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The potential technical and economic advantages and flexible operability of modular equipment make it increasing widely used in gas field production and development. In addition to considering the manufacturing process, the selection and serialization of modular equipment should be made according to the productivity prediction of a gas well, so as to meet the field demand to the greatest extent and enhance the flexibility of gathering and transportation system. This article proposes a method to determine the use planning of modular equipment in shale gas field. Considering the processing capacity, processing cost, floor area, construction cost of modular equipment, and the changes of market supply and demand, an optimization model is established. On the basis of the abovementioned model, the method of serialization of modular equipment is proposed. The effectiveness of the model is verified by an actual case study. It is proved that the model can optimize the layout of modular equipment, make the modular equipment run efficiently and economically, reduce costs, and increase efficiency. This study provides a reference for optimizing the equipment management strategy and promoting green production practice of shale gas production.
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INTRODUCTION
Shale gas revolution has greatly promoted the transformation of energy structure Gao and You (2017b), which is of great strategic significance to the goal of carbon neutrality and has been widely concerned (Fan et al., 2021; Shi et al., 2021). However, with the rapid decline of shale gas production capacity, the load rate and various operating conditions of the equipment are constantly changing (Hong et al., 2019; 2020a). Traditional fixed equipment is difficult to disassemble once installed, which makes it lack flexibility to adapt to the changes of production capacity, and it is difficult to work continuously in the efficient working area (Zhou et al., 2019). On the contrary, due to the characteristics of small floor area, convenient disassembly and assembly, being easy to move, and low development risk, modular equipment can better adapt to the changing production capacity (Gao and You, 2017a; Yang and You, 2018), showing great potential, and is expected to be widely used in all aspects of oil and gas development, production, and processing (Yin et al., 2018; Hong et al., 2020b).
Many scholars are committed to the economic research and process design of modular equipment. Baldea et al. (2017) summarized the status, challenges, and opportunities of modular manufacturing processes and proposed the concept of value density to represent the geographical distribution of raw materials or markets absorbing products. The opportunity of modular manufacturing is related to value density, and it can reduce the scale of unit operation and improve efficiency by means of process strengthening. Tian et al. (2018) conducted a research on the most advanced method of process enhancement, process systems engineering, focusing on some recent advances in the modeling, design, and synthesis of enhanced systems, which can be used to develop larger-scale modularization equipment. Demirel et al. (2017) designed a process intensification method based on the basic components, which is opposite to the traditional flow chart. The method establishes a single mixed integer nonlinear optimization model to solve the problem for systematic process design and intensification. In addition, the economics and flexibility of a modular chemical plant is compared with traditional large-scale factories by investigating net present value (Lier and Grünewald, 2011). Palys et al. (2019) studied the economic benefits of traditional continuous and modular wind power ammonia production and proved the advantages of modular equipment from a quantitative perspective. Compared with continuous production, modular production leads to lower supply chain costs and more renewable energy integration. A new process obtaining input from the relatively old natural-gas–based process is specially designed for small-scale ammonia production and is combined with the recently developed dual fluidized bed technology for biomass feedstock. The results show that the small-scale ammonia plant based on biomass has more technical and economic advantages (Arora et al., 2016). Technical and economic analysis and environmental impact analysis were carried out on the four shale gas monetization schemes, and their economic and environmental benefits under the same conditions were systematically compared (Yang and You, 2018). The results show that modular methanol production is more economically competitive than traditional shale gas processing, although it will cause a higher environmental impact.
The above mentioned research shows that modular equipment has unique economic advantages and flexible operability, which provides a new perspective for the use of modular equipment. However, there is little research on the optimization methods of modular equipment selection and serialization in shale gas field. In the production of shale gas field, the layout combination and operation scheme of modular equipment can be optimized according to the change of gas field production, so as to realize efficient and economic operation. The serialization of the processing capacity of modular equipment refers to the scientific planning of the processing capacity sequence of the same modular equipment. The purpose is to optimize, simplify, and stereotype the bulk, common, and repetitive production and construction content, which is conducive to reducing engineering costs, improving the interoperability of equipment, and at the same time, facilitating production management. Therefore, a method to select and serialize modular equipment based on changes in gas well productivity needs to be further studied.
Therefore, this article proposes a method to determine the use planning of modular equipment in shale gas field. Considering the processing capacity, processing cost, floor area, construction cost of modular equipment, and the changes of market supply and demand, an optimization model is established. On the basis of the abovementioned model, the method of serialization of modular equipment is proposed. The effectiveness of the model is verified by an actual case study. It is proved that the model can optimize the layout of modular equipment, make the modular equipment run efficiently and economically, reduce costs, and increase efficiency.
The structure of this article is as follows. In Problem Description , the optimization problem is explained in detail, including the basic parameters and decision variables. Mathematical Model shows the proposed optimization mathematical model. Case Study verifies the practicability of the proposed optimization model through case analysis and compares the modular and traditional methods. Finally, the conclusion and future research prospects are drawn.
PROBLEM DESCRIPTION
As mentioned above, modular equipment has more flexible processing capabilities and can achieve changes in processing scale. The production capacity of shale gas has changed drastically, with high production output in the initial stage and then rapidly declining. Therefore, modularization is more promising for the stable production of shale gas. The main purpose of this study is to propose an optimization model to determine the optimal selection and serialization of modular equipment for shale gas field. However, it should be noted that the productivity curve is considered in this model, which is applicable to all oil and gas fields and is universal, not limited to shale gas fields. The problems to be solved are stated as follows, taking the gas field as an example:
As mentioned above, modular equipment has potential technical and economic advantages and can be used in gas field development. As shown in Figure 1, for the same gas field, the gas reservoir engineering provides production capacity prediction, and there is a variety of different modular equipment usage plans throughout the life cycle of gas field development. Specifically, scheme 1 uses modular equipment with two processing capacity specifications of 70,000 m3/day and 200,000 m3/day, while scheme 2 uses modular equipment with three processing capacity specifications of 20,000 m3/day, 50,000 m3/day, and 100,000 m3/day. The adjustment of processing capacity is carried out through the purchase and sale of equipment in both schemes. Among many schemes, there must be one that can maximize the profit of the gas field. Decision makers need to decide how to replan and deploy modular equipment based on the time-varying production capacity forecast and market demand.
[image: Figure 1]FIGURE 1 | Schematic diagram of the use scheme for different series of modular equipment.
The processing capacity sequence of the modular equipment must be both economical and versatile. Different equipment have their own economic boundaries, so the capacity series of equipment should be made according to the changes of productivity curves of different gas fields, and the customization and universality of equipment should be chosen to realize the economy and universality of equipment. For example, if a natural gas flow of 10,000 m3/d needs to be processed, it is more economical to choose equipment with a rated capacity of 10,000 m3/d than equipment with a rated capacity of 50,000 m3/d. Universality means that a single piece of equipment in the serialized equipment should be more commonly used, and the serialized equipment as a whole means that, through a reasonable combination, it should be able to cover the needs of common capacity planning schemes. For example, the need to process a flow rate of 500,000 m3/d of natural gas can be achieved by two pieces of equipment with a rated capacity of 250,000 m3/d or by 50 pieces of equipment with a rated capacity of 10,000 m3/d, while the latter will obviously cause maintenance problems for site personnel. Therefore, it is necessary to carry out research to seek the optimal selection and serialization of modular equipment in oil and gas field development, so as to improve the economic benefits of oil and gas field development.
In order to facilitate modeling and improve the efficiency of model solving, the following assumptions are proposed:
① The whole life cycle of gas field development is divided into a series of equal length discrete unit periods. It is assumed that the gas field production does not change in the unit period.
② The equipment is allowed to run beyond the scheduled life, but the equipment running beyond the scheduled life will incur additional operation and maintenance costs.
③ In this work, the purchase, sale, disassembly, and assembly of the equipment can be completed within a period of time. It is assumed that each equipment can be manufactured in the current period and no appointment is required in advance.
④ The variable operating cost depends on the gas processing capacity and unit processing cost, and it is considered that the unit processing cost of similar modular equipment is the same.
Given:
① Productivity information: the gas well production proposed by gas well production prediction
② Economic information: price of qualified natural gas in different periods
③ Equipment information: processing capacity, purchase, installation, disassembly, operation, and overdue maintenance cost of modular equipment with different processing capacities
Determine:
① Equipment usage planning: the equipment type, number, operation status (actual processing capacity) and installation, disassembly, and sale measures in different periods
② Economic cost: the net present value in different periods, the equipment purchase, sale, disassembly, operation, and over-term maintenance costs in different periods
MATHEMATICAL MODEL
All the known parameters involved in the proposed model are represented by symbols composed of lowercase letters, and variables are represented by symbols beginning with capital letters. i∈(1, … , I) stands for the set of equipment specification types, e∈(1, … , E) represents the number set of equipment, and t,tb∈(1, … , T) is used to define the time periods over the given planning horizon.
Objective Function
Net present value is an important technical and economic index to evaluate the profitability of investment. Therefore, the objective function is to maximize the net present value in the whole development cycle.
[image: image]
where NPV is the net present value, Ct is the cash flow in period t, and r is the discount rate.
Model Constraints
Economic Constraints
The cash flow (Ct) in period t consists of six parts: income from selling qualified products (Igast), income from selling used modular equipment (Iequt), expenses for purchasing modular equipment (Ebuyt), expenses for installing modular equipment (Einst), expenses for dismantling modular equipment (Edist), expenses for operating modular equipment (Eopet), and expenses for maintenance of overdue modular equipment (Emait).
[image: image]
The income from selling qualified products (Igast) is equal to the price (pgast) multiplied by the output. The output is equal to the total gas flow rate received by all equipment (qt) multiplied by the ratio of the equipment outlet flow rate and the inlet flow rate (ra).
[image: image]
The income from selling used modular equipment (Iequt) is the sum of the selling income (EIeuqt,i,e) of each i-type e-numbered equipment. ebi,e is the origin purchase price of i-type e-numbered equipment. Service life affects equipment depreciation, and deqt,tb is employed to characterize the selling coefficient. The binary variable (Bst,i,e,tb) determines whether i-type e-numbered equipment is to be sold or not. If the i-type e-numbered equipment purchased in tb period is sold in t period, then Bst,i,e,tb = 1; otherwise, Bst,i,e,tb = 0.
[image: image]
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The expenses for purchasing modular equipment (Ebuyt) are the sum of the purchase cost of each i-type e-numbered equipment (EEbuyt). The binary variable (Bbt,i,e) determines whether to buy i-type e-numbered equipment. If the i-type e-numbered equipment purchased is purchased in t period, then Bbt,i,e = 1; otherwise, Bbt,i,e = 0.
[image: image]
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Installation is required when buying new equipment, and disassembly is required when selling used equipment. Similarly, the expenses for installing modular equipment (Einst) and the expenses for dismantling modular equipment (Edist) are the sum of according cost of each i-type e-numbered equipment. einsi,e is the cost of installation, and edisi,e is the cost of disassembly.
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The expenses for operating modular equipment (Eopet) are the sum of ones of each i-type e-numbered equipment (EEopet), which is related to the actual flow rate of the equipment (Qat,i,e). αi,e is the processing cost per unit of original natural gas, and βi,e is the fixed cost of the equipment. Bt,i,e,tb is a binary variable of the device state. If the i-type e-numbered equipment purchased in period tb still exists in period t, then Bt,i,e,tb = 1; otherwise, Bt,i,e,tb = 0.
[image: image]
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The expenses for maintenance of overdue modular equipment (Emait) depend on the amount of equipment that needs to be repaired and maintained. emti,e is the base cost of equipment maintenance, and meqt,tb is employed to characterize the maintenance coefficient; the longer the service life, the higher the cost of equipment maintenance.
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Equipment Capacity Constraints
Each equipment has its own rated flow (qecapi,e) and is allowed to work within a certain range of rated flow. aqmax and aqmin are flow coefficients used to represent the fluctuation range of relative rated capacity. Bt,i,e,tb is a binary variable of the device state. If the i-type e-numbered equipment is purchased in period tb and is working in period t, then But,i,e,tb = 1; otherwise, But,i,e,tb = 0.
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The sum of the actual processing capacity of each equipment is equal to the gas field production.
[image: image]
The total footprint of the equipment should be smaller than the available area of the gas field (swmax).
[image: image]
Equipment Selection Constraints
Two subscripts are used to indicate the time state of the equipment; tb indicates the time the equipment was purchased, and t indicates the current time.
When t < tb, there is no equipment that has been purchased, so there is no equipment that can be sold.
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When t = tb, the equipment is new at this time.
[image: image]
When t > tb, the current number of equipment (Bt,i,e,tb) is equal to the equipment owned in the previous period (bt-1,i,e,tb) minus the equipment sold at the moment (Bst,i,e,tb).
[image: image]
Each device is purchased and sold at most once in the entire life cycle.
[image: image]
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When t = t1, no equipment is allowed to be sold in the first cycle.
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In addition, the sold equipment must be existing.
[image: image]
An existing equipment may be in use or may be out of service.
[image: image]
CASE STUDY
Taking an actual gas field in Sichuan China as an example, equipment selection and serialization was carried out and compared with traditional methods to verify the effectiveness of the model. The program is written with gams software, and the commercial solver Gurobi is called to solve the problem, running on a 4-core 8-thread Intel CPU i7-6700 (2.6 GHz) and 16 GB memory computer. It is important to note that the optimization model proposed in this article has no special limitation on the type of production capacity prediction and equipment type, it is universal, and its application is not limited to any specific type of oil and gas fields.
Basic Parameters
The gas field is located in a certain place in Sichuan. According to the gas production forecast of the gas well, the gas production of the gas field changes with time, as shown in Figure 2. The output of the block reached its peak in the early stage of development and then declined rapidly. In addition, the price of qualified natural gas is shown in Figure 3.
[image: Figure 2]FIGURE 2 | The gas production forecast of the gas well.
[image: Figure 3]FIGURE 3 | The price of qualified natural gas.
Modular TEG dehydration equipment is needed in the gas gathering station, and the annual fixed operating cost of each equipment is 2.5% of the purchase cost. The variable operating cost depends on the gas processing capacity and unit processing cost, and it is considered that the unit processing cost of similar modular equipment is the same. According to production practice, the purchase cost of 50,000 m3/d modular TEG dehydration equipment is 500,000 CNY, and the purchase cost of the same type of modular equipment of other scales is calculated according to the six-tenth rule widely used in the chemical industry (Hong et al., 2020b). In addition, based on data from gas field, the purchase cost of traditional fixed treatment equipment is 1.3 times that of modular equipment, and other cost parameters are the same as those for modular equipment. Therefore, equipment parameters are as shown in Table 1.
TABLE 1 | Equipment parameters.
[image: Table 1]Equipment Selection
The results of the following equipment selection analysis show the optimized usage of the equipment. It can be seen that, among the 20 different processing capacity equipment, four modular equipment, (i1, e3), (i2, e5), (i4, e1), and (i9, e12), are selected. As shown in Figure 4, each number in the grid represents the actual processing flowrate of a modular equipment, and the shade intensity reflects the equipment load rate, that is, the ratio of the actual processing flowrate to the maximum processing flowrate. For more information on the definition and calculation method of load rate, it is recommended to refer to our previous research (Hong et al., 2020b). The load rate of modular equipment is greatly improved from 0.20 to 0.62 compared with traditional fixed equipment. Each modular equipment is allocated to different locations according to scheduling requirements. Among them, equipment (i2, e5), (i4, e1), and (i9, e12) are sold because they cannot be used, which can save investment. However, the traditional fixed equipment cannot be sold, so it can only stop operating, resulting in idle processing capacity.
[image: Figure 4]FIGURE 4 | The selection and usage of equipment in the whole time period. (A) Modular equipment and (B) traditional equipment.
The relationship of the equipment processing capacity and the gas field production in each block is shown in Figure 5. When the output of the gas source began to decline after the second period, the traditional fixed equipment has a lot of redundancy in processing capacity because it is not detachable. On the contrary, modular equipment can avoid this problem through the sale of equipment. The processing capacity of modular equipment changes throughout the life cycle of the gas field and is closely related to the change of gas production, so it is more flexible and has the ability to adapt to the fluctuation of gas field production. It is foreseeable that if there are multiple gas fields, equipment scheduling among multiple gas fields will help further increase the flexibility of production and reduce costs.
[image: Figure 5]FIGURE 5 | The processing capacity of equipment and gas field production.
Figure 6 shows the accumulated net present value of equipment expenses using modular equipment and traditional fixed equipment, while the accumulated net present value of equipment expenditure of modular equipment is less than that of conventional equipment.
[image: Figure 6]FIGURE 6 | Accumulated net present value of equipment expenses.
The specific expenses of modular equipment and traditional fixed equipment are shown in Figure 7. The biggest expenditure is equipment operating cost and equipment purchase cost, while the proportion of equipment installation is very small. The economy of modular equipment is mainly reflected in the sharp reduction of equipment net purchase cost caused by the equipment resale.
[image: Figure 7]FIGURE 7 | Expenses of modular equipment and traditional fixed equipment.
Equipment Serialization
The processing capacity sequence of the modular equipment must be both economical and universal. The optimization model of modular equipment capacity selection proposed in this article is precisely to determine the modular equipment arrangement and operation scheme with the best economic efficiency as the goal, but the universality of the equipment use scheme needs further analysis. In general, the serialization of capacity specifications should be balanced between universality and economy. An analysis method is proposed in the following.
Figure 8 shows four types of common gas field block productivity planning schemes, each with multiple production characteristics. Type 1, 2, 3, and 4 are the common productivity planning schemes in the early centralized development mode of unconventional gas field, in the early stage of long-term stable production development mode, in the whole cycle of long-term stable production development mode, and in the late stage of long-term stable production development mode, respectively.
[image: Figure 8]FIGURE 8 | Four types of common gas field block productivity planning schemes.
Figure 9 shows the optimal serialization of modular equipment for the abovementioned four types of productivity planning schemes using the proposed optimization model. It can be seen that all serializations are a combination of several small-scale equipment and one medium processing capacity equipment or large-scale processing equipment.
[image: Figure 9]FIGURE 9 | Optimal serialization of modular equipment.
In order to define the universality of the processing capacity sequence, the use frequency of modular equipment in the abovementioned optimal scheme is analyzed as shown in Figure 10. Because the small processing capacity equipment is used more frequently, the two types with the highest chosen frequency are selected, i1 and i5. For the medium processing capacity and the high-processing equipment, i9 and i12 are the two types with the highest chosen frequency.
[image: Figure 10]FIGURE 10 | Use frequency of modular equipment.
Analyzing the selected equipment series, i1, i5, i9, and i12, the processing capacity corresponds to 10,000 m3/d, 50,000 m3/d, 90,000 m3/d, and 120,000 m3/d, respectively. The reasonable combination of these types of equipment can cover the demand of all the abovementioned capacity planning schemes, so the selected equipment series is universal enough. Therefore, under the conditions of the economic parameters and the production mode of the gas field described in this example, the processing capacities of the final selected specific type of modular TEG dehydration equipment are 10,000 m3/d, 50,000 m3/d, 90,000 m3/d, and 120,000 m3/d.
CONCLUSION
The main purpose of this study is to propose an optimization model to determine the optimal selection and serialization of modular equipment for shale gas field. Considering the processing capacity, processing cost, floor area, construction cost of modular equipment, and the changes of market supply and demand, a multiperiod optimization model is established, taking the maximum net present value as the objective function. In the modeling, the variable subscript couples the equipment type and number, which can realize the unique coding of the equipment, so as to track the use status of the specific equipment. It should be noted that the productivity curve is considered in this model, which is applicable to all oil and gas fields and is universal, not limited to shale gas fields.
An actual gas field in Sichuan, China, is employed to verify the practicability and effectiveness of the proposed model. Compared with traditional fixed equipment, modular equipment is allocated to different locations according to scheduling requirements and has the ability to adapt to the fluctuation of gas field production. The accumulated net present value of equipment expenditure of modular equipment is less than that of conventional equipment, and the load rate of modular equipment is greatly improved from 0.20 to 0.62. On the basis of the abovementioned model, the method of serialization of modular equipment is proposed. Considering four types of common gas field block productivity planning schemes, the use frequency of different specifications modular equipment is analyzed to determine optimal equipment series; the processing capacities of the final selected specific type of modular TEG dehydration equipment are 10,000 m3/d, 50,000 m3/d, 90,000 m3/d, and 120,000 m3/d.
This study proves that the model can optimize the layout of modular equipment, make the modular equipment run efficiently and economically, and reduce costs and increase efficiency, providing a reference for optimizing the equipment management strategy and promoting green production practice of shale gas production. An interesting topic is to investigate modular equipment dynamic allocation among multiple gas fields. In the future, we will carry out new research to propose an MILP optimization model to make the dynamic scheduling of modular equipment in the whole life cycle of shale gas development.
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