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a b s t r a c t

Projects involving the construction of rock salt underground gas storage have several disadvantages, for
example, effective management is not employed to manage the production information and data in the
process of the project, resulting in duplication of data storage, waste of storage space, lower efficiency of
data calling, and negative effects on the efficiency of data update. Therefore, a database and its man-
agement systems for a rock salt gas storage was constructed based on an SQL Server database system,
primarily including the management forms of the geological modeling, storage simulation, stability
evaluation, economic evaluation, and covering the addition and delete checks of static and dynamic data.
The security of the system was improved by setting the administrator permission. The establishment of
the database management system was of tremendous importance and it provided a significant technical
support for the development of the gas storage project.

© 2018 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the rapid development of the world economy, the pro-
portion of natural gas being used as a type of one-time clean energy
is growing and becoming increasingly important in regard to en-
ergy consumption. Several countries in the world, particularly
Western countries, have been consolidating their energy reserves,
so that it has become important to store oil and natural gas un-
derground in rock salt. There are two main purposes of the
achievement of underground gas storage. The first objective is to
provide a solution for the difference between natural gas produc-
tion and consumption at various locations. The second purpose is to
counter the imbalance between the supply and demand of natural
gas caused by seasonal peak shaving [1]. At present, there are four

typical types of underground gas storagemethods globally, namely,
exhausted gas reservoir, abandoned mine, salt hole, and aquifer gas
storage. The number of exhausted gas reservoir gas storage systems
is reaching more than 400 all over the world, accounting for more
than 75% of the total underground gas storage [2].

In contrast to the widespread use of deep salt as an oil and gas
reservoir in other countries, in China, water solution mining is
mainly employed for the construction of underground gas storage
rock salt caverns [3e5]. Gas storage in salt caverns has the advan-
tages of a short time for gas injection and brine discharge, high
utilization rate of the rock stratum, and less ground floor area.
Under the favorable geological conditions of a stable stratum dis-
tribution, moderate burial depth, less internal dissection, and high-
grade rock salt, an underground salt cavern is formed by the
dissolution and extraction of brine viawater injection and recovery,
and the specific shape of the cavity is controlled via the production
technology for natural gas storage.

In China, the earliest construction of a gas storage system was
reported in 1999, in Dazhangtuo of Tianjin city. The development of
a rock salt gas storage system in Jintan began in 2003 and is ex-
pected to be completed in 2020 [6]. In addition, in a project of
natural gas transportation pipeline, a complete gas storage system

* Corresponding author.
E-mail address: wangyj151@163.com (Y. Wang).
Peer review under responsibility of Southwest Petroleum University.

Production and Hosting by Elsevier on behalf of KeAi

Contents lists available at ScienceDirect

Petroleum

journal homepage: www.keaipubl ishing.com/en/ journals /pet lm

https://doi.org/10.1016/j.petlm.2017.10.001
2405-6561/© 2018 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Petroleum 4 (2018) 466e472

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wangyj151@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petlm.2017.10.001&domain=pdf
www.sciencedirect.com/science/journal/24056561
www.keaipublishing.com/en/journals/petlm
https://doi.org/10.1016/j.petlm.2017.10.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petlm.2017.10.001
https://doi.org/10.1016/j.petlm.2017.10.001


was established to ensure a safe gas supply and stable pipelines.
This system included gas storage at Jintan and Huaian (six gas
cavities) of the Jiangsu province, Pingdingshan of the Henan
province, Liuzhuang, Yunying of the Hubei province in the West-
eEast Gas Transmission Line, and Chuzhou of the Jiangsu province
in the RussiaeEast China line [7].

The construction of a gas storage salt cavern is a complex and
long-term process [8]. It generates enormous data that is required
to be classified and stored, such as geological information, simu-
lation programs, and logging data. The objectives of introducing a
database and its management system are the management of the
actual engineering data via a standardized andmodernized system,
and the rapid, accurate, and safe management of various types of
data generated in the system during the process of gas storage.

The development of a gas storage database management plat-
form will significantly improve the research environment of gas
storage; establish a data channel between the decision-making,
research, and data layers of gas storage; provide convenient and
efficient information for the gas storage decision-making and
research; and improve the ability of decision-making and research
during the manufacturing operations.

2. Database system

2.1. Theory and practical application of database

A database is similar to a data warehouse involving the struc-
ture, storage, and management of data [9]. In the mid-1960s,
computer storage emerged along with the development of com-
puter storage equipment, and software for data management was
also introduced in this period. Along with the development of
computers, database storage technology has been improving
rapidly, and the database storage speed and co-organization have
been significantly enhancing for the benefit of a group of technical
users. Numerous new database storage technologies have emerged
with the increase in the level of database programming, such as
data flow, WEB data management, and distributed database. There
are several types of databases, mainly including the hierarchical,
network, and relational database. The technology of a database
plays a key part in the information management and decision
support systems, and it is also an important scientific and technical
approach for scientific research and decision management.

At present, the most widely used databases in actual engineer-
ing project are Oracle, SQL Server, DB2, Sybase, and My SQL server,
of which the SQL Server is the most popular data storage and data
retrieval model with strong reliability, security, extensibility, and
maintainability [10]. The security mechanism of an SQL Server can
be divided into five levels, namely, client security, network trans-
mission, instance-level, database-level, and object-level security
mechanisms. Several actions have been taken to improve the
overall database environment, security, and reliability, including
the addition key encryption and authentication capabilities, and
introduction of a new audit system. With the development and
improvement of database technologies, several researchers have
learnt to combine them with practical engineering. Whether the
design of a database is successful or not is directly related to the
construction of the engineering information system and its oper-
ation efficiency. It has a major effect on the engineering data in-
formation management, data storage time saving, and project
production efficiency improvement, so that the database system is
designed and developed correctly and reasonably.

In recent years, database systems have been being widely used
for the data management of oil and gas fields and other projects
[11e16]. Based on the operational characteristics of the oil and gas
field development data and information management, Zhang et al.

introduced the design of the database and achieved realization of
the kinetic energy module of the application software from the
requirement analysis of the information management system,
thereby, obtaining a better effect on the actual production [17]. Liu
combined the methods of simulated annealing and traditional ge-
netic algorithm and derived a multi-join query optimization algo-
rithm. He also improved the efficiency of the database query; After
the performed of selection, crossover and mutation operations by
all the encoded populations, the simulated annealing mechanism
was introduced, so the diversity of the community was maintained
when reducing the user query information response time [18]. Gou
et al. compiled a recoverable reserves calibration software based on
the oil and gas field development database. The software included
four parts, namely, data processing, physical parameters calcula-
tion, recoverable reserves calibration, and output of results, which
improved the accuracy and efficiency of the calibration of natural
gas reserves [19]. Gao et al. established an information manage-
ment system for reservoir engineering, including information
query, dynamic information comparison, scheme design, economic
evaluation, and output prediction modules. Gao et al. achieved data
information management of the reservoir engineering data based
on the comprehensive utilization of actual oilfield development
databases such as Daqing and LiaoHe oil field and technology of
Java Server Pages [20]. Liping constructed a dynamic analysis and
management system for gas reservoirs based on electronic and
network information management. The author integrated the in-
formation of production and management, aiming at the lack of an
original method for the oil and gas field development, and he
conducted the sharing, query, and analysis of a system on the
network more figuratively and visually [21]. In addition, Liu et al.
proposed and developed an information system for rock and soil
mechanics parameters. The information processing technology and
parameter processing method were combined, and the query,
management, and process data were all contained in system [22].

According to all the above-mentioned researches above, data-
base technology and its management system have attained a rela-
tively mature stage for their practical engineering applications.
Although there is no design and development of a database for gas
storage at present, the successful application of a database system
in practical projects such as oil and gas wells, oilfields, exploration
and development, and geotechnical engineering, has completely
proved that database technology can be feasibly applied feasibility
in gas storage. With its help, a modern and accurate management
system of dynamic and static data can be achieved accurately,
rapidly, and efficiently.

2.2. Basic process of database design

This project was developed in the C# language. The amount of
data and confidentiality of the storage project was extremely high,
so that they were not within the scope of consideration of the My
SQL database owing to its limited capacity. The Oracle database
supports large data processing and has a high level of security;
however, its management and maintenance are more problematic
compared to the characteristics of the gas storage project. In
comparison, an SQL server database system can not only meet the
demand of high orders in view of the amount of data processing,
but also has major advantages in terms of the security and
comprehensiveness of the system. Furthermore, an SQL server
database systemmatches with C# language, and so it was preferred
over other database systems.

Generally, the basic process of database structure design can be
divided into four phases [23], namely requirement analysis phase,
conceptual design, logical structure design, and physical design.
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(1) The task of requirement analysis is to analyze the require-
ment of the users for data and data processing. The organi-
zation, composition of personnel, and improvement of the
data dictionary can be understood based on the re-
quirements and objectives. Finally, the analysis process is
organized and summarized in the form of a requirement
analysis instruction summary that is used as the basis for the
design of the database. In this phase, it is essential to clarify
the requirements of the functionality, reliability, and avail-
ability, generate an interface, and propose the requirements
for the future. Thus, the requirement analysis phase is the
most critical stage in the process of database design [24].

(2) The conceptual design highlights the logical definition of
each data and the logical connection between data, which is
the collection of stored records and the logical representa-
tion of the whole database respectively. The most common
methods be used in the conceptual designing phase are en-
tity analysis, object oriented design, attribute synthesis, and
normalized relation.

(3) The design of the logical structure is a set of data elements in
which one or more specific relationships exist. The duty of a
logical structure design is to convert the conceptual model
into a concrete data model to be chosen, to realize the
connection between the tables, and simplify the process of
program design. The design of the logical structure is closely
related to the algorithm; therefore, when the logical struc-
ture is being designed, the design of the application is
simultaneously, which is the logic habit of programming
code.

(4) The phase of physical design is a process for solving the
physical structure being adapted to the logical data model,
and this physical structure refers to the storage structures
and access methods of the database on the physical
equipment.

3. Functional designing of the database

In an actual engineering database, the related data are divided
into two types, namely, static and dynamic data. The static data
mainly refers to the data that cannot be modified or can only be
read, the characteristic and value of which does not change during
the storage and management. The static data is not able to modify
information such as exploration data, geological information, or
raw material information, once entered into the management
system. Dynamic data refers to the data that can be updated, added,
or deleted at any time during the process of database storage. These
include the engineering construction plan, material consumption,
or on-site recording data, and the dynamic data can be updated
based on the different stages of the project.

Table 1 shows all the types and format of the data that are
included in the construction of the rock salt gas storage project.
The static data primarily relates to the main reservoir boundary
points, reservoir geological structure information, fault descrip-
tion, seismic data, rock salt level, and interlayer condition. Such
information obtained from the geological survey belongs to the
overall geological information of the gas storage operation area.
The dynamic data mainly includes the storage location co-
ordinates, wellbore structure, sonar and conventional logging
data, basic mechanical parameters corresponding to the rock salt
in a single well, basic parameters of cavity formation, and control
of production parameters. In addition, such as daily, monthly, and
yearly production progress reports, cavity volume files, and the
conditions of the funds used all belong to the category of dynamic
data.

3.1. Data structure

The construction of gas storage is an intricate project with a high
degree of complexity and long construction period. During the
process of construction, numerous tables, data, and reports are
required to be stored in the databasemanagement system. This will
introduce several unnecessary issues at the usage stage when these
tables, data, and reports are stored directly in the database.
Therefore, in the process of the construction of a database system, it
is necessary to simplify and optimize the document and determine
the logical relationship between the tables to generate more
reasonable data to be stored in the database. The corresponding
relationship is shown in a simple diagram (Fig. 1) to facilitate the
need of the query and call phase.

The logical relationship between the central data files in the
database system of a gas cavity is shown in Fig. 1. It can be seen in
the figure that the information of the reservoir areamainly includes
the tables of the entire reservoir area such as reservoir boundary,
geological structure data, fault description, underground rock salt
condition, and seismic data. The single well information primarily
includes the two parts of actual data and simulation plans.
Considering the single well daily report of gas storage and extrac-
tion stations as an example, the report includes not only the basic
information such as the date of report, number, duty status, and
person-in-charge, but also the location of the brine pipe, wellhead
pressure, discharge of the brine, and temperature. It will introduce
several problems into the data query when the data were stored
directly.

Therefore, the report documents of a single well were divided
into single well daily reports, whereas the extraction stations of gas
storage were simplified as much as possible, to satisfy the re-
quirements of database storage and achieve the purpose of using to
query.

3.2. Data type

The logging data in the gas storage project are measured by
different logging systems; therefore, this may cause the measure-
ment methods, principles and measurement of the object, and data
obtained in the form and content to be different. The recording
format and order of each original logging information file is dis-
similar, so the data must be handled such that the database system
is able to adapt the different formats of the recording files and
satisfy the requirements of a uniform format and simple operation.

In the construction of the gas storage database system, in
addition to the Microsoft SQL Server, common binary data types
such as int, bit, char, var char, and float are also widely used. The
binary types of graphics data, including text, ntext, and image,
consist of fixed-length and variable-length data types used to store
numerous Unicode and non-Unicode characters and binary data.
This data type mainly focuses on the surface topography of the
reservoir, top and bottom structure map, and other geological
information.

Considering sonar logging as an example, as shown in Table 2,
information such as the well number, logging time, and measure-
ment number are recorded, and the data types include int, date-
time, varchar, and float. In an actual engineering database system,
such data types are mainly used to facilitate the storage optimiza-
tion of the production data and reduce the impact of various forms
of production reporting. In addition, we can also see in Table 2 that
the primary and foreign keys are set. The primary and foreign keys
are the binders that organize multiple tables into an effective
relational database that maintains the integrity of the relational
database. On this basis, each module of the database is linked to
coordinate the relationships between the modules with data flows.
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The design of primary and foreign keys has a decisive impact on the
performance and availability of the physical database system.

3.3. Architecture design of database platform

To build a flexible database application system, good software
organization is essential. As shown in Fig. 2, there are three archi-
tecture layers in the database system construction of gas storage,

namely, user interface layer (UIL), business logic layer (BLL), and
data access layer (DAL), which embodies software engineering via
“high cohesion and low coupling” [25].

(1) User interface layer: provides a user-friendly data interface
with WinForm.

(2) Business logic layer: mainly points to the specific business
operations of gas storage.

Table 1
Gas storage data type and format.

Data type Data name Data source Date content description

Static data Basic storage area ¼ data Report document Storage name; Storage position; Feasibility study report; Model file
Basic seismic data Data body Three-dimensional seismic data body

Report document VSP logging results report; Synthetic seismic record
Design file of single well Design document Drilling geological design; Drilling engineering design; Cavity engineering design;

Design of air-tight pressure test
Basic well logging file Well logging photo Combination well logging; Standard logging; Contrast logging;Well trajectory;Well

deviation and azimuth
Logging interpretation
results document

Deep lateral; Shallow lateral; Compensated neutron log; Microspheres; Well
diameter; Compensated acoustic log; Natural gamma log

Basic well drilling file Summary document Construction summary of drilling engineering; Construction summary of cementing
Basic geological logging file Summary document Drilling geological summary

Well logging photo Original well logging; Combination well logging; Core logging
Basic sonar measurement file Data body Original well sonar measurement; Interpret well sonar measurement

Results photo Interpretation result
Report document Sonar measurement report

Basic cavity operation file Summary document Previous work summary
Dissolution inhibitor
injection and discharge account

Dose of dissolution inhibitor injection and discharge; Time of dissolution inhibitor
injection and discharge; Dose of dissolution inhibitor in the cavity

File of brine discharged Design document Brine discharged well completion design
Summary document Brine discharged well completion summary;

Summary of the non-compression well construction
File of gas injection
and production

Summary document Summary report

Dynamic data Daily report Cavity daily report Single well daily water injection; Single well daily brine discharge; Single well daily
density; Wellhead pressure; Wellhead temperature; Daily monitoring data on the
dissolution inhibitor

Brine discharged daily report Single well daily gas injection; Single well daily cumulative volume of gas injection;
Single well daily brine discharge; Temperature; Pressure

Gas injection and
production daily report

Single well daily gas injection; Single well daily cumulative volume of gas injection;
Single well daily gas production; Daily cumulative gas production of single well;
Temperature; Pressure

Fig. 1. Logical relationship between the data files in the database system of a gas cavity.
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(3) Data access layer: the main operation of this layer is to
provide presentation layer and data services.

3.4. Data access implementation under the entity framework

The entity framework is an object-relational mapping (ORM)
solution developed by Microsoft based on ADO.Net (ActiveX Data
Objects) [26]. It solves the problem of object persistence and frees
the programmer from writing troublesome SQL statements. The
entity framework is based on the entity data model (EDM) that
divides the data logic layer into three layers, namely, conceptual,
mapping, and storage schema. Entity client, object context, and
LINQ are also available.

An abstract data structure is used in the entity framework to
convert each database object into an application entity, data fields
into properties, relations into association attributes, and Entity-
Relationship Model of the database into an object model. Thus,
the most familiar programming language can be used for the data
access. In the abstraction structure, the data access can be con-
ducted smoothly and completely by the concept, corresponding
and storage layers of the highly integrated and corresponding
structure, and the data provider supporting the Entity Framework
[27].

The concept layer is responsible for the objects and attributes to
be exposed and accessed. The corresponding layer corresponds to
the data structure of the upper and lower layers of the storage. The
storage layer is a data structure that is based on different databases
and data structures. Together with the provider, the storage layer is
responsible for giving the actual access to the database and SQL.

3.5. Database design and development

Based on the relationship between the data tables, storage
structures, and data types, the gas storage database platform was
designed and developed. It can be seen from Fig. 3, the choice of the
server, reservoir area, user name, password, and other information
are chiefly contained in the login interface of the database system.
Fig. 4 shows the main interface of the database platform. The
platform is designed and developed based on the actual re-
quirements of the gas storage cavity including the data

management module, module list, geological modeling, cavity
modeling, stability evaluation, gas injection, economic evaluation,
data tracking analysis, and several management forms. Its aim is to
satisfy the production data, program additions, and deletions re-
quirements of different stages and approaches in the construction.

In addition, there are several special settings in the database
system management module of the rock salt gas storage system.
Fig. 5 depicts the corresponding authority management interface is
designed for different types of users. Users of every different
department (such as drilling, logging, gas injection, halogen and
testing, etc.) and level (director, section chief, clerk, etc.) submit
their applications according to their own authority of the con-
struction data, design, and other additions and deletions to the
administrator, and the audit can be completed after the completion
of the relevant operations.

In this study, the database and management system of the gas
storage project was constructed based on an SQL Server database
system. First, on the basis of a complete investigation of the actual

Table 2
Design table of sonar logging.

Column name Data tape Null Comment Remarks

Id Int false Primary key ID grew automatically
Well Id smallint false Foreign key Well ID, related to the Id column in the WellBasicInfoStatic table
Measure Time date time false Time of sonar logging
Serial Number varchar(10) false Number of measurement
Measured
Volume

float false Volume to be Measured

Data File Varchar(30)

Fig. 2. Three-tier architecture of the database system.

Fig. 3. Login interface of the database system.
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demands of the gas storage project, the requirement analysis phase
of the database design was initiated. Second, the project data was
classified into dynamic and static data, and the database table
heads of the database were designed according to the data classi-
fication, data type, data source, and specific data content. Third, the
logical structure of the database systemwas designed based on the
logical relationship between the data tables. Finally, the overall

module of the database systemwas designed and the program code
was written.

The database system includes the basic overall information and
geological information of the storage reservoir, such as the
geological and location information of the rock salt, sonar data, and
conventional logging data. It also contains the construction prog-
ress report, summary stage, simulation program, stability, eco-
nomic evaluation results, and other important information. The
database was designed and developed to realize a secure, reason-
able, and systematic management of the data of the gas storage
project; satisfy the requirements of the program additions and
deletions; and also update and add the files of engineering design
and stage summary at any time during the process of database
storage. Simultaneously, the degree of confidentiality of the infor-
mation and security of the management system were improved
with the different levels of administrators and establishing their
corresponding permissions.

Currently, the rock salt gas storage database management sys-
tem has been applied well for gas storage engineering in a certain
area of China, demonstrating that this system has a favorable
support for improving the data utilization efficiency of the gas
storage project.

4. Conclusions

In this study, a gas storage database system is designed and
implemented on the Microsoft SQL Server platform in C# language,
and it is used to store and manage the data of gas reservoir
including the geological, lithology, cavity, gas well, and all types of

Fig. 4. Main interface of the database platform.

Fig. 5. Authority management interface of database system.
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production data. The database system integrates the functions of
data definition, storage, retrieval, modification and deletion as well
as operation and maintenance of the database. For the first time,
the application of a database and its management system is used in
a gas storage project.

(1) The rock salt gas storage database management system is a
comprehensive and highly complex system. The manage-
ment system is designed to store and manage the basic in-
formation and geological simulation program including
reservoir data, geological information, single well informa-
tion, logging program, and process information such as
economic and stability evaluation. The construction of this
management system is of practical significance for the sys-
tematic, digital, and standardized management of various
production data, simulation programs, and summary reports.

(2) In the process of constructing the database management
system, the key part of the entire process is the stage of
requirement analysis, which is the foundation of the com-
plete database system. The task of this stage is to optimize,
simplify, and finally determine the logical relationships be-
tween the data sheets and tables. The perfect requirement
analysis lays a good foundation for the design of the database
system.

(3) It is proved that the database system of the gas storage based
on the SQL Server database system can highly satisfy the
actual requirements of the gas storage project. It is able to
significantly improve the rate of addition and deletion, and
search and modify for the successful construction of this
database system, and it provides a powerful technical sup-
port for the construction of the gas storage project.
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