig. 8, some examples are found in Mesopotamia zone such as 
shale; siltstone; sandstone; and conglomerate, whilst some of Meso-
potamia karstified chemical sedimentary rocks are limestone, marl, 
gypsum and chert. Alluvial sediments (unconsolidated deposits) repre-
sent the upper cover of the sedimentary plain. It mainly consists of flood 
plain sediments such as clay and silt; alluvial fan sediments along the 

Iraqi-Iranian border; Aeolian sand dunes in the central southern part of 
Iraq; and marsh sediments that consists from organic mud and silts. By 
studying/examining the three Mesopotamia successive (SW-NE) cross 
sections from the north to the south, which were introduced by Yacoub 
(2011a,b), it can be concluded that, in general, Quaternary deposits 
thickness increases within the direction of South West direction and 
reaches about 180 m thick at Basra (extremist southern Iraqi city), 
(Sissakian, 2013; Yacoub, 2011a,b). The thickest Quaternary deposits 
(unconsolidated) is about 250 m north of Basra (Jassim and Goff, 2006). 

4. Results for Babylon Governorate 

The results for Babylon province can be divided into four types ac-
cording to the used methodology, they are: results from literature re-
view, results from interpolation, results of seepage velocity, and results 
of aquifer vulnerability. 

4.1. Results from literature review 

The most the governorate land is covered by Quaternary flood plain 
deposits (mainly alluvial silty clayey loam soil) which were eroded and 

a

Fig. 6. (a) aquifer/aquifers group total area and aquifer modulus. (b) Aquifers different salinity resources, (after Jassim and Goff, 2006).  
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transported by Euphrates and Tigris rivers, except the southern eastern 
part which is covered by Aeolian deposits (Fig. 9). The Northern West 
part of Babylon is bordering to a spot covered by Gypcrete and Aeolian 
deposits, whilst the exposed Dibdibba formation is close to the western 
border of the governorate. 

The section (A-B), in Figs. 9 and 10, shows the geo-hydrological 
circumstances of Mesopotamia plain between Iskandariya and Salman 
Pak (part of the cross section located within Babylon Governorate). The 
aquifers-aquitards system can be represented by two aquitards; upper 
(belongs to Quaternary geological era); lower (belong to Pre-quaternary 

geological era), and one aquifer between them (belongs to Quaternary 
geological era). 

From the aforementioned Fig. 10, it can be deduced that: the upper 
aquitard thickness ranges from 7 to 20 m in some location, whilst the 
lower aquitard thickness ranges from 6 m to 22 m and it could be absent 
in some locations. In addition, by examining Fig. 10 once more, it can be 
concluded that the aquifer layer thickness changes from few meters till 
tens of meters (about 60 m) in some locations, and it disappears in east 
when the upper and lower aquitards merge together. 

The transmissivity (see equation (2)) changes from 14.7 m2/d in the 

Fig. 7. Aquifer mega-system groundwater amount, (after Jassim and Goff, 2006).  

Fig. 8. Stratigraphy column, (after Sissakian, 2013).  
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western part of Iskandariyah-Salman Pak cross section to about 4.3 m2/ 
d in the eastern part of the section. Due to the fine deposits that were 
carried by the rivers (Euphrates and Tigris) during Quaternary era, some 
interrupted semi-aquifer and aquitard were built within the aquifer 
layer producing discontinuous in the thickness of the macro aquifer. The 
thickness of the aquifer, also, changes in south east direction of 

Mesopotamia. From the boreholes data, the maximum aquifer thickness, 
which it is about 200 m, was found near Kut city (south of Iraq), where 
the aquifer there does mainly consist from fine to medium grained sand 
cemented by gypsum in some times, (Jassim and Goff, 2006). 

4.2. Results from interpolation 

The groundwater depth below the ground surface is described by 
Fig. 11. The groundwater depth is very shallow; almost the whole region 

Fig. 10. Iskandariyah –Salman Pak Quaternary cross section, (after Jassim and Goff, 2006).  

Fig. 9. Babylon Location within Mesopotamia Plain and alluvial deposits types, 
(after Jassim and Goff, 2006). 

Fig. 11. Babylon groundwater depth map, (after Al-Madhlom et al., 2019a,b).  
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has ground water depth within the range 1.81 m–3.60 m below the 
ground surface, and it could be less than 1.81 m depth in some regions. 
The deepest groundwater within the province is about 9 m in a small 

Fig. 12. Babylon Hydraulic conductivity map.  

Fig. 14. Babylon seepage velocity.  

Fig. 13. Babylon transmissivity map, (modified from Al-Madhlom et al., 
2019a,b). Fig. 15. North Babylon vulnerability map, (after Al-Madhlom et al., 2016).  
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area in the southern part of Babylon. 
Most of the area of the governorate has a hydraulic conductivity 

between 0.0022 m/day and 2.50 m/day (Fig. 12), which is located 
within (silt, loess – silty sand) hydraulic conductivity ranges, (Todd and 
Mays, 2005). The maximum value for the hydraulic conductivity in the 
studied area is 16.56 m/day which is equivalent to the upper limit of 
silty sand hydraulic conductivity range, (Todd and Mays, 2005). 

Transmissivity map of the studied area is illustrated by Fig. 13. 
Considering Fig. 13, the transmissivity of the study area increases from 
52 m2/d in the eastern parts of the governorate to 137 m2/d in western 
parts of the governorate. This matches with Jassim and Goff (2006) who 
stated that the transmissivity in Babylon within the upper tens meters’ 
deposits is 100–200 m2/d, and it decreases with the west direction to-
ward Suwaira city (60 km south Baghdad). 

4.3. Results of seepage velocity 

The seepage velocity within Babylon ranges from 1.34 � 10-6 m/day 
till 0.11 m/day, with most of the area has a seepage velocity within the 
range of (1.34 � 10-6 - 3.45 � 10-3) m/d (Fig. 14). Low seepage velocity 
is produced due to two main reasons: first low hydraulic conductivity 
(Fig. 12) that the soil of the region has (silt, loess – silty sand) (Todd and 
Mays, 2005). Second the low hydraulic gradient of the groundwater in 
this region (Fig. 11). In addition, the general groundwater flow direction 
from the north to the south of the governorate. This coincides with the 
surface elevation and groundwater static elevation. 

The approximate values for the magnitude and the direction of the 
groundwater flow are mentioned in the literature (Al-Jiburi and 
Al-Basrawi, 2011, 2015). The results obtained from this work are very 
similar to the values from other researches. 

4.4. Results of aquifer vulnerability 

The vulnerability of the aquifer in the Northern part of Babylon is 
explained by Fig. 15 (Al-Madhlom et al., 2016). DRASTIC Index for the 
northern part of Babylon shows that vulnerability of the aquifer ranges 
from 80 to 120 (Al-Madhlom et al., 2016). This means that the aquifer 
has moderate vulnerability to the surface contaminants. 

Comparing these values with other work carried out in Iraq, the 
obtained values are considered reasonable (Abdullah et al., 2018,b,c, 
2019). 

5. Conclusions 

Since the crystalline basement is about 7–12 km deep in Meso-
potamia plain, then igneous or metamorphic rock borehole thermal 
energy storage system cannot be used. Instead sedimentary rocks bore-
hole thermal energy storage system can be used after regarding the 
geological, geo-hydrological, thermal properties for the formation. 

Since Mesopotamia groundwater has high salinity, i.e., its inappro-
priately for domestic or agriculture proposes, then it could be used for 
other purposes like thermal storage system. 

The Mesopotamia groundwater is very shallow, normally less than 
20 m depth, and it reaches less than 2 m in some places of Babylon 
Governorate, i.e., the expected aquifer storage system which will be 
implanted will be shallow, compare to the aquifer system type in Ger-
many (Seibt and Kabus, 2006). 

The seepage velocity for Babylon groundwater is very low, since the 
groundwater flows in fine porous media (alluvial silty clay soil), within a 
range of 1.34 � 10� 6 (m/day) and 0.11 (m/day). Most of Babylon area 
has a seepage velocity less than 3.45 � 10� 3 (m/d), that’s means low 
advection losses in case of using aquifer thermal storage. Advection is 
the rate of bulk groundwater flow. The thermal advection losses are the 
losses that are produced by advection (Fetter, 2018). Spread rate of the 
leached contaminants is proportional with seepage velocity (Fetter 
et al., 2018). 

By comparing the resultant aquifer features with that stated by 
Nordell et al. (2015a,b) regarding: thickness; depth; permeability; 
groundwater flow; and static head, it can be concluded that the available 
aquifer satisfies the conditions. It should be mentioned, however, that 
the region which has (0.0023–2.5) m/d as hydraulic conductivity should 
be excluded from the proposed position for the future implemented 
system. 

The losses from the surface and the surrounding of the system can be 
estimated by identifying the thermal properties and geo-hydrological 
conditions of the surroundings to the storage system. 

The expected useable thermal storage systems for the entire Meso-
potamian and Babylon specifically are either pit in soil or aquifer ther-
mal storage system. 

Since most of Mesopotamia formations are sedimentary formation 
(consolidated and unconsolidated), then their thermal, geological, 
hydrogeological properties will be within the range of sedimentary de-
posits properties. 

In addition to this study more studies can be accomplished in the 
future. Such as finding the best location to install ATES system 
(Al-Madhlom et al., 2019a,b), or considering the thermal properties of 
the ground where the system is planned to be installed (e.g. thermal 
response test (Spitler and Gehlin, 2015)). Parameters like microbiology, 
geochemistry and mineralogy of the ground must be covered by future 
studies, since they effect directly the performance of the thermal storage 
system (Rad and Fung, 2016). 

There are many challenges that face this technique. Some challenges 
effect the efficiency of the system such as the short-circuiting between 
the warm and cold wells (Akhmetov et al., 2016). The thermal losses in 
the stored energy due to the interferences of the volumes of the warm 
energy and the cold energy (thermal radii) represent another challenge 
facing this technique (Gao et al., 2017). Degradation of the groundwater 
quality due to mixing groundwater of different temperatures and 
different qualities is one of the new problems that face aquifer thermal 
energy storage system (Possemiers et al., 2014). The natural regional 
groundwater flow is also one of the most important problems that de-
creases the efficiency of the storage for the system due to thermal losses 
of the storage (Bloemendal and Olsthoorn, 2018; Gao et al., 2019). The 
negative effect of the heterogeneity in the hydraulic properties on the 
performance of the aquifer storage system represents a new challenge to 
this technique (Sommer et al., 2013). Additional challenges, like 
geochemistry problems and clogging, are stated in details by Andersson 
(2007), Nordell et al. (2015a,b) and Lee (2013). To overcome these 
challenges pilot systems and numerical simulations can be used (Dincer 
and Rosen, 2011). 

There are many limitations for the using of aquifer as thermal energy 
storage systems. The limitations can be classified into three main types. 

Table 4 
Limitations of Aquifer Thermal Energy Storage ATES system.  

According to Schmidt and Miedaner 
(2012a,b) 

According to Nordell et al. (2015a,b) 

Limitation of confined aquifer Value Limitation of 
unconsolidated 
aquifer 

Value 
(lower- 
upper) 
Typical 

Presence of natural aquifer 
layer with high hydraulic 
conductivity (k) (m/s) 

>10� 5 Aquifer permeability 
(m/s) 

(3˟10� 5 - 1 
˟10� 3) 
3˟10� 4 

Presence of confining layers on 
top and below the aquifer. 

– Aquifer depth (mbgs) (5–150) 
50 

Natural (regional) 
groundwater flow. 

No or 
low 

Groundwater flow 
(m/d) 

(0–0.3) 
0.1 

The groundwater chemistry 
type is suitable at high 
temperatures storage. 

– Static head (mbgs) (50 to � 5) 
10 

The thickness of the aquifer 
(m) 

20–50 Aquifer thickness (m) (2 - Not 
specified) 
25  
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They are hydrogeological, geological, and metrological. Transmissivity, 
saturated thickness, specific yield, porosity, and hydraulic gradient are 
some of the hydrogeological limitations which were mentioned by 
Paksoy et al. (2000). Another important limitation is that there should 
be a balance between the warm loads and the cold loads to avoid the 
change in the groundwater temperature (Dincer and Rosen, 2011). Some 
of the major limitations which are stated in the literature are arranged in 
Table 4: 

Schmidt and Miedaner (2012a,b) also added some additional limi-
tations that should be considered, they are: stratigraphy, grain size 
distribution (porosity), aquifer depth and geometry, structures and 
fractures distribution, storage efficiency, leakage factors, degree of 

consolidation, thermal gradients, static head, and permission from the 
water authorities natural. Other limitations and their effects on the 
storage performance, like clogging effects and thermal losses, are stated 
in details by Andersson (2007) and Bridger and Allen (2005) and 
Hesaraki et al. (2015). 
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Table 3 
Iraq and Babylon’s metrological, geological, geo-hydrological, and thermal data. 
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.gsd.2019.100283. 
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ABSTRACT:  Underground Thermal Energy Storage UTES systems are widely used around the world. The 

reason is that UTES is essential in utilizing Renewable Energy sources (RE). The efficiency of the energy 

system relies strongly on the efficiency of the storage system. Therefore, in the installation of a hyper-energy 

system, a lot of attention is to be paid in improving the storage system. In order to design an efficient storage 

system, firstly, standard criteria are to be investigated. These explain the process of making high efficiency 

storage system that must be specified. The criteria, mainly, depends on: best type and best location. These two 

variables are in high interference with each other. The bond between the two variables is represented by the 

geological, hydrological, meteorological, soil, hydrogeological properties/factors of the site. These factors are 

specified by geo-energy mapping. Despite the importance of this type of mapping, there is no specific 

criteria/formula that defines the choice. This paper aims to: give a brief literature review for UTES systems 

(types, classification, advantages/disadvantages for each type, and examples of an installed system). In 

addition, some factors within geo-energy mapping are highlighted and standard criteria to achieve good storage 

system are suggested. The suggested criterion comprises a process to transfer the quantity values to quality 

values according to the expert opinion. The suggested criteria are defined through the following stages: 

selecting the best type of UTES systems according to hydro-geological in site conditions; using the analytical 

hierarchy process to rank the best location to install the storage system and then using ArcMap (GIS-Software) 

to provide representative results as maps. Karbala Province (Iraq) is the study area used here.  

 

RÉSUMÉ:  Les systèmes de stockage souterrain d'énergie thermique (abréviation UTES systèm en anglais) 

sont largement utilisés dans le monde en raison de leur corrélation essentielle avec les sources d’énergie 

renouvelables (ER). L’efficacité du système énergétique dépend fortement de l’efficacité du système de 

stockage auquel il est associé. Par conséquent, lors de l'installation d'un système d'hyper-énergie, une grande 

attention doit être accordée à l'amélioration du système de stockage. Pour produire un système de stockage 

efficace, il convient tout d'abord d'examiner les critères standard qui expliquent le processus de développement 

de systèmes de stockage à haute efficacité qui doivent être spécifiés. Les critères dépendent principalement du 

meilleur type d’installation et du meilleur emplacement, deux variables sont fortement corrélées. La relation 

entre ces deux variables est représentée par les propriétés / facteurs géologiques, hydrologiques, 

météorologiques, du sol et du site. Ces facteurs sont spécifiés par la cartographie géo-énergétique. Malgré 
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l'importance de ce type de cartographie, aucun critères ou standards spécifiques ne les définit.Cet article vise à: 

faire une brève revue de la littérature sur UTES systèm (types, classification, avantages / limites pour chaque 

type et exemples de système installé). En outre, certains facteurs de la cartographie géo-énergétique sont 

présentés et des critères de standardisation sont suggères pour obtenir de bon systèmes de stockage. Les critères 

proposés comprennent un processus permettant de transférer les valeurs quantitatives en valeurs de qualitatives 

basées sur l'avis de l'experts. Les critères proposés sont définis par les étapes suivantes: sélection du meilleur 

type d’UTES systèm en fonction des conditions hydrogéologiques du site; en utilisant le système de hiérarchie 

analytique pour classer le meilleur emplacement pour installer le système de stockage, puis en utilisant ArcMap 

(logiciel SIG) pour fournir des résultats représentatifs sous forme de cartes. La province de Karbala (Irak) est 

notre zone d’étude.  
 

Keywords: undeground thermal energy storage; site selection; geo-energy mapping; analytical heirarchy 

process; DRASTIC index. 

 

1 INTRODUCTION 

Renewable energy proved to be a successful 

alternative to fossil fuel during the last decades. 

In spite of all its benefits (e.g. Miguez et al., 

2006), it possesses a main disadvantage because 

it is intermittent (Xu et al., 2014). To overcome 

this drawback, energy systems are 

complemented by a storage system (Dincer et 

al., 1997). The efficiency of renewable systems 

relies strongly on the combined storage systems, 

which has to be optimized.  

Underground thermal energy storage (UTES) 

systems are widely used around the world 

(Kaygusuz, 1999) in Heating, Ventilation, and 

Air Conditioning (HVAC) applications. 

Therefore, it becomes very important to 

determine the efficient UTES system. There are 

six types of UTES systems: borehole; aquifer; 

cavern; tubes in clay; pit; and tank (Nordell, 

2000; Hesaraki et al., 2015). Optimal UTES 

system relies on its type and location. Hence, 

deciding UTES system type is an important 

consideration. The efficiency of UTES system 

depends strongly on two variables: site specific 

factors and the storage system type. Therefore, 

to find the optimal storage system, its type must 

be specified first. The best type can be decided 

by decision makers according to site specific 

factors. After the problem of identifying the best 

type has been settled, the best location for the 

selected type can be decided. A method is 

proposed in this paper to find the suitable 

location for installing a specific type of UTES 

system since there is no identified method. The 

proposed method is presented in Methodology 

sec. 

2 METHODOLOGY 

Only one of the six UTES types, the tank 

system, is not  site dependent. In spite of the 

vital role of site selection on the efficiency of 

the system, there is no specific method to be 

followed. The suggested method is a synthesis 

of two methods: Analytical Hierarchy Process 

AHP (Saaty, 1990) and DRASTIC (Aller, 1987). 

According to this method, the process can be 

clarified into two main stages. 

The first stage of the process, is producing the 

equation that evaluates the suitability of UTES 

system according to the site specific factors. The 

equation can be written as follows:  

 
𝑆 = ∑ 𝑊𝑖𝑅𝑖

𝑛
𝑖=1  (1) 

 
Where 𝑆 is the site suitability index, 𝑊𝑖 is the 

weight of the in-site factor, and 𝑅𝑖 is the rating 

of the factor. 
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 The second stage is represented by using Arc 

Map/GIS software to perform equation (1) on 

the region, and presenting the results as a map. 

The resultant map depicts the suitability of the 

region for the specified UTES system. 

To accomplish these two stages, the following 

steps can be identified: 

2.1 AHP (weighting mode) 

In this stage, the effect (weight) of each in-site 

factor on site suitability is determined. In this 

process Analytical Hierarchy Process, AHP can 

be used. AHP considers decision makers 

judgement in evaluating the weight of each 

factor. AHP includes normalizing the calculated 

weights, i.e. the summation of all weights equals 

one. AHP method can be described as follows 

(Saaty, 2008): 

 Define the problem 

Define the UTES system type and the 

controlling factors, e.g. seepage velocity and 

transmissivity, that have effects on the site 

selection.  

 Arranging 

Arrange the factors from the high effect to low 

effect giving each controlling factor an index 

from 1 to 9 (see table 1). There are many 

applications that can be valid (Saaty, 2008). In 

spite of that, this scale can be changed according 

to the opinion of the decision makers in the geo-

energy mapping field. 

 Pairwise matrix 

Construct the pairwise comparison matrix which 

states the relationships between each two 

factors, see figure 1. 

 
Table 1. Fundamental scale (Saaty, 1990) 

Intensity of 

importance 
Description 

1 Equal importance 

3 Moderate importance 

5 Strong importance 

7 Very strong importance 

9 Extreme importance 

2,4,6,8 
Intermediate values between 

the two adjacent judgment 

 

 Weighting 

Use the pairwise matrix to find the weight of 

each factor. The weight of the factor is the 

relative importance or degree of relative 

importance amongst the elements (Jayant, 

2018). It can be found by using the following 

equation (Chabuk, 2016): 

  

𝑊𝑖 = √𝑃 
𝑛

 (2) 
 

Where 𝑊𝑖 is the weight of the 𝑖𝑡ℎ factor, 𝑃 is 

the product of  𝑖𝑡ℎ row elements, 𝑛 is the 

number of factors, it equals to number of rows 

or columns within the matrix. 

To find the normalized weight, equation 3 is 

used (Saaty, 1990):  

 

𝑊𝑖𝑛 =
𝑊𝑖

∑ 𝑊𝑖
𝑛
𝑖

 (3) 

 

Where: 𝑊𝑖𝑛 is the 𝑖𝑡ℎ normalized weight 

factor. 

 

Figure 1. Pairwise comparison matrix 
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2.2 AHP (check mode) 

The consistency of the matrix must be 

evaluated. To verify the consistency of the 

matrix, the following steps are used (Saaty, 

1990; Chabuk et al, 2016): 

 Lambda ( 𝜆𝑚𝑎𝑥) 

Lambda (𝜆𝑚𝑎𝑥, maximum eigenvalue) is an 

important verifying parameter in AHP. It is used 

for calculating the consistency ratio CR of the 

estimated vector in order to validate whether the 

pair-wise comparison matrix provides a 

completely consistent evaluation (Jayant, 2018). 

It is calculated as follow:  

 

𝜆𝑚𝑎𝑥 = ∑ [𝑊𝐽 ∑ 𝑎𝑖𝑗
𝑚
𝑖=1 ]𝑛

𝑗=1  (4) 

 

Where 𝑊𝑛𝐽 is the normalized 𝐽𝑡ℎ weight, 𝑎𝑖,𝑗 

is the weight effect for the parameter ij. 

 Consistency index 

After finding ( 𝜆𝑚𝑎𝑥)  consistency index (CI) 

can be found by the following equation (Saaty, 

1980): 

 

𝐶𝐼 =
𝜆𝑚𝑎𝑥 − 𝑛

𝑛−1
 (5) 

 

Where 𝑛 is the order of matrix as stated 

before. 

 Consistancy ratio 

Then consistency ratio is calculated by using the 

following equation (Saaty, 1980) 
 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
 (6) 

 
Where: CR is the consistency ratio; CI is the 

consistency index; and RI is the random index. 

Random index depends upon the order of the 

matrix.  It can be found by using table 2. 

 

Table 2. Random index for different matrix orders 

(Saaty, 1980 Chang et al., 2007) 

 Comparing 

The last step is comparing the calculated CR 

with the standards values (maximum values). 

The maximum values of CR depend on the 

orders of the matrix; it is 0.05 for the 3rd order; 

0.08 for 4th order; and 0.1 for 5th order and more 

(Jayant, 2017). The consistency ratio should be 

less than the maximum values otherwise the 

matrix will be inconsistent. 

2.3 DRASTIC mode  

By verifying the consistency of pairwise matrix, 

the next part which is related to DRASTIX 

index method can be initiated. It contains: 

 Ranging 

In ranging, each controlling factor is divided 

into either numerical ranges or significant types 

according to the impact on site selection (Aller 

et al, 1987). This step depends on the decision 

makers’ judgement. And results in a qualitative 

and quantitative assessment. Here the factors 

Groundwater and Bedrock depth, 

Transmissivity, Groundwater salinity, and 

Thermal and Hydraulic Conductivity are of type 

quantity. Soil and Groundwater type, Aquifer 

media and type and the Vadose zone media are 

quality based site specific factors. Each of them 

can be divided into identified ranges. 

Order RI Order RI 

1 0 9 1.45 

2 0 10 1.49 

3 0.58 11 1.51 

4 0.9 12 1.48 

5 1.12 13 1.56 

6 1.24 14 1.57 

7 1.32 15 1.59 

8 1.41   



Site Selection Criteria of UTES Systems in Hot Climate 

IGS 5 ECSMGE-2019 - Proceedings 

 Rating 

After completing ranging, rating of each range is 

performed. Rating depends on the relative 

significance of each range on site selection. The 

rating includes both types of ranges: quantity 

and quality based ranges. The rating is executed 

by assigning an index for each range. The 

assigned index ranges from 1 to 10, according to 

the relative importance of that range. High index 

(e.g. 10) means significant importance, whilst 

the low index (e.g. 1) means low importance. It 

is possible to normalize rating by dividing rating 

parameters by 10 (The maximum scale for 

rating). The site suitability index in this case 

ranges from 0 to 1. 

The method that explained in this paper is not 

based 0 to 1 scale, but it is based on 1 to 10 

scale. By executing rating, equation 1 becomes 

ready to perform by ArcMap/GIS. 

2.4 ArcMap/GIS mode 

After rating, ArcMap/GIS software is used to 

depict the results of equation 1 as map. At this 

stage, the method has the following steps: 

 Prepering the data 

First, the data from the wells within the study 

area is prepared as excel files. The data include 

site coordinates and the values of in-site 

parameters. The excel files are then imported by 

ArcMap/GIS software. 

 Interpolation 

Then, the maps of different in-site parameters 

are produced by using Interpolation tool within 

Spatial Analysis tools. The produced maps are 

classified into ranges according ranging step 

(2.3.1). 

 Reclassifying. 

The maps in step (2.4.2) are reclassified 

according to rating classes in step (2.3.2), by 

using Reclass tool within Spatial Analysis tools. 

 Map algebra 

Finally, Raster calculator tool within Spatial 

Analysis tools\Map Algebra is used to produce 

the site selection map. This tool requires all the 

input maps are raster maps. The resultant map 

contains pixels that possess 1 to 10 ranking. The 

most suitable site has the highest rank. 

3 CASE STUDY 

To explain the suggested method, Karbala 

province (within Iraq) was considered (Figure 

2). Karbala province is one of the most 

importance cities in Iraq. Its area is 5034 km2; 

its population is about 1 million people, and 

millions of visitors come to this city for 

religious purposes. Despite all these important 

factors, it has a serious problem of electricity 

deficiency, due to the overload that is generated 

from using air to air heat pumps in summer and 

winter.  

It is believed that this problem can be 

significantly solved by using UTES systems. 

The problems now are: which type of UTES 

systems types can be used; and where can it be 

installed. To explain how the suggested method 

can contribute to decide the suitable site, a study 

area of 400 km2 within Karbala city is selected 

(Figure 2).  

The suitable site can be identified by using 

the suggested method. If aquifer storage system 

is considered to be the suitable type, the 

controlling site specific parameters are depth to 

groundwater; seepage velocity; transmissivity; 

aquifer thickness; type of aquifer; volume of the 

aquifer; types of groundwater; and temperature 

of groundwater. To simplify the problem, let’s 

take four effecting parameters, they are: Depth 

to groundwater; transmissivity; and seepage 

velocity and aquifer saturated thickness. These 

parameters were arranged according to their 

effect on site selection, and the pairwise matrix 

was produced (Table 3). 
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Figure 2. Karbala province location, and study area 

 

Pairwise matrix was used to calculate the 

weight factors (W) and the normalized weights 

(Wn), (Table 3). 

To verify the consistency of pairwise matrix, 

 𝜆𝑚𝑎𝑥   was calculated using equation 4. In this 

case 𝜆𝑚𝑎𝑥  is 4.1705. Then, 𝜆𝑚𝑎𝑥  was used to 

calculate consistency index CI using equation 5. 

Consistency index CI in this case is 0.0568. 

Then the consistency rate CR was calculated 

using equation 6. The random index (RI) for 4th 

order matrix is (0.9)(Table 2). The resultant 

consistency rate CR was 6.3%. Since CR is less 

than 10% then the matrix has acceptable 

consistency. 

The next step in the suggested method is 

ranging. Ranging should be performed by the 

aiming of the decision makers. It is assumed that 

each parameter is as stated in table 4. After that, 

rating should be executed. Rating for the 

considered study area case is presented in table 

4. 

After rating, ArcMap was used to produce the 

ranged maps (Figures 3, 4, 5, and 6). The data 

were obtained from the maps produced by Al-

Ani (2004). Then Reclass tool within 

ArcMapsoftware was used to find the rated 

maps. Rated maps are presented, again, on 

figures 3, 4, 5, and 6 by altering the legend to 

the second one in each map, see the referred 

figures. 

4 RESULT AND DISCUSSION 

Using the raster calculator and rated maps 3-6, 

suitable site map can be produced (Figure7). 

The resultant map depicts the most suitable site 

to install an aquifer system. The most suitable 

site is within the red color with index rates from 

8 to 9. More accuracy for site selection can be 

produced by increasing the ranges within the 

map in figure 7, and let the last range become 

narrower, say e.g. 8.8 and 9. The weights matrix 

(Table 3) demonstrates that the depth to GW 

factor is the predominant factor with a 

normalized weight of 0.654. The other factors 

have  less weights, i.e. less importance on site 

selecting. Since CR (6.3%) is less than 10% then 

the matrix has acceptable consistency. When CR 

equals to zero then the matrix is fully consistent. 

 

 

 

Table 3. Pairwise matrix for the study area case 

 
Depth to 

groundwater 

Seepage 

velocity 
Transmissivity 

Saturated 

thickness 
Weight(W) 

Normalized 

weights (Wn) 

Depth to 

groundwater 
1 7 5 9 4.213 0.654 

Seepage velocity 1/7 1 1/3 3 0.615 0.096 

Transmissivity 1/5 3 1 5 1.316 0.204 

Saturated thickness 1/9 1/3 1/5 1 0.293 0.046 
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Table 4. Parameters ranging and rating for Karbala region 

Parameter Ranges Rating Parameter Ranges Rating 

Depth to groundwater 

(mbgs) 

0-2.5 2 
Transmissivity 

(m2/d) 

 

20-130 3 

2.5-15 4 130-240 5 

15-30 9 240-350 7 

30-50 6 350-460 9 

Seepage velocity 

(m/d) 

0-0.02 10 
Saturated 

thickness (m) 

 

18 -25 3 

002-0.04 8 25-33 5 

0.04-0.08 6 33-41 7 

0.08-0.18 2 41-49 9 

 

 

 

5 CONCLUSIONS 

AHP can help in taking the decisions in different 

applications, one of them UTES system site 

selection. It optimizes the utilized effort to 

decide the best location of UTES system 

according to site specific factors. ArcMap/GIS 

software can be used to demonstrate the results 

from AHP in effective way. AHP can be applied 

on the sub-divisions within each factor, i.e. 

ranges of each factor, to produce weighted 

rating factors. In this case the suitability index 

will be within the range of 0 to 1.  

Also, this method can be modified to find the 

best type amongst UTES system types. Then the 

illustrated method can be used to find the best 

location for the selected type. 

    
Figure 3. Ground-

water depth ranged 

and rated maps of the 

sudy area shown in 

Figure 2. 

Figure 4. Seepage velo-

city ranged and rated 

maps. 

Figure 5. Transmissivity 

ranged and rated maps. 

Figure 6. Aquifer satura-

ted thickness ranged and 

rated maps. 
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Figure7. Suitable site map. 
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Abstract: Underground thermal energy storage (UTES) systems are well known applications 
around the world, due to their relation to heating ventilation and air conditioning (HVAC) 
applications. There are six kinds of UTES systems, they are tank, pit, aquifer, cavern, tubes, and 
borehole. Apart from the tank, all other kinds are site condition dependent (hydro-geologically and 
geologically). The aquifer thermal energy storage (ATES) system is a widespread and desirable 
system, due to its thermal features and feasibility. In spite of all the advantages which it possesses, 
it has not been adopted in very shallow groundwater (less than 2 m depth) regions, till now, due to 
the susceptibility of the storage efficiency of these systems to the in-site parameters. This paper aims 
to find a reliable method that can be used to find the best location to install ATES systems. The 
concept of the suggested method is based on integrating three methods. They are, the analytical 
hierarchy process (AHP), the DRASTIC index method, and ArcMap/GIS software. The results from 
this method include a criterion that summarizes the best location to install an ATES system. This 
criterion is depicted by ArcMap/GIS software, producing raster maps that specify the best location 
for the storage system. The suggested method can be used to find the best location to install the 
thermal storage, especially in susceptible aquifers. 

Keywords: site selection; underground thermal energy storage systems; analytical hierarchy 
process (AHP); aquifer vulnerability; DRASTIC index; ArcMap/GIS software 

 

1. Introduction 

Underground thermal energy storage (UTES) systems are widely used around the world, due 
to their relations to heating ventilating and air conditioning (HVAC) applications [1]. To achieve the 
required objectives of these systems, the best design of these systems should be accessed first. The 
process of determining the best design for any UTES system has two stages, the type selection stage 
and the site selection stage. In the type selection stage, the best sort of UTES system is determined. 
There are six kinds of UTES systems, they are: boreholes, aquifer, bit, tank, tubes in clay, and cavern 
[2–5]. The selection of a particular type depends on three groups of parameters. They are: Site specific, 
design, and operation parameters (Figure 1). Apart from site specific parameters, the other two types 
can be changed through the life time of the system. The site specific parameters, e.g., geological, 
hydrogeological, and metrological, cannot be changed during the service period of the system. 
Therefore, the design of the best type should depend, at first consideration, on site specific 
parameters. 
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Figure 1. Factors effecting underground thermal energy storage (UTES) system type and efficiency. 

After the type selection stage is finalized, the stage of the best location/site can be initiated. In 
this stage, the best location to install the system is determined. It depends essentially on the site 
specific parameters, since the other two groups of parameters (design and operation) can be changed. 
The site selection should be based on the best efficiency to the system. The best efficiency can be 
formulated through different approaches. Some of these approaches are energy, cost, return time 
(payback time), and environment approaches. All these approaches can be summarized in one 
combined approach, which is the feasible and objective approach. The decision makers can formulate 
the different approaches, e.g., energy, cost, and environmental, into specific equations, i.e., objective 
functions, using optimization principles. The different approaches can be represented by many 
criteria. Considering the environmental approaches, they can be addressed by DRASTIC index [6–8]. 
DRASTIC index refers to the potential vulnerability of the aquifers to be contaminated by the surface 
contaminants which are leached to the aquifer by the water infiltration from rainfall [6,9,10]. By 
optimization, the objective function can be solved to find the solution, maximum or minimum value. 

As aforementioned, in spite of the importance of site conditions upon the efficiency to the storage 
system, there is no particular methodology that can be used to specify the best location to install the 
storage system. Al-Madhlom et al. [11] suggested a method that has not been adopted before. 

This paper suggests a new method that can be used to find the best location to install aquifer 
thermal energy storage (ATES) system. The suggested method has not been adopted till now. The 
invented method presents the best location as geographic information system (GIS) maps. 

The new method requires combining three types of fields of knowledge. They are heat transfer, 
hydro-geology, and geographic information systems (GIS). In the case that one field is neglected, the 
method cannot be developed. The installed aquifer thermal energy storage (ATES) systems, till now, 
did not consider the hydro-geological in-site properties in explicit criterion. The new method 
summarizes all the effecting parameters in one criterion that can be used to determine the best 
location to install the thermal storage system. 

Underground thermal energy storage (UTES) systems, including aquifer systems, are well 
known in Europe and in the USA where groundwater is relatively deep. They are used mainly in 
heating applications (in winter) [12–14]. In spite of collected knowledge about these systems, they 
have not, till now, been used in Middle East. Middle Eastern countries experience high temperatures 
in summer, which can reach more than 50 °C, and face serious problems in cooling (during summer). 
This paper suggests a new method that can be used to find the best location to install an aquifer 
thermal energy storage system. The suggested method can be used efficiently for regions that have 
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shallow groundwater, since the efficiency of the thermal storage in these cases is very affected by the 
in-site hydro-geological properties. 

The objectives of this article are: First, to find the best location to install an aquifer thermal energy 
storage (ATES) system (main objective). The significance of the suggested method is manifested in 
shallow groundwater conditions, due to the high susceptibility of storage efficiency of the thermal 
storage in these conditions. This study considered Babylon province (middle of Iraq), which has 
shallow groundwater, as a case study area. The second objective is to highlight the effect of depth to 
groundwater on the results. The third objective is to compare the results of site selection for two 
regions having different groundwater conditions (shallow and deep). The study considered Karbala 
province, bordering the Babylon province, as a deep groundwater region. 

2. Methodology 

As aforementioned, one of the aims of this article is to present a suggested methodology that can 
be used to find the best location to install an ATES system. The suggested approach is based on two 
well-known methods, the analytical hierarchy process (AHP) [15], and the DRASTIC index [6]. 
Furthermore, the process of site selection has four main steps: First, defining objective function with 
all its weighting factors by using the analytical hierarchy process method; second, checking the 
validity of all weighting parameters that are found in the first step; third, using DRASTIC index to 
formulate the in-site conditions; fourth, using ArcMap/GIS to depict the results. The process is 
described in more details as follows. 

2.1. Analytical Hierarchy Process (Weighting Step) 

In this stage, the objective equation is specified according to the best efficiency to the storage 
system. There are different approaches that can be used to define the efficiency to the system. 
Examples are, storage efficiency, cost, return period, and environmental effect. The objective function 
can be compounded to represent/satisfy two or more different approaches [16]. The decision makers 
can list the approaches according to their priorities. Then, they can establish the objective function 
according to that order of priorities. The different approaches are then assembled and written in 
terms of controlling parameters (site specific factors). Depending on the resultant equation the best 
location to install the storage system can be specified. The resultant objective function can be written 
as follows: 𝑆 = 𝑊 𝑅  (1) 

where 𝑆 is the site suitability index factor (dimensionless; its values rate from 0 to 10), 𝑊  is the 
normalized weight of the 𝑖𝑡ℎ in-site factor (dimensionless; its values rate from 0 to 1), and 𝑅  is the 
rating of the 𝑖𝑡ℎ factor (dimensionless; its values rate from 0 to 10). 

The AHP stage can be subdivided into the subsequent steps as follows [16,17]. 

2.1.1. Defining the Problem 

The type of underground thermal energy storage (UTES) system, which is required to be 
installed, should be defined. In this study, it is the aquifer ATES system. The controlling factors (in-
site parameters) that are involved within the objective function are to be deduced. The importance of 
each in-site factor is decided according to the decision makers’ judgements. Depth to groundwater, 
seepage velocity, transmissivity, aquifer thickness, type of aquifer, volume of the aquifer, types of 
groundwater, and temperatures of groundwater are some examples of site specific parameters. 

2.1.2. Arranging/Ranking 

Site specific parameters should be arranged according to their importance on the site selection. 
The parameters are ordered from high to low effect. An integer value (rates from 1 to 9) is to be 
assigned to each parameter (Table 1). Note that, if a parameter has zero influences, it means that the 



Water 2019, 11, 1393 4 of 18 

 

parameter is not comparable with the considered parameters [16]. The high effective parameter is 
given a larger integer value such as 8 or 9. The parameters that have less influence are assigned to a 
small integer value like 1 or 2. The parameters which have intermediate influences are assigned to 
intermediate asset values. In reality, there are many applications that can satisfy this ranking [10]. 
But, this scale can be changed according to the judgment of the decision makers in the hydro-geo-
energy mapping field, i.e., this scale has the flexibility to assign fractional “tad” values in order to 
refine the scale [9]. 

Table 1. Fundamental scale/parameters influence ranking [15]. 

Intensity of importance Description 
1 Equal importance 
3 Moderate importance 
5 Strong importance 
7 Very strong importance 
9 Extreme importance 

2,4,6,8 Intermediate values between the two adjacent judgments 

2.1.3. Pairwise Matrix 

A pairwise comparison matrix should be constructed, which depicts the relationships between 
the parameters (Figure 2a,b). Priority matrix (𝑤) (Figure 2a and Equation (2)) can be written in terms 
of matrix A (Figure 2b and Equation (2)) [16]. 

There is an infinite number of methods, that can be used to derive the vector of priorities from 
matrix 𝐴. However, since the emphasis is on the consistency, the eigenvalue formulation (Equation 
(2)) is to be considered. Consequently, matrix 𝐴 (Figure 2b) can be written in terms of eigenvalue as 
follows [16]: 𝐴𝑤 = 𝑛𝑤 (2) 

and: 𝑤 = (𝑤 , 𝑤 , … , 𝑤 ) (3) 

where 𝑤(𝑤  𝑚𝑎𝑡𝑟𝑖𝑥) is the priority of the element 𝑖 (Figure 2a), 𝐴 is the matrix of elements (a , ) 
(Figure 2b), n is the number of rows or columns in the matrix A which equals the number of the 
considered factors, i is the index of the row, j is the index of the column (Figure 2b). 

⎩⎪⎪⎪
⎨⎪
⎪⎪⎧

𝑤 𝑤 𝑤 𝑤 𝑤 𝑤 … … 𝑤 𝑤𝑤 𝑤 𝑤 𝑤 𝑤 𝑤 … … 𝑤 𝑤𝑤 𝑤 𝑤 𝑤 𝑤 𝑤 … … 𝑤 𝑤… … … … … …… … … … 𝑤 𝑤 … …𝑤 𝑤 𝑤 𝑤 𝑤 𝑤 … … 𝑤 𝑤 ⎭⎪⎪⎪
⎬⎪
⎪⎪⎫  
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Figure 2. Pairwise comparison matrix: (a) Priority matrix in terms of 𝑤  and 𝑤 ; (b) matrix A in terms 
of 𝑎 , . 

2.1.4. Weighting 

The weight for each factor is determined by using the pairwise matrix (matrix 𝐴) see Figure 2b. 
The weight of any factor (𝑊 ) is the relative importance or degree of relative importance of that factor 
compared to the other elements [18]. The weight (𝑊 ) can be found by applying the following 
equation [19]: 

where 𝑊  is the weight of the 𝑖𝑡ℎ factor, 𝑃 is the product of 𝑖𝑡ℎ row elements, 𝑛 is the number of 
factors. It equals to the number of the columns or rows within the matrix 𝐴 (Figure 2b). 

To normalize the weights produced by Equation (4), Equation (5) is called [15]: 

𝑊 = 𝑊∑ 𝑊  (5) 

where 𝑊  is the normalized weight of the 𝑖𝑡ℎ factor. 

2.2. Analytical Hierarchy Process (Check Step) 

The consistency of the matrix must be evaluated and verified. To verify the consistency of the 
matrix, the following steps are applied [15,16]. 

2.2.1. Lambda ( λ ) 

Lambda (𝜆 , maximum eigenvalue) is an essential verifying parameter in AHP. It is used for 
calculating the consistency ratio (CR) of the estimated vector in order to validate the consistency of 
the pairwise comparison matrix [18]. In other words, it verifies the rational relations between the 
matrix 𝐴 elements [15,16]. Equation (2) can be written in terms of 𝜆  as follows [16]: 𝐴𝑤 = 𝜆  𝑤 (6) 𝜆  is calculated as follows [18]: 

𝜆 = 𝑊 𝑎  (7) 

where 𝑊  is the normalized weight of the 𝐽𝑡ℎ  factor, 𝑎 ,  is the element 𝑖, 𝑗  in the matrix 𝐴 
(Figure 2b), 𝑛 is the number of columns in matrix 𝐴, 𝑚 is the number of rows in matrix 𝐴. Note 
that 𝑛 =  𝑚 

2.2.2. Consistency Index (CI) 

 

Such 
that 

(b) 

𝑊 = √𝑃  (4) 
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After acquiring ( 𝜆 ), the consistency index (CI) can be obtained by the following equation 
[20]: 

𝐶𝐼 = 𝜆  −  𝑛𝑛 − 1  (8) 

where 𝑛 is the order of the matrix as stated before. Equation (8) represents the variance of the error 
incurred in estimating a  [16], see Figure 2a,b. 

2.2.3. Consistency Ratio (CR) 

The consistency ratio is then calculated by using the following equation [20]: 𝐶𝑅 = 𝐶𝐼𝑅𝐼 (9) 

where 𝐶𝑅 is the consistency ratio, 𝐶𝐼 is the consistency index, and 𝑅𝐼 is the random index. 
The random index depends upon the order of the matrix. It can be found by using Table 2. 

Numbers in Table 2 represent the average random consistency indexes which were derived from a 
reciprocal matrices sample that was randomly generated on the scale 1/9, 1/8, 1/7, ……, 1, ……, 7, 8, 
9 [16]. 

Table 2. Random index for different matrix orders [20,21]. 

Order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.59 

2.2.4. Comparing the Resultant Consistency Ratio with the Standards 

The last step in AHP (check step) is comparing the calculated consistency ratio (CR) with the 
standards values (maximum values). The maximum values of CR depend upon the orders of the 
matrix, it is 0.05 for the 3rd order, 0.08 for 4th order, and 0.1 for 5th order and more [18]. The 
consistency ratio should be less than the maximum values otherwise the matrix will be inconsistent. 

When the matrix has an acceptable consistency, it implies that the adjustments in the matrix 
elements are small compared to the actual values of the eigenvector entries [15,16]. Whilst the 
inconsistent matrix means that there is inconsistency in the relations between the elements of the 
matrix. In other words, the hydrogeological and geological parameters have an inconsistent relation 
between them. Consequently, an inconsistent matrix does not satisfy Equation (10): 𝑎 ×  𝑎 =  𝑎  (10) 

where 𝑎  is the importance of the alternative 𝑖  over alternative 𝑗, 𝑎  is the importance of the 
alternative 𝑗  over alternative   𝑘 , 𝑎  is the importance of the alternative 𝑖  over alternative 𝑘 
[15,16]. 

In case the matrix is inconsistent, then the process is initiated from ranking step (2.1.2) by 
changing the ranking (priority of the parameters) to produce a matrix that satisfies Equations (9) and 
(10). Otherwise, if the matrix is consistent, the process is turned to the next step (DRASTIC step). 

2.3. DRASTIC Step 

By approving the consistency of the pairwise matrix, the DRASTIC step can be initiated. This 
phase consists of the following.  

2.3.1. Ranging 

In ranging, each governing factor is classified (categorized) either quantitatively into numerical 
ranges, or qualitatively into significant classes according to its impact on site selection [6]. This step 
is based on the decision makers’ judgement. The results from this step are either a qualitative or 
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quantitative assessment. Here, the factors are groundwater and bedrock depth, transmissivity, 
groundwater salinity, and thermal and hydraulic conductivity of the deposits, and are of type 
quantity. Soil and groundwater type, aquifer media and type and the vadose zone media are quality 
based site specific factors. Each of site specific factors (qualitative and quantitative) can be divided 
into identified ranges. 

2.3.2. Rating 

After completing ranging, the rating of each range is processed. Rating means assigning a 
rank/weight that can be an integer value, for each controlling parameter range. Rating depends on 
the relative significance of each range in the site selection. The rating includes both ranges, 
quantitative and qualitative. The rating is executed by assigning an index for each range. The 
assigned index range from 1 to 10 is based on the relative importance of that range. High index (e.g., 
10) means significant importance, whilst the low index (e.g., 1) means low importance. It is possible 
to unite/normalize rating by dividing rating parameters by 10 (the maximum scale for rating). The 
site suitability index in this case ranges from 0 to 1. 

The scale 1 to 10 can be changed according to the decision makers’ judgement, the importance 
of the factor, and the range of the factor that should be covered (length). As an example, scaling 1 to 
100 can be used. Another way to change the scale is by using “tad” rating. “Tad” rating refers to when 
the fractions are evoked in the rating process, i.e., using fractional numbers like 1.7, 6.8, 9.6, 4.2. 

If one range is assigned to a zero value rating, then the hydro-geological parameter within that 
range has no effect upon the site selection. 

The different factors can have different rating scale depending on the importance of that factor 
and the decision makers’ judgement. But, in this case all these scales should be normalized to 
general/unified scale range. 

The method explained in this paper is based on 1 to 10 scale, not on the 0 to 1 scale. By executing 
rating, Equation (1) becomes ready to be performed by ArcMap/GIS. 

2.4. ArcMap/GIS Step 

ArcMap is the main application from the three applications that ArcGIS has. The other two 
applications are ArcGlobe and ArcScene. ArcMap is used for mapping, editing, analysis, and data 
management by utilizing its 19 toolboxes [22]. The spatial analyst tool box is a significant box from 
ArcMap toolboxes. 

The spatial analyst box is the heart and the soul of ArcGIS. It provides a rich set of spatial analysis 
and modeling tools (170 tools in 23 toolsets). These tools can be used to perform different 
methods/equations on the map of both raster (cell-based) and feature (vector) data types [23–25]. The 
spatial analyst tools box is the main box that is used in this step. 

There is an additional perspective that should be considered in the process of thermal storage 
site selection. It is the potential conflict between the available infrastructures in the region and the 
considered thermal storage. In other words, there are some sites that should be avoided/excluded 
from the areas/locations list of thermal storage site selection. The excluded locations are those of 
infrastructures and natural resources, e.g., oil pipes, electricity mainlines, highway roads, rivers, 
rainfall drainage networks, sewage drainage systems, and landfills. To introduce the effect of these 
infrastructures, the buffer tool within ArcMap/GIS can be used. This tool can exclude specified 
regions from the resultant site selection [26]. Since the aim of this paper is to explain a methodology 
that can be used for thermal storage site selection and to simplify the site selection process, this 
perspective was not considered in this paper. 

The ArcMap/GIS step includes the following, 

2.4.1. Preparing the Data 

To initiate this step, essential information (such as well logs and maps) regarding the considered 
parameters should be available. These information are the results from preliminary survey or 



Water 2019, 11, 1393 8 of 18 

 

previous works/studies. The information can be ready maps or excel files. In the latter case (excel 
files), the data is produced from a group of wells that are available within the study area. The data 
include site coordinates (geographical or projected system) and the values of the considered in-site 
parameters. The excel files are then imported by ArcMap/GIS software. 

2.4.2. Projecting the Wells 

After importing the excel files to ArcMap/GIS software, the wells are projected on a desired 
coordinate system. The one used in this study is the universal transverse Mercator (UTM), 
specifically, world position system WSG1984 UTM zone 38N [27]. 

2.4.3. Interpolation and Ranging 

Then, the maps which depict the layers of different in-site parameters are produced by using the 
interpolation tool (kriging tool) within the spatial analysis tools. Each layer/map of a single hydro-
geological parameter is classified into different ranges according to the ranging specified in step 
(2.3.1). 

2.4.4. Reclassifying 

This step defines the effect of each range, within each hydro-geological parameter, on the site 
selection process. Hereby each range is assigned to a single quantitative value according to rating 
classes in rating step (2.3.2). To perform this step, the reclassify tool within reclass set/spatial analysis 
tools is used. The results from this step are maps, which are similar to interpolation and ranging (step 
2.4.3) but with rates instead of ranges, i.e., different legends. 

2.4.5. Map Algebra 

Finally, the raster calculator tool within the map algebra set/spatial analysis tools is used to 
produce the site selection map. Using this tool, Equation (1) can be applied easily. Since, 𝑊  within 
Equation (1) represents the normalized weight factor 𝑊 , which is produced in step (2.1.4), 𝑅  in 
the same equation represents the rated layers within step (2.4.4). This tool requires that all the input 
maps (layers) are as raster maps. The resultant map, which represents the site selection map, contains 
pixels that possess a 1 to 10 ranking. The most suitable site has the highest rank. 

3. Case Study 

To achieve the aims behind this paper, specifically by demonstrating the suggested method for 
site selection of an aquifer thermal storage in shallow groundwater region, Babylon province (in the 
middle of Iraq, Figure 3) was selected as the study area. Babylon province is one of the famous cities 
in the history of civilization. Babylon province is found near the ruins of the old city. Babylon 
province has an area of 5134 km2, and a population of about 2 million [28]. The groundwater level is 
very shallow in Babylon province. It is less than 2 meters in some locations as shown in Figure 4. 

This province, as in other provinces of Iraq, has a serious problem in the electricity sector. The 
energy generated is much lower than the demand [29]. Over the past decades, there have been 
different reasons behind this problem. But after 2003 (Second Golf War), the significant reason behind 
this problem is the huge overloading due to heating ventilating and air conditioning (HVAC) 
applications in summer and winter [30]. 

It is believed that the problem of electricity deficiency in Iraq can be substantially solved by 
using underground thermal energy storage (UTES) techniques [28]. 

Now two questions are highlighted: 
1. Where is the best location to install an ATES system in Babylon province? 
2. How can the best location be chosen? 

Babylon province was considered as a study area to apply the suggested method. The 
application was carried out as follows: 
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Figure 3. Babylon province location and 
study area. 

Figure 4. Babylon province 
groundwater level. 

3.1. Identifying the Problem 

The problem can be formulated in the question: Where is the best location to install an aquifer 
thermal energy storage system in Babylon province? To answer this question, the parameters that 
affect the site selection must be listed first. There are many parameters that can affect the site selection 
process. These parameters can be arranged in three groups. They are design, operation, and hydro-
geological in-site parameters (Figure 1). Apart from hydro-geological parameters, the other two 
groups are totally/partly changeable during the life time of the system. This means that the hydro-
geological in-site parameters cannot be changed during the life period of the storage system. 
Therefore, they are very important to consider within the site selection process. Some examples of in-
site parameters that are involved within the site selection process are depth to groundwater, seepage 
velocity, transmissivity, aquifer thickness, type of aquifer, volume of the aquifer, types of 
groundwater, and temperature of groundwater. To simplify the process, just four in-site parameters 
were considered. They were depth to groundwater, transmissivity, seepage velocity, and aquifer 
saturated thickness. 

3.2. Arranging/Ranking 

In order to assign an accurate priority to each site specific parameter, the influences of each 
parameter on the storage system efficiency should be well considered and analyzed. 

The depth to groundwater affects the surface thermal losses. Surface thermal losses are the losses 
that generated a leak from the thermal stored energy to the ground surface. The leak is produced due 
to the thermal gradient between the thermal storage and the ground surface. When the distance 
between the storage and the ground surface is small, the thermal gradient is high and the losses are 
large [31]. The depth of groundwater also effects the digging cost, and the relation between these two 
variables is proportional. The depth to the groundwater also effects the thermal storage capacity, 
through affecting the hydraulic conductivity. Since the hydraulic conductivity, in general, decreases 
with depth of the soil. Hydraulic conductivity effects the peak thermal loads that can be covered by 
the storage system. Peak load is proportionally affected by hydraulic conductivity. 

The groundwater depth fluctuates according to the thermal loads of the system. As an example, 
the large thermal loads require large storage volume and high pumping rate, which produce high 
fluctuations in groundwater depths. In addition, the fluctuation in groundwater depths depend on 
the in-site hydro-geological properties like hydraulic conductivity and porosity [32]. 
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Seepage velocity affects the advection losses. Advection is the rate of bulk groundwater flow. 
The thermal advection losses are the losses that are produced by advection [33]. Spread rate of the 
leached contaminants is proportional to seepage velocity [34]. 

Transmissivity affects the peak loads that can be covered by the system. High transmissivity 
leads to high loads that can be covered. 

Aquifer saturated thickness effects control the water extraction rate, which effects the shape of 
the storage, the served thermal loads, and the peak loads. 

The influences of the four considered site specific parameters can be summarized in Table 3. 
The influences of the four considered site specific parameters are explained in Table 3. After 

studying the system of parameters very well, the decision makers can assign a priority for each 
parameter. It is assumed that, according to their opinion, the controlling parameters are arranged 
according to the priority as in Table 3. 

Table 3. Priority of the in-site parameters. 

Parameter Influence/s on system efficiency Priority 

Depth to 
groundwater 

Surface thermal losses 
Cost of digging 

Hydraulic conductivity 
9 

Seepage velocity Advection thermal losses 
Spread of leached contaminants (environmental aspect) 

9/5 

Transmissivity Rate of pumping in/out  9/7 
Aquifer saturated 

thickness 
Sieve length of the well (filter design) 

Shape of the stored energy 1 

3.3. Pairwise Matrix 

According to the priorities (Table 3), the pairwise matrix A (Table 4) can be set, such that 𝑎 =𝑤 /𝑤  

Table 4. Pairwise matrix. 

 Depth to 
groundwater 

Seepage 
velocity 

Transmi
ssivity 

Saturated 
thickness 

Weight 
(𝑾) 

Normalized 
weights (𝑾𝒊𝒏) 

Depth to 
groundwater 1 5 7 9 4.213 0.654 

Seepage 
velocity 1/5 1 3 5 1.316 0.204 

Transmissivity 1/7 1/3 1 3 0.615 0.096 
Saturated 
thickness 

1/9 1/5 1/3 1 0.293 0.046 

3.4. Weighting 

The weight of each parameter (Table 4, column 6) was calculated according to Equation (4). 
Then, the normalized weights (Table 4, column 7) were calculated using Equation (5). 

3.5. Lambda ( 𝜆 ) 

To check the consistency of the pairwise matrix, i.e., there are consistent relations between the 
four hydro-geological site specific parameters, steps 3.5 to 3.8 were used. First, 𝜆  is determined 
by using Equation (7). The resultant 𝜆  is 4.1901. 

3.6. Consistency Index (CI) 

Consistency index (CI) can be found by using Equation (8). For this case CI is 0.0634. 



Water 2019, 11, 1393 11 of 18 

 

3.7. Consistency Ratio (CR) 

Consistency ratio (CR) can be found by using Equation (9). To apply Equation (9), random index 
(RI) should be evaluated first. Table 2 states that for n equals 4, RI is equal to 0.9. Thus, the value of 
CR is 7.04%. 

3.8. Comparing 

By comparing the determined CR with the standards 10% [16], the consistency of the system is 
approved. Even with the strict standards, 8% [18], the consistency can be approved. 

3.9. Ranging/Classifying 

After verifying the consistency of the pairwise matrix, the ranging/classifying step has to be 
processed. This step is based on the decision makers’ opinions. In this study, it is assumed that each 
of the four in-site parameters (Table 3) is divided into a specific number of ranges, which are shown 
in Table 5. 

Table 5. Parameters ranging and rating for Babylon province. 

Parameter Ranges Rating Parameter Ranges Rating 

Depth to 
groundwater (mbgs) 

0–2.5 2 
Seepage 
velocity 

(m/d) 

0–0.02 10 
2.5–15 4 0.02–0.04 8 
15–30 9 0.04–0.08 6 
30–50 6 0.08–0.18 2 

Transmissivity 
(m2/d) 

20–130 3 
Saturated 
thickness 

(m) 

18–25 3 
130–240 5 25–33 5 
240–350 7 33–41 7 
350–460 9 41–49 9 

3.10. Rating 

After completing the ranging, the process of rating is initiated. By rating each range within the 
site specific parameters (Table 5, ranges column) it can be assigned to a specific rank depending on 
its effect on site selection. The rating is managed by the decision makers. For this study, it is assumed 
that the rating is as in Table 5 (rating column). 

3.11. ArcMap/GIS Step 

By finalizing the DRASTIC step, the ArcMap/GIS step is initiated. In the ArcMap/GIS step, four 
layers (maps), groundwater depth, seepage velocity, transmissivity, and saturated thickness were 
drawn. To draw these maps, specific information was required. This information is, mainly, acquired 
from the hydrological survey of the region. Wells within and around the region are used to get the 
required data. The data that was collected from well logs were tabulated within excel tables. Then 
the excel tables were exported to ArcMap/GIS to be used later, in order to prepare the required four 
layers. The resultant layers were depicted in the four maps (Figures 5–8). 

Within the process of preparing the maps of ranges (Figures 5–8), classify command (Figure 9) 
was used to justify the ranges according to Table 5. Classifying command is available within the Layer 
property window/symbology menu (tab) (Figure 9). 

Then, the maps of ranges were used to produce the maps of the rates according to Table 5. A 
reclassify tool (Figure 10a,b) within the reclass set/spatial analysis tools was used to produce the maps 
of rates. Again, Figures 5–8 were used to depict the resultant maps. But this time, they were used to 
depict the maps of rates not the maps of ranges by switching the legend of each figure. 
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Figure 5. Depth to groundwater maps 
(ranges and rates). 

Figure 6. Seepage velocity maps (ranges 
and rates). 

 

  

Figure 7. Transmissivity maps (ranges and 
rates). 

Figure 8. Saturated thickness maps 
(ranges and rates). 
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(a) 

 
(b) 

Figure 9. Classify command within ArcMap/GIS software: (a) Layer properties windows; (b) 
classification window. 

 

 
(a) 

 
(b) 

Figure 10. Reclassify tool within ArcMap/GIS: (a) Reclassify tool; (b) reclassify window. 

4. Results and Discussion 

The four rated maps (Figures 5–8) were inserted/evoked by the raster calculator tool/map 
algebra set (Figure 10a) to acquire the map of the ATES system site selection (Figure 11). 

The site selection map (Figure 11) demonstrates the best locations to install the thermal storage. 
The most suitable locations have indexed ranges between 4.71 and 5.3 (Figure 11). To acquire a high 
accuracy map, the ranges within the legend of map 12 can be increased, and assigned a narrow range 
for the last range, i.e., 5.11–5.3 instead of 4.71–5.3. 



Water 2019, 11, 1393 14 of 18 

 

 

Figure 11. Site selection map. 

Since the consistency ratio (CR) is 7.04%, which is less than 10%, the matrix (Table 4) has 
consistent relations between the different geo-hydrological parameters. 

The site selection map (Figure 11) has low site selection index values of 5.3 and below on the 1 
to 10 scale. The reasons behind this are the high weight of the depth to groundwater 0.654 (Table 4) 
compared with other factors, and the low rates (2 and 4) of the depth to groundwater map (Figures 4 
and 5, Table 5). Transmissivity rates (Figure 7) also negatively affect the site selection map (Figure 
11) due to its low rate values. The low transmissivity (transmissivity is equal to “hydraulic 
conductivity” multiply by “saturated thickness”) is generated from the low hydraulic conductivity 
since Babylon province has silty clay soil [35,36]. 

The high weight of the depth to the groundwater (0.654) is generated from assigning high 
priority rank (9) to that site specific property due to its importance (Table 3). By examining the 
suggested method, it can be noticed that the depth to groundwater property produces the maximum 
change in the site selection index. If the two rating values 4 and 9 (Table 5) for this property are 
considered, then the change in the site selection index is ( 𝑊  × ∆𝑅 = 0.654 × 5 = 3.27 ) (Table 4). 
The change that is generated from the seepage velocity property, which has the second greatest 
weight (0.204) (Table 4), is limited to 𝑊  × ∆𝑅 = 0.204 × 4 = 0.816 corresponding to the rating 
values 2 and 6 (Table 5). 

To highlight the effect of the depth to groundwater on site selection process, Karbala province 
neighbouring to Babylon province, was considered (Figure 12). The study area that was considered 
within Karbala province is depicted as the red square in Figure 12. This region has a deep 
groundwater table (Figure 13) that reaches to 50 meters below the ground surface (mbgs). Figure 13 
demonstrates that the study region within Karbala province has high rates of groundwater depth 
that reach up to 9 in some locations. These high rates positively affect the resultant map of the thermal 
storage site selection (Figure 14), producing a high index for site suitability. The site index reached 9 
[11], whilst the site suitability index for Babylon province reached 5.3, only as a result of low 
groundwater depth which ranges from 1.8 to 15 meters below ground surface (mbgs) (Figures 5 and 
11). 
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Figure 12. Karbala province—study area [11]. 

Figure 13. Depth to groundwater in 
Karbala province—study area (ranges 
and rates) [11]. 

Figure 14. Site selection map for Karbala 
province—study area [11]. 
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According to the findings from this study, the suggested method can be used to decrease the 
electricity demand of the city through installing an aquifer thermal energy storage system. It can be 
used to find the best location that guarantees the maximum storage efficiency according to the in-site 
parameters. It can also be used to specify the best locations to install ATES systems in other cities 
with extremely cold/hot climates, which have huge heating/cooling loads. 

5. Conclusions 

This work presents a new approach to find the best location to install an aquifer thermal energy 
storage (ATES) system, particularly in shallow ground water conditions according to site specific 
parameters. The suggested approach is based on the analytical hierarchy process (AHP), the 
DRASTIC index method, and ArcMap/GIS software. It assigns a high weighting factor for the depth 
of the groundwater, due to its significance in determining surface heat losses from the storage and 
digging cost. In the suggested method, the efficiency can be formulated as an equation. ArcMap/GIS 
software can be used to apply the formulated equation on the considered area. The final result from 
this method is a map that depicts the best location to install an aquifer thermal energy storage system. 
The new approach was applied in shallow (Babylon) and deep ground water conditions. The results 
showed that the best location, in which ATES system can be installed in, is highly affected by the 
depth to groundwater property. 
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