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I. Abstract 
This master thesis is about the optimization of a contaminated gas processing network (i.e. gas which 

is polluted with CO2 and H2S). A gas processing network consists of a set of gas fields and a set of 

possible technologies for purifying these gasses. Moreover it is possible to treat gas directly at the 

field or at a central location. Goal of this project is to decide (1) which fields in the network are used, 

(2) which of these fields are treated locally/centrally, (3) which technologies are placed at which 

location. In order to do so, a MILP model is developed which optimizes the total obtainable profit 

within a period of 15 years. Based on the MILP model, different scenarios are tested, such that the 

influence of the cost of transportation, the selling price of gas, or the location of the central location 

can be determined. 
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II. Management Summary 
As the world’s population continues to grow and economies develop, the global energy demand 

continues to grow in the near future. One of the biggest challenges for the gas industry is not the 

availability of these gasses, but rather producing the gas found in these reserves in an economic and 

attractive manner.  

The gas processing network can be depicted as seen in Figure I 

 

Figure I: Gas processing network 

The gas processing network consists of multiple gas fields, which are contaminated with carbon 

dioxide (CO2) and hydrogen sulphide (H2S). Before gas can be sold to the customer, it needs to 

remove a great part of these contaminations. In order to do so, multiple treatments are available. 

These treatments can take place locally at the field, or at a central location (CPU), where multiple 

gasses are treated at once. Advantage of the latter approach is that it is relatively cheaper to treat 

larger amount of gasses. 

The problem of the gas processing network can thus be stated as follows: Given is a set of gas fields, 

with known volume rates, that contain H2S and CO2 with known concentrations. Also given is a set of 

technologies for the removal of these contaminants. Further, the location of the fields and the sales 

location are known. The goal of this problem is to identify the technologies used within the network, 

such that a certain customer specification is met, at a maximum profit. The profit is considered upon 

a period of 15 years, where an availability of approximately 91% is assumed (i.e. 5000 days). 

To obtain the maximum profit, it has to be decided on: 
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- Which fields are actually depleted 

- Which technologies are placed at which location 

- Which fields are blended together at the CPU 

- Where the CPU is located. 

Based on these decisions, the total cost of the network, consisting of treatment costs and 

transportation costs, can be obtained. Also the total revenue, as a function of the volume of sales gas 

and sales price, can be obtained. 

To fulfill this goal, a mixed-integer linear program (MILP) is proposed. Given that the model consists 

of some non-linear functions, it is decided to elaborate all scenarios in advance, using a large Excel 

sheet. By doing so, the non-linearity can be bypassed. The main goal of the model is to obtain the 

effect of the transportation costs, gas price, and location of the CPU on the profit and design of the 

network. 

Results indicate that the transportation costs have a big influence on the obtained profit. The relation 

between transportation costs and profit can be described by an exponential decaying function. This 

observation can be explained, given that when the transportation costs are increasing, fewer fields 

can be used. So, on the one hand the amount of gas that can be sold decreases, while on the other 

hand the cost for fields that are still used increases.  The transportation costs also have an influence 

on the design of the network. When transportation costs are high, it becomes less plausible to 

transport gasses from local fields to the CPU. Instead, local fields located near the sales location, or 

larger fields which can be treated with a cheaper treatment will be used. 

One of the biggest findings is the fact that it pays off to use a CPU. This profit is significantly higher 

when a CPU is used, even if the gas price is low. It is also demonstrated that the location of the CPU, 

with respect to the sales location, does not play a role. One would imagine that a CPU located near 

the sales location would be used more often. Instead, when the transportation costs are low, it is 

best to locate the CPU at the most central field, with respect to all gas fields in the model. If the 

transportation costs are high, which is realistic, it is best to locate the CPU at the largest location. 

Finally results indicate that the gas price does not have an influence on the design of the network. Of 

course, the gas price is related with the profit. This relation, as opposed to the transportation costs, 

seems to have an exponential relation with the profit.  
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1. Problem Context 

1.1 Natural Gas 

As the world’s population continues to grow and economies develop, the global energy demand 

continues to grow significantly (Kumar et al., 2011). This statement  is also supported  by the 

International Energy Agency (IEA) who state that energy demand in 2035 is likely to increase by  35% 

compared to the energy demand in 2008 (IEA, 2011). The growth of the primary energy demand, 

which is non-renewable or renewable energy embodied in natural resources, is depicted in Figure 1. 

 
Figure 1: World primary energy demand by fuel (IEA, 2011) 

Figure 1 illustrates the growth in Million tonnes of oil equivalent, which is the amount of energy 

released by burning one million tonne of crude oil. It is observed that most of this energy demand is 

still fulfilled by the fossil fuels, oil, coal, and gas, which together account for 85% of the total world 

energy usage (BP, 2008). 

The demand for natural gas is likely to increase in the near future due to its availability, accessibility, 

versatility and smaller environmental footprint (Wood et al., 2012). Currently, the use of natural gas 

accounts for approximately 21% of the total energy demand. This percentage is likely to increase to 

25% of the total energy demand by 2035 (IEA, 2011). Given that the total energy demand also rises, 

continuation of this trend implies that the global demand for natural gas could rise to more than 50% 

by 2035 (IEA, 2012). 

This increasing demand for natural gas also creates a number of new challenges. Natural gasses are 

usually contaminated with a variety of undesirable components such as CO2 and H2S. Gas containing 

a low level of contamination is referred to as sweet gas, while gas containing a high level of 

contamination is called sour gas. Given the additional cost of purifying the sour gasses and safety 

risks, sweet gasses are preferred. However, due to increased demand for energy and the abundance 

of sour natural gas the challenge arisen to develop and produce sour gas fields (Bates et al., 2002). 
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According to BP (2012) proven gas reserves are sufficient to meet 55.7 years of global production 

under existing economic and operating conditions. This means that the main challenge for the gas 

industry is not the availability of these gasses, but rather producing the gas found in these reserves in 

an economic attractive manner. The next section will describe the composition of natural gas and 

processing technologies at a high level. 

1.1.1 Composition of Natural Gas 

Speight (2013) states: “Natural gas is the flammable gaseous mixture that occurs alone or with 

petroleum in reservoirs. It is predominantly methane (CH4) and some of the higher molecular weight 

paraffins (CnH2n+2)”. The composition of natural gas according to Speight (2013) can be found in Table 

1. 

Table 1: Range of composition of Natural Gas (Speight, 2013) 

Gas Composition Range 

Methane CH4 70-90% 

Ethane C2H6 0-20% 

Propane C3H8 0-20% 

Butane C4H10 0-20% 

Pentane and higher hydrocarbons C5H12 0-10% 

Carbon dioxide CO2 0-8% 

Oxygen O2 0-0.2% 

Nitrogen N2 0-5% 

Hydrogen sulfide, carbonyl sulfide H2S, COS 0-5% 

Rare gases: Argon, Helium, Neon, Xenon A, He, Ne, Xe trace 

 

The gasses are classified as sour gasses whenever it contains a significant amount of hydrogen sulfide 

(H2S) (> 0.0005%). Further also other contaminants, like CO2 or N2 can be found in the composition of 

natural gas. The contaminations must be removed from the natural gas, because these impurities can 

form acids in the presence of water that corrode pipelines and other equipment (Rufford et al., 

2012). Moreover, due to health and safety reasons it is necessary to remove the highly toxic H2S from 

the natural gas stream. Throughout the project it is assumed that natural gas consists of methane 

(CH4), hydrogen sulfide (H2S), and carbon dioxide (CO2). 

1.2 Lineup 
In some cases it is not sufficient to treat the gas with only one treatment technology, but with a line-

up of successive technologies. If for instance a gas contains a high amount of both CO2 and H2S, it 

may require multiple treatments. Nevertheless, not all treatments can be placed after one another. 

Based on levels of contamination, for a given treatment technology, one knows which treatments 

can precede or succeed. An example is illustrated in Figure 2. 
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Figure 2: Example of a gas processing lineup 

In this case technology A is suitable for the removal of H2S, while Technology B can be applied to 

reduce the amount of CO2. Whenever the customer desires a gas with a maximum of 0.5% H2S and 

2% CO2, it is not sufficient to apply only one purifying technology. In such a case it is therefore 

required to use a lineup (containing multiple technologies). 

1.3 Gas processing network 
When considering all these elements (composition of gas at different fields, purifying technologies, 

and lineups), the gas processing network as a whole can be depicted as in Figure 3. The considered 

area consists of multiple gas fields. The compositions of the gasses per field differ in terms of H2S, 

and CO2, concentrations and wellhead pressure. Also the gas production capacity, in million of 

standard cubic feet per day (MMscf/d), produced per field differs. Based on the compositions, one or 

more treatment technologies can be used to purify the gasses directly at the field. Whenever this 

option is chosen, a lineup (i.e. the sequence of the treatments) at the relevant fields has to be 

determined. 

 

Figure 3: Gas processing Network (local treatment) 

When the line-ups of the different fields are obtained, the gasses are transported to the Sales 

location via pipelines. Keep in mind that it is not obligated to treat the gas at the field before it is 

transported to the Sales location (i.e. it is possible to use untreated gas). Before the gas is sold to the 

customer, the gasses obtained from the different fields are mixed together, such that eventually one 

type of gas can be sold to the customer. 
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Besides this local treatment at the field it is also possible to transport gasses, with or without any 

pre-treatment, to a central processing unit (CPU). In the CPU, gasses from different fields are co-

mingled and if required, treated to meet export specifications (i.e. meet the maximum allowed 

proportion of H2S and CO2). This is depicted in Figure 4. A CPU is located at a certain field, given that 

it is infeasible to place it at a random location due to safety or economic constraints. 

 

Figure 4: Gas processing network (Central treatment) 

The advantage of using a CPU is given in Table 2. By mixing the two fields, A and B, the percentage of 

H2S in the gas stream can be reduced through dilution, to meet the market or customer 

specifications. A possible advantage of applying this approach is the possibility to reduce the 

concentration of contamination of the outgoing stream (in this case the combination of A and B). This 

could result in reaching the customer specification without the use of an extra treatment, or the 

possibility to use a cheaper treatment process. 

Table 2:Example of mixing two fields @ CPU 

Field Volume (MMscf/d) Percentage of H2S 

Field A 10 10 
Field B 5 1 
Field A + B (combined @CPU) 15 7 

The CPU’s can thus be located at each field in the network, with the possibility to use multiple CPU’s 

in a single network (when more than three fields are considered). To obtain a combination, a 

minimum number of two fields have to be combined. When only three fields are included, it is 

therefore only possible to have one CPU. 
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2. Project description 

2.1  Motivation 
In 2013, the gas processing department started a project to model the gas processing network. The 

project aimed to assess the suitability of the use of Agent Based Modeling (ABM) in the selection and 

development of technologies for gas treating. ABM is a simulation modeling technique which enables 

a researcher to create models where agents can interact within an environment (Gilbert, 2008). 

These agents can be seen as autonomous decision making entities that are collectively modeled 

within a system. The strength of this approach is said to be the ability to simulate the network 

behavior using relatively simple rules (i.e. simple formulas or if-else statements). 

The main objectives of the ABM project are to: 1. Assess if agent-based modeling can be used to 

model this network and 2. Get insights into parameters that influence decisions (e.g. central or 

decentralized processing on a network). 

In the ABM model some elements of the value chain are represented by agents, with their own 

states and rules. The five types of agent used throughout the model are; technology owning agents, 

field agents, pipeline agents, sales agent, and market agents.  

The first part of the research, which was used to asses if ABM can be used in the selection of 

technologies, four different case studies for studying the possibility of processing a network of gas 

streams were used. These cases consist of: (1) all fields combined, (2) all fields independently, (3) 

fields combined based on sourness level, and (4) a detailed study of one specific location. Eventually 

the resulting line-ups and cash flow per case were given.  

From the results it can be concluded that the centralized treatment options (1) returns the highest 

cash flow. Main reason for this conclusion is the fact that several fields are not exploited in the 

decentralized approach (2), as the contaminant concentration is so high that none of the 

technologies are suitable to treat and produce the gas. 

Currently this research is continued. Main question of this research is under which circumstances 

decentralized sulfur removal and recovery is a favorable option. This means that the goal of the ABM 

approach is to maximize the number of treatments that are done local, in such a way that the 

network is profitable. In order to obtain this result, it is assumed that sulphur removal is always done 

local, whenever this is economically feasible. This assumption can be justified, as it is possible that 

governments limit the transportation of highly contaminated gasses. 

However, the ABM approach is new within the company, and it differs from the modeling techniques 

traditionally used to tackle this sort of problem. Based on this remark, the question is raised whether 
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the model could better be described by a Mixed-Integer (Non) Linear Programming model. One of 

the advantages of using an MI(N)LP approach is the availability of many years of experience, tools 

and features within the company.  

This project was therefore initiated to find out whether the model could better be described by a 

MI(N)LP model. 

2.2 Problem description 
As described in the Chapter 1, there are many opportunities to set up a gas processing network (i.e. 

local/central treatment, technologies applied per field etc). One of the biggest challenges is to 

produce the gas in an economic attractive manner.  Reformulating this, one of the biggest challenges 

in processing contaminated gas fields is to optimize the gas processing network. Therefore, it is 

possible to view this problem from an operations research point of view. 

In general, optimization across the whole supply chain becomes more and more important for 

companies. Chima (2007) mentions the fact that in the past, operation researchers used analytical 

approaches for the optimization of the individual entities along a supply chain instead of improving 

the entire supply chain. This paradigm shift is depicted in Figure 5. The upper part of the figure 

describes the case where each entity along the supply chain optimizes its own resources. On the 

lower part of the figure, the network is optimized using the entire supply chain. This ensures that the 

total profit of the entire supply chain increases. 

 

Figure 5: Supply Chain Integration 

When considering a gas processing network, this principle can also be used to obtain a higher profit 

and therefore competitive advantage. At this moment the gas processing network as a complete 

system is not optimized. Instead, gas produced from each field is mainly transported to the central 

processing unit. Main reason for doing this is due to economies of scale.  
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An alternative to the CPU approach would be the use of decentralized processing facilities, where gas 

is treated locally at the field. This approach will be more expensive, in terms of treatment facilities, 

given that it cannot benefit from the economies of scale. However, in return, other costs in the 

network can be reduced (e.g. cost of pipelines, construction costs).   

a. The removal of H2S may reduce the cost of pipelines, given that cheaper alloy steels can 

be used as the corrosive components are removed from the gas. By using a decentralized 

approach, transportation costs can be reduced. 

b. When the network is decentralized, the construction time, and costs, will be reduced 

because smaller treatment units need to be built. 

2.3 Problem statement 
The problem of the gas processing network can be stated as follows: Given is a set of gas fields, with 

known volume rates, that contain H2S and CO2 with known concentrations. Also given is a set of 

technologies for the removal of these contaminants. Further, the location of the fields and the sales 

location are known. The goal of this problem is to identify the technologies used within the network, 

such that a certain customer specification is met, at a maximum profit. The profit is considered upon 

a period of 15 years, were an availability of approximately 91% is assumed (i.e. 5000 days). 

To obtain the maximum profit, it has to be decided on: 

- Which fields are actually depleted 

- Which technologies are placed at which location 

- Which fields are blended together at the CPU 

- Where the CPU is located. 

Based on these decisions, the total cost of the network, consisting of treatment costs and 

transportation costs, can be obtained. Also the total revenue, as a function of the volume of sales gas 

and sales price, can be obtained. 

To dig deeper into the actual problem, a better understanding of the variables included in the model 

are needed. These will be discussed in the next section. 

2.3.1 Network properties and variables 

The properties can be subdivided into four categories; Properties of transportation, properties of gas 

fields, properties of the treatment technologies, and finally the properties of the customer. 

2.3.1.1 Transportation properties 

There can be made a distinction between the transportation for gas containing a high percentage of 

H2S (>2%) and gas containing a low percentage of H2S (<2%). The transportation costs for highly 
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contaminated gasses are more expensive, given that more expensive materials have to be used (e.g. 

for the pipelines). The transportation costs thus depend upon the length of the pipeline, and the 

composition of the gas. For each location, the X and Y coordinates are given (Appendix A). Based on 

these coordinates, the distance between each defined locations is obtained using: 

             
 
        

 
 

Where,      is the distance between location   and  . 

2.3.1.2 Properties of the gas fields 

A gas field is defined with the following parameters; pressure of the gas, the average production per 

day (MMscf/d), and the CO2 and H2S content. These parameters will be discussed in brief. 

Pressure 

A gas field produces gas at a certain wellhead pressure. This difference is not taken into account in 

the data. It is assumed that the pressures at all fields are equal to 80 bars. Main reason for deciding 

this is because the model becomes too complex when different pressures are specified. This 

complexity can be dedicated to the fact that the mixture of gasses with different pressures is 

dependent on multiple parameters (e.g. volumes of each gas, pressure of the gasses, temperature). 

Production rates 

The average production rate per field is provided in thousands of normal cubic meters per day 

(Nm3/d), where normal stands for the normal conditions of 1 bar and 0⁰C. The unit of measurement 

in the model is MMscf/d, where standard conditions are defined as for 1 bar and 20 ⁰C.  

The conversion factor between Nm3 and scf is 35.31467 (Lyons, 2009), so the average production per 

field (Nm3/d) is multiplied by 35.31467. Moreover, as the temperature increases, the volume of the 

gas expands. Given that the average production per field is based on 0⁰C (= 273.15 K), while the unit 

of measurement in the model is in 20⁰C (=293.15 K), the volume is multiplied with (293.15 / 273.15).  

As a result, the volume in the model can be described as:  

                                                          
      

      
   

CO2 Content 

The CO2 content is given as a percentage of the total volume of the gas per field. For each field in the 

model, the concentration of CO2 is known. 
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H2 S Content 

The H2S content is also given as a percentage of the total volume of the gas per field. Again, the exact 

concentrations for each field in the model are known. 

2.3.1.3 Functional description of the technologies 

In order to decide whether a given technology can be deployed to treat a given stream, parameters 

of the technologies are needed. It has to be noted that the real names of the technologies are not 

mentioned throughout the project, due to confidentiality reasons. 

Separation factor 

The separation factor is defined as the percentage of the inlet stream, separated into the main 

product, waste and sulphur stream. As stated in section 1.1.1., it is assumed that natural gas consists 

out of three components; CH4, H2S, and CO2. Table 3 and Figure 6, illustrate the concept.  

For example, as a result of Technology 1, 95% of the CH4, 90% of the CO2, and only 0.02% of the H2S 

of the inlet stream will be in the actual product stream (i.e. the stream that is actually used) after 

treatment.  

On the other hand, the waste streams contains 5% CH4, 10% H2S and 10% CO2 of the inlet stream. 

The waste stream is disposed of and not treated further for simplicity. In reality however, additional 

costs are needed to store or dispose the waste.  

Finally the remaining H2S (89.98%) can be found in the sulphur stream. In reality the sulphur in this 

stream can be converted into solid sulphur, using additional treatments.  The solid sulphur can then 

be sold on a different market. Currently this is also out of the modeling scope. 

Summarizing, it can be said that the technologies separate the inlet stream, such that the presence 

of the undesirable components (CO2, and H2S) in the actual product stream is reduced. 

Table 3: Separation factors of a certain technology 

 Separation factors* 

Technology CH4  to P 
H2S  to P 
CO2  to P 

CH4  to W 
H2S  to W 
CO2  to W 

CH4  to S 
H2S  to S 
CO2  to S 

Technology 1 0.95 
0.0002 
0.9 

0.05 
0.1 
0.1 

0 
0.8998 
0 

*P is the product stream, W is the waste stream, 

  S represents the Sulphur stream 

 Figure 6: Graphical representation of a 
treatment technology. 
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CAPEX/OPEX 

The use of treatment technologies is associated with costs. These costs can be subdivided into capital 

expenditure (CAPEX) and operating expenses (OPEX).  

CAPEX is defined as the investment cost for installing the treatment plants.  These costs can benefit 

from economies of scale. This means that the cost per volume reduces, when the throughput of 

volume is increased.  A typical cost function is illustrated in Figure 7. This function is derived from 

Tribe & Alpine (1986) and is described by: 

       
      

                
 
 
                , where B is typically between 0.6 and 0.7. 

Note that this is a non-linear function, and therefore cannot be used directly in a linear model. In the 

example of Figure 7, the reference CAPEX is equal to 2 million dollar and is based upon a volume of 1 

MMscf/d. If the size of the plant is increased to a capacity of 10 MMscf/d, the CAPEX is equal to 8 

million dollar. This is equal to 0.8 million dollar per MMscf/d, which is a significant decrease. 

 
Figure 7: Capex vs. Volume of produced stream in MMscf/d 

The OPEX, on the other hand, are the actual costs of operating the process of the treatment (e.g. 

electricity, supplies, and utilities). These costs are dependent on the initial flow on day 0 (in 

MMscf/d) of the product, and it is assumed that these costs will be equal throughout the time 

horizon.  

The CAPEX/OPEX values are defined by the Gas Processing Department within the company, for the 

agent-based modeling project. Information from Bergel and Tierno (2009) is used to obtain the 

relevant CAPEX/OPEX cost per technology. 

In the paper by Bergel and Tierno (2009) the CAPEX and OPEX of gas treating processes (e.g. Amine 

and Membrane) have been reported. The previous study used this information to obtain the CAPEX 
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of the processes. Subsequently, the OPEX cost is estimated by using correlations between the CAPEX 

and OPEX information from Bergel and Tierno (2009). 

The values of CAPEX and OPEX are defined in millions of dollar per 1 MMscf/d of product based on 

the operation window of 5000 days. 

Technology sequence 

When multiple treatment technologies are needed or applicable, it is important to determine the 

sequence of technologies (treatment 1 coming after 2 etc.). Certain treatment technologies cannot 

be used after one another in a line-up (i.e. the sequence of technologies matters). Per treatment 

technology an array, consisting of possible preceding treatment technologies, is given. This means 

that if, for instance, technology 1 is chosen as a primary treatment, it is not possible to choose 

technology 4 or 5 as a secondary treatment.  

Contamination levels 

Per technology, the minimum and maximum volume concentration of H2S and CO2 are defined. 

Hence, whenever the specification of gas from a certain field or a mixture from multiple fields, is not 

within the contaminant concentration range, the technology cannot be used. 

Pressure/Flow level 

Similar to the allowable contaminant concentration ranges, the technologies also have an operable 

maximum and minimum pressure level (Bar) and flow rate (MMscf/d). Whenever a gas has a 

pressure or flow rate outside the range, the technology cannot be used. In reality, a pressure drop 

can be experienced after a treatment. Nevertheless, the pressure is assumed to be 80 bars 

throughout the model, hence pressure drops are also not taken into account. 

2.3.1.4 Properties of the customer 

In reality, it is possible to have different customers (e.g. domestic customers, industrial customers 

etcetera). To reduce the complexity of the model, it was decided to only include one customer. It is 

assumed that this customer requires gas with fixed specifications. The maximum allowed proportion 

of H2S is assumed to be 5 parts per million (ppm), which is equal to 0.0005%. The maximum allowed 

proportion of CO2 on the other hand, is assumed to be 3%. Further it is also assumed that the 

customer has a constant demand for gas, whenever it is available, with the demand rate equal to the 

flow rate. Given this assumption it is not needed to take storage into account.  

2.4 GMOS/NetSim 
Given the more complex strategic planning problems during the last few years, the importance of 

having tools capable to solve this problems increased. Therefore algebraic modeling languages play 
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an important role since the early 1980s (Kallrath, 2012). Algebraic modeling languages (AML) are 

computer programming languages which can describe and solve large scale optimization type of 

problems. AMLs are ideal to implement mixed integer programming (Kallrath, 2012). 

Some of the most important algebraic modeling languages used as of today are AIMMS, GAMS and 

AMPL. Although these languages are based upon the same underlying concept, they differ how this 

concept is presented to the user (Fourer, 2012). 

The company has developed the strategic planning tool: Global Manufacturing and logistics 

Optimization System/ Network Analysis and Supply Chain Optimization System which makes use of 

the mathematical modeling system of AIMMS and the mixed-integer solver CPLEX (Lasschuit & 

Thijssen, 2004). 

The GMOS/NetSim tool will be used throughout this project, given that there are already a lot of 

features and tools available within the company. 

2.5 Project Scope 
The project is focused upon an area of 150 by 150 km, where a total of 15 gas fields are located. Of 

these gas fields the production per field (MMscf/d), content of CO2 (volume %), and the content of 

H2S (volume %) are known. Moreover it is assumed that each field produces gas with a fixed pressure 

of 80 bars.  

In order to purify the obtained gasses from the fields, 9 technologies are available. Per technology, 

the minimum and maximum allowed specifications with respect to the contamination levels (volume 

%), pressure (bars) and flow rate (MMscf/d) of the incoming gas is known. Also the costs ($M per 

MMscf/d), separation factors and technology sequence are known. 

Further it is assumed that the gas is demanded by one customer, who requires gas with a maximum 

of 5 ppm H2S, and 3% CO2. The selling price of the gas is given in $/m3.  

Goal of the project is to maximize the profit of the network, taking a time period of 5000 days into 

account (15 years with an availability of approximately 91%). Within this period, a constant flow rate 

and demand is assumed, whenever the gas is available. 

In order to optimize the network, a decision has to be made regarding the following variables: 

- The fields that are depleted 

- Which technologies are placed at which location? 

- Which fields are blended together at the CPU? 

- Where is the CPU located? 
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Finally, throughout the model, only the actual product stream (natural gas) is considered. As 

mentioned in section 2.3.1.3, the inlet stream is split into three separate streams; product, waste, 

and sulphur stream. In reality it is also possible to treat the sulphur stream, such that solid sulphur is 

obtained. This solid sulphur can then be sold on a separate market. Nevertheless, this is out of the 

scope of this project. Also the waste stream is not taken into account to reduce complexity. Note 

that in reality, it would take additional cost to store/discharge these streams. 

3. Research questions 
Based upon the project definition (Chapter 2) the following research question for this master thesis 

was obtained. 

What is the optimal design of a gas processing network using multiple gas fields and treatment 

technologies, were gas contaminated with hydrogen sulfide and carbon dioxide needs to be treated 

before it can be sold to customers?  

In order to give more insight into the research question, the following sub-questions were 

formulated. 

1. What drives the choice for a more central or distributed treatment of contaminated gas? 

2. What is the influence of a changing gas price on the design of the gas processing network? 

Further it is also interesting to get some insight into the appropriateness of the use of mathematical 

programming or agent-based modeling in such a network optimization problem. Another sub-

question can be formulated as: 

3. What are the advantages of mixed-integer linear programming/agent-based modeling in a 

network exploration problem? 

The main deliverables of the project are to conclude whether a MILP can be used in determining the 

optimal gas processing network. Also insights on the influence of costs of transportation, selling price 

of gas, and location of CPU on the design of the network need to be given. Finally, conclusions have 

to be drawn with respect to the advantages of using a MILP/ABM approach. 

4. Research approach 
The research approach is based upon the quantitative research model approach defined by Mitroff et 

al. (1974). This approach is schematically illustrated in Figure 8, where four phases are defined: 
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1. Conceptualization 

 Literature review on network optimization models using mixed-integer linear 

programming 

 Identification of the variables that need to be included. 

 Definition of the scope of the model. 

2. Modeling 

 Formulate the quantitative model, by defining the causal relationship between the 

variables. 

 Implement the model in a software package, which is able to solve such a problem. 

3. Model solving 

 Validate the model by the use of the obtained results. 

4. Implementation 

 Give recommendations, insights, and opportunities based on the results obtained from 

the model. 

 

 

Figure 8: Quantitative research model (Mitroff et al. 1974) 

The identification of variables and definition of the scope of the model, needed for the 

conceptualization phase, are already obtained in Chapter 2. Before starting the modeling phase, a 

literature review, considering network optimization models, needs to be performed. This literature 

review can be found in Chapter 5. 

The remainder of this report will be build up as follows. In Chapter 6, a Toy Model is described, which 

is used as a starting point for the rest of the project. Chapter 7 states the MILP model of the 

described model in Chapter 6. After obtaining the results of this model, they are compared to the 

results obtained by a manual procedure to indicate whether the model is capable in selecting the 

appropriate technologies. Chapter 8 consists of the actual Base case, where all relevant fields and 
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technologies are included. Next, a comparison between the two methods (MILP and ABM) is given in 

Chapter 9. Finally the main conclusions, limitations and recommendations are given in Chapter 10. 

5. Literature study 
A literature study is performed to get an overview of similar type of problems, which are already 

discussed.  This could serve as a good starting point for the remainder of this project.  

Unfortunately, no literature about the optimization of a gas treatment network is found. On the 

other hand, it can be found that optimization models have been applied to many different problems 

related to the purchasing and transporting of natural gas. In this section we first describe some 

optimization models used for transportation of natural gas. The second part will be more focused on 

the treatment or resources, viewed from other industries. 

De Wolf and Smeers (2000) consider the minimization of the total supply cost for a gas transmission 

company, which must satisfy demand in different nodes at a minimal guaranteed pressure. The 

minimization is subject to both linear and non-linear constraints. For the non-linear constraints, 

piecewise linear approximations are used. 

Ultimately the proposed model is tested on real world data en finally compared with alternative 

solution methods.  

Also the paper of Rømo et al. (2009) is being considered. As the title already indicates, this paper is 

focused on the Norwegian natural gas production and transportation. It describes the development 

and use of a decision support tool, named GassOpt, for transport of natural gas. GassOpt is based on 

a single-period steady-state model used for short-, medium-, and long-term planning. 

Decision variables of the model are the total flow and component flow between nodes, which are 

connected with pipelines, and the inlet and outlet pressure for each of these pipelines. Constraints 

included field capacities, market demands, pressures and flow constraints in pipelines.  

Some other significant processes are blending and processing, as the gas composition from different 

fields vary considerably. Blending means that a gas flow is mixed with other flows to adjust the gas 

composition. Blending sour gas from fields with low-quality gas with sweet gas from fields with high-

quality gas can reduce the need for processing (Rømo et al., 2009). They choose to model this by 

implementing an approximation in a mixed-integer, linear programming context. One has to keep in 

mind though that changing the composition in one part of the network could influence capacities and 

flows in other parts of the network. This is illustrated by the following example: 
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Figure 9: Effects of CO2 limitations in the market on the production rate (Rømo et al., 2009) 

Both node A and B are producing fields. It can be seen that field A has gas containing only 1 percent 

CO2, while field B contains 10 percent CO2. Location C represents the pool where gasses obtained at 

both fields are combined. Nodes D and E are representation of two markets. The maximum 

percentage of CO2 entering the market is 2.5 percent and the production capacity of both fields is 10 

and the demand of both markets is also 10. Left hand side of Figure 9 indicates that the maximum 

percentage of CO2 entering the market is not feasible. This would be feasible when only 2 of field B is 

being entered at location C. Ultimately this means that 8 of field B will not be used in this example. 

Final remark with respect to this article is the importance addressing this type of problem on long-

term planning and investment. It is stated that modifying the transport infrastructure is demanding 

and costly and therefore need solid justifications. 

Another interesting paper is the multi-objective optimization of biomass-to-liquids processing 

networks of You and Wang (2012). Although this paper is not focused on the gas purification process, 

it treats the same type of problem. The paper addresses the optimal design and planning of biomass-

to-liquids supply chains under economic and environmental criteria. At the moment there are two 

types of technologies applicable for conversion of biomass to liquids. On top of that there are also 

some pre-conversion technologies that convert biomass into intermediates (such as bio-oil). These 

pre-conversions lead to reduced transportation cost 
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Figure 10: Biomass-to-Liquids supply chain superstructure (You & Wang, 2011) 

They are given a set of harvesting sites with their individual properties (harvesting window, moisture 

content, etc.). The biomass obtained at these sites can be converted to liquids through certain known 

technologies at integrated bio refineries. Another possibility would be to pre-convert the biomass 

into intermediate products, where after these intermediate products can be upgraded at a fuel 

upgrading facility before it is delivered to customers. The structure of the supply chain can be found 

in Figure 10. 

Zooming in at the situation, the processing network can be considered using three designs. The 

possible designs are centralized, distributed, and distributed-centralized (Figure 11). 

 

Figure 11: Three biomass-to-liquids processing networks with different locations, capacities, conversion pathways (You & 
Wang, 2011) 

In the centralized case all the biomass is directly transported to the central location where it is 

converted to liquids. For the distributed design the biomass is converted locally using smaller 
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processing plants. In the final design the biomass is pre-converted locally, where after it is being 

transported to the central location where it will be upgraded to the relevant liquids. 

Ultimate goal of the paper is the minimization of the total cost and the emissions of the entire 

biomass-to-liquids supply chain by optimizing the decision variables. One of these decision variables 

includes the number, sizes, locations, and technology selections of each processing facilities. 

In order to solve this problem, a multi-period MILP model is being developed and successfully solved 

using CPLEX 12. Some constraints used in the model can be useful with respect to the current 

research. For example the technology and capacity level selection. 

              
  

 

Where         is a binary variable that equals 1 if facility   with technology    and capacity level   is 

constructed and      is the maximum allowable number of this type. 

Marvin et al. (2012) also proposes a mixed integer linear program for determining biomass 

processing facility locations  and capacities. Also seven biomass processing technologies, which are 

expected to be available in the near future, are possible candidates at each facility site. Difference 

with respect to the paper of You and Wang (2012) is the fact that the objective function in this case is 

to maximize the total net present value for the entire supply chain. Also important to notice is the 

fact that they use piecewise linear functions to approximate each nonlinear function to keep a 

mixed-integer linear problem instead of a mixed-integer nonlinear problem. The model is eventually 

solved using IBM ILOG CPLEX Optimization Studio.  

The study of Hugo et al. (2005) faces the same type of problem for a different topic. They present a 

generic optimization-based model for strategic long-range investment planning and design of future 

hydrogen supply chain. The model is capable of identifying optimal investment strategies by utilizing 

Mixed Integer Linear Programming techniques. In the paper it is shown that at each stage of the 

hydrogen infrastructure (production, distribution, storage) a variety of technological options exist. 

Hydrogen can be produced either centrally or distributed. Eventually the model tries to make optimal 

decisions of where to allocate which conversion technologies to production sites. Also the net 

present value (NPV) is chosen as the objective function. 

The work of Perez-Fortes, Laínez-Aguirre, Bojarski, & Puigjaner (2014) focuses on the optimization of 

pre-treatment selection for the use of biomass waste. In the paper five pre-treatments are 

considered, which change the properties of the biomass. The optimization problem is formulated as 
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a mixed integer linear program that also has the net present value as the objective function. Results 

propose a location-allocation decision together with the selection of the relevant pre-treatment 

technologies. The model thus considers long-term strategic decisions. 

Neiro and Pinto (2003) present a supply chain optimization problem within a petroleum refinery. 

Their main objective is to extend the single refinery model to a multiple refinery model, where 

refineries can be connected by supply pipelines. An example of such a connection among refineries is 

the use of a unit to reduce sulphur levels of streams from other refineries, which do not present this 

unit. The model results into a mixed integer non-linear program, where the non-linearity arises from 

blending equations.  

The approach is applied upon a real-world application for a refinery network consisting of three 

refineries. The proposed approach, using multiple refineries, reveals the advantages of solving the 

entire refinery network in comparison to solving refineries individually. 

Finally the work of Galan and Grossmann (1998) give interesting insights into a similar type of 

problem. The paper discusses the optimal design of distributed wastewater treatment networks. In 

the past it was conventional to operate a centralized wastewater treatment plant rather than 

providing individual treatment for each production unit. A centralized treatment plant implies that all 

streams are collected and treated at a central facility. With distributed treatment it is possible to 

treat streams separately or partially mix streams. 

The overall superstructure for the selection of technologies at each task unit can be seen in Figure 

12. In this structure there are two water streams, which can be split at S1 and S2 respectively. The 

streams can then be directed to the mixers, whereby the concentration of contaminants is adjusted. 

Based on the concentration of contaminants certain available technologies for treatment are chosen 

which minimizes the investment and operating costs. Eventually the treated streams are mixed at the 

final location from where they can be discharged. 

 
Figure 12: Superstructure for selection of technologies (Galan & Grossman, 1998) 
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The resulting procedure to obtain the global optimum then consist of multiple MILP and MINLP 

models. It is shown that the proposed procedure lead to feasible solutions in multiple examples.  

Mixed-Integer non-linear programming 

As seen in the described papers, most of the non-linear functions are approximated by linear 

functions, in order to keep a MILP model. 

From the paper of Neiro and Pinto (2003) it can be obtained that non-linearity arises from the 

blending equations. The paper of Galan and Grossmann (1998) indicate that splitting the streams, 

also results in non-linear equations.  

In the current project, splitting and blending equations also play a role. Splitting is used at the 

treatments, where the gas is split into a product, waste and sulphur stream. Blending is used at the 

CPU and sales location. This thus indicates that the model of the current project will become non-

linear. 

Nevertheless, as stated by Kallrath: “MINLP problems are the most difficult optimization problems of 

all” (Kallrath, 2000, p814). They combine all difficulties of both MILP and nonlinear program models. 

The belong to the NP-complete models, meaning that no algorithm is available to solve the problem 

in polynomial time (Kallrath, 2000). 

Moreover, Kallrath (2000) remarks that in a nonlinear problem a distinction has to be made between 

local optima and the global optimum. Solving such a model thus means that a great understanding of 

the underlying problem is needed. 

To my knowledge, no literature is found in which the gas processing network, consisting of multiple 

fields, multiple treatments, and the possibility to treat the gasses locally or centrally, is optimized.  

The work of Galan and Grosmann (1998), discusses a problem which is somewhat similar to the 

problem discussed in this project. Nevertheless, the size of the problem is much smaller compared to 

this problem. 

6. Toy Model 

6.1 Model definition 
Due to the large number of gas fields (15) and number of available technologies (9), a LP type of 

model will become very large and therefore hard to solve, interpret the results of and debug. To give 

an example, if only gas can be treated at the local fields, and on average there are 4 possible 

treatments per field, the amount of possible combinations at the sales location is equal to 

            In this case the possibility of using a CPU, which will increase the possible 
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combinations radically, is not even included. Therefore, the first step is to define a representative 

Toy model. This Toy model can be used to conclude whether the model is capable in selecting the 

appropriate treatments (i.e. obtain the optimal solutions). When it has been demonstrated that the 

Toy model is indeed capable of obtaining the optimal solution, the model can be extended by adding 

more gas fields and technologies. It has to be kept in mind that this Toy model is not a proper 

representation of reality, but only is intended to demonstrate whether the appropriate technologies 

can be selected.   

To reduce the number of possible combinations, it was decided to initially include only three gas 

fields and four technologies. These fields and technologies are chosen such that a broad variability in 

H2S and CO2 concentrations is covered. Moreover, only one CPU can be used within this model to 

limit the amount of possibilities.  

Before defining the actual model, some pre-processing steps can help to eliminate certain 

treatments which cannot be applied locally at certain fields. By doing so, the complexity of the actual 

model can be reduced significantly. 

6.1.1 Pre-processing step 

Several technologies can be deleted as potential candidates for the primary treatment based on 

technical incompatibility. For example, the H2S content or CO2 content could be out of the operating 

range of a particular technology. If one or more constraints of a certain combination are not met, it is 

deleted from the list of possibilities. Therefore the first step will be: 

 Step 1: Select the primary treatment technologies that can be applied to a field (locally) 

When the primary treatment technologies per field are defined, the second step will be to determine 

possible follow up technologies that can be added to the product stream of the primary technology.  

 Step 2: Select the secondary treatment technologies that can follow the primary treatment 

technologies 

After defining the secondary treatment technologies per field, it could still be possible to perform a 

tertiary treatment. 

 Step 3: Select the tertiary treatment technologies that can follow the secondary treatment 

technologies 

The pre-processing step of the Toy model can be found in Figure 13.  
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Figure 13: Available technologies per field after pre-processing 

In this figure it can be observed that each field only has one or two possible candidates for a primary 

treatment. This is mainly caused by the inclusion of only four treatment technologies. The possible 

line-up (i.e. primary, secondary and/or tertiary treatments) at the field, in case of only four treatment 

technologies, will therefore be quite obvious. Nevertheless, it has to be kept in mind that the Toy 

model is purely meant as a starting point for the actual model. 

Now that the treatment technologies are known per field, it is possible to obtain all potential 

combinations at the CPU. It is assumed that whenever the gas is on customer specifications after a 

local treatment, it will be transported to the sales location directly. This assumption can be justified, 

because otherwise additional costs are needed for the treatment of gas which is already on spec. The 

whole gas treating network, based on the available treatment technologies from Figure 13, is 

depicted in Figure 14. 

Figure 14: All possibilities of the Toy-Model network 
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 6.1.2 Combinations 

The number of potential combinations at the CPU can be calculated by multiplying the number of 

possibilities per field. In this case, there are four possibilities of field B (i.e. exclude field B from the 

CPU, Field B untreated, Field B treated by treatment 1, Field B treated by treatment 1 and treatment 

9). Note that the first possibility, exclude field B from the CPU, needs to be included, given that it is 

possible to have a combination with the other two fields (D and L) only. 

Field D has three possibilities (i.e. exclude field D from the CPU, Field D untreated, Field D treated by 

treatment 9). Field L has in total 4 opportunities at the CPU (i.e. exclude field L from the CPU, Field L 

untreated, Field L treated by treatment 4, Field L treated by treatment 4 and treatment 1). 

This indicates that the number of combinations at the CPU is equal to         . These 

combinations can be found in Appendix B. Note that out of these 48 combinations, 9 of them have 

only 1 or 0 incoming streams (i.e. which are no combinations), wherefore the actual number of 

combinations is equal to 39. 

Of these 39 combinations, the exact volume and contamination levels of H2S and CO2 are known. 

Based on these values it is possible to determine the primary, and/or secondary or even tertiary 

treatments per combination.  

In total 27 of the combinations can be treated by treatment 1, 4 can be treated by Treatment 5, 5 can 

be treated by Treatment 9, while 7 combinations are already on spec and therefore do not need to 

be treated. 11 of the combinations which are treated by Treatment 1 have to be further treated in 

order to reach the customer specifications. 

6.1.3 Sales 

At the sales location, incoming streams are blended and sold. The total number of possible available 

streams at this location is equal to 57 (10 streams which can be obtained from the local fields (see 

Figure 14), 47 which can be obtained from the CPU (see 6.1.2)). In order to meet the customer 

specifications, the blended streams should have less than (1) 0.0005% H2S and (2) 3% CO2. 

Remark has to be made that the project is purely aimed at describing the overall network and 

exploring the network possibilities. Therefore it is assumed that there is one large customer, who 

demands the same specifications along the time horizon and no storage capacity is taken into 

account given that the demand rate is assumed to be equal to the flow rate. 
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7. MILP model 
In this chapter, the MILP model is described based upon the information of Chapter 6. First of all, the 

used approach will be explained. Secondly, the assumptions and their justifications will be discussed. 

Next, the actual model will be given. Finally, the obtained result will be discussed. 

7.1 Approach 
Before starting to define the actual model, it is needed to give more clarification with respect to the 

used approach. In order to use a MILP model, it is necessary to exclude the non-linear functions of 

the model. An example of a non-linear function is already seen in the definition of the CAPEX in 

section 2.3.1.3. 

To overcome this problem, it is decided to use a large Excel sheet, where all possible scenarios are 

elaborated. This means that per possible investment, the associated cost, the available volume after 

treatment, and the contamination levels after treatment are obtained. By doing this for every 

possible investment, the just mentioned variables can be considered as fixed input parameters in the 

model, instead of dependent variables.  

7.2 List of assumptions 
Some simplifying assumptions need to be proposed in order to run the model. 

1. Whenever gas is on customer specifications after treatment, it will be transported directly to 

the sales location. 

2. When a field is used at the CPU, it is obligated to use the whole volume of that field. 

3. It is possible to use only a part of the volume of local fields for blending at the sales location. 

4. Only 1 customer is included in the model, which requires a fixed specification of gas 

throughout the whole period.  

5. The demand rate of the customer is equal to the flow rate of the network. 

6. No storage capacity is included.  

7. Not every gas needs to be treated. It is possible to use untreated gas for blending at the sales 

location. 

8. A constant pressure is assumed throughout the model.  

9. The calculations are based on one day of production. 

First of all, whenever the gas is on customer specifications, it will not receive additional treatment. If 

this was not assumed, additional costs would be needed for the treatment of gas which is already on 

spec, which would not be optimal. Further it is obligated to use the whole volume of the field at the 

CPU, because it would otherwise be impossible to elaborate all scenarios in advance, given that the 

proportion of volume would be a decision variable. This assumption, on the other hand, is not 
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needed for gas used at sales, obtained from local fields. Only 1 customer is included, because the 

model is focused upon the placement of treatments, without considering the customers in detail. No 

storage capacity needs to be included, given that the demand rate and the flow rate are assumed to 

be equal. 

7.3 Model definition 
The model, depicted in Figure 14, can now be translated into a MILP model. For the sake of simplicity 

the model will be described in three parts (i.e. local field, CPU, and Sales). Afterwards, the complete 

model will be given. First step for each part is defining the sets and variables.  

Local fields 

Sets and parameters 

                        

                                    

                                                            

      set of possible secondary treatments at field i, given that technology j is chosen as a primary 

treatment.                  

       set of possible tertiary treatments at field i, given that technology j is chosen as a primary 

treatment, and k as a secondary treatment.                           

    Volume from field i available at Sales 

    Initial volume available at field i  

     Available volume  at field i after primary treatment j 

      Available volume  at field i after primary treatment j and secondary treatment k. 

       Available volume at field i after primary treatment j, secondary treatment k, and      tertiary 

treatment l. 

Note that the values of                       are known in advance, and therefore are considered as 

fixed values within the model. 

Decision variables 

     
  
  
                                     

                                                
  



34 
 

      
  
  
                                                                              
                                                                                                                                                  

  

       
                                                                       
           

  

Constraints 

              

       

                                                                 

(1) No more than one primary treatment can be placed per field. 

                                                             

        

 

(2) An investment in a secondary treatment at field    can be done, only if an investment in the 

relevant primary treatment has been done. 

                                       

         

 

(3) An investment in a tertiary treatment at field    can be done, only if an investment in the 

relevant secondary treatment has been done. 

Volume which can be distributed from field   depends on primary, secondary and tertiary treatments 

used at the field (Since part of the gas is removed from the product stream by the treatment). This 

can thus be described as: 

                                                            

                                                                                                  

Note that volume    is calculated for every scenario in the Excel sheet mentioned in Chapter 6.1, 

wherefore this value is actually an input parameter of the model. 

CPU 

Sets and parameters 

   Set of combinations of streams {10,…,48} (See Appendix B) 

    Set of fields   included in combination c at CPU,          

     Set of possible primary treatments for combination c at CPU,           
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      Set of possible secondary treatments for combination c,given that technology j is chosen as a 

primary treatment                           

    Volume from combination   available at Sales 

    Initial volume of combination   

     Available volume of combination   after primary treatment   at CPU 

      Available volume of combination   after primary treatment j and secondary treatment   at 

CPU 

Again, as already seen in the part of the model related to the local fields, the volumes 

                are calculated in advance and therefore are considered as fixed values within the 

model. 

Decision variables 

     
                                                        
           

  

      
                                                                                       
           

  

Constraints 

      

       

                         

(1) Only one treatment can be chosen as a primary treatment for the CPU 

                          
          

        

 

(2) An investment in a secondary treatment for combination c can be done, only if an 

investment in the relevant primary treatment has been done. 

The volume for a combination   depends upon the primary and secondary treatments used at the 

CPU (Keep in mind that whenever no investment is made within the CPU, the volume is zero, since all 

gas is still located at the fields) 

                                                        

The values of    are also calculated in advance for every possible scenario, wherefore this value also 

is an input parameter in the model. 
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The volume at local fields has to be zero whenever this field is treated at the CPU. Thus: 

        
   

            

                                  

This means that either the investment or volume of the fields included in the combination needs to 

be set to zero. Keep in mind that equation 8 is still linear, given that    is an input parameter of the 

model. If this was not the case,    would be dependent upon the decision variables of the local fields, 

and therefore equation 8 would become non-linear. To make sure that equation 8 holds, the 

pathways from the fields included in combination c to the sales location are deleted whenever the 

associated     is equal to 1. 

Sales location 

Sets and parameters 

                                                    

                                                    

                                                     

                                                           

                                                    

                                                          

Decision variables 

                                                            ,           

Constraints 

             
                   

 

     

           

     

       

     

                   

     

 

            
                  

 

     

           

      

       

     

                    

     

 

Formulas     and      describe the constraints with respect to the required customer specifications 

of H2S and CO2. This indicates that the sum of the volume of contaminants has to be smaller or equal 

to the total volume of the contaminants (based on the maximum proportion      and     ). It is 

possible to only use part of the gas from local fields, or exclude gas from certain fields, in the actual 
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blending process. Reason for this, could be that the maximum proportion of a contaminant is 

exceeded when the gas is (fully) included. Again, it can be pointed out that the equations are linear, 

given that   ,      , and      are input parameters. 

Note that it is assumed that gas from a CPU is always used in blending. If this was not the case, part 

of the cost of that particular treatment would be redundant. 

Objective function 

Now that all the functions of the model are described, it is possible to define the objective function. 

The goal of the model is to maximize the total profit of the network, by deciding (1) which fields are 

(partly) depleted, (2) which technologies are placed at which location, and (3) which gasses are 

treated at the CPU. The first part of the objective function consists of the revenues obtained from the 

gasses mixed and sold at the sales location. Per treatment, the exact cost is known (based on the 

volume of the relevant gas stream). Therefore the cost is equal to all investments multiplied with 

their associated costs. 

            

     

       

     

    

              
            

                
                    

                  
                           

             
            

                
                    

                                                                          

Where: 

             

                                               :                    

                                                                              

                      

          Cost of tertiary treatment l for stream i, given primary treatment j and secondary 

treatment k:                      

                                                    :                    
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Also for the costs it holds that the values are calculated in advance using the Excel sheet, wherefore 

these values can be considered as parameters in the model. 

Summarizing, the complete model can be described as follows.  

Table 4: Sets in Toy Model 

Variable Description Values 

C Set of combinations of streams {1,…,39} 
I Set of fields {B, D, L} 
J Set of treatment units {1, 4, 5, 9} 
    Set of possible primary treatments for combination c           

    set of possible primary treatments at field i           
     Set of possible secondary treatments for combination c, 

given that technology j is chosen as a primary treatment 
                

     set of possible secondary treatments at field i, given that 
technology j is chosen as a primary treatment 

                 

       
 

set of possible tertiary treatments at field i, given that 
technology j is chosen as a primary treatment, and k as a 
secondary treatment. 

                      

   

   Set of fields   included in combination c         

Although some of the variables defined in  Table 5, are dependent on the deciscion variables, these 

are considered as input parameters, as explained in Section 7.1. 

Table 5: Parameters in Toy Model 

Variable Description Values 

       Capital expenditures for treatment j $M/MMscf/d 

       Cost of primary treatment j for stream i $M 

        Cost of secondary treatment k for stream i, given primary 
treatment j 

$M 

         Cost of tertiary treatment l for stream i, given primary 
treatment j and secondary treatment k 

$M 

       

 

Cost of primary treatment j for combination c $M 

        Cost of secondary treatment k for combination c, given 
primary treatment j 

$M 

      Operational expenses for treatment j $M/MMscf/d 

   gas price 0.3 $/m3 

     Maximum proportion of CO2  allowed in sales gas [0,1] 

     Maximum proportion of H2S allowed in sales gas [0,1] 

           Proportion of CO2  for stream from field i [0,1] 

           Proportion of CO2  for stream from combination c [0,1] 

          Proportion of H2S for stream from field i [0,1] 

          Proportion of H2S for stream from combination c [0,1] 
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   Initial volume available at field i In MMscf/d 
    Available volume  at field i after primary treatment j In MMscf/d 

     Available volume  at field i after primary treatment j and 
secondary treatment k. 

In MMscf/d 

      Available volume at field i after primary treatment j, 
secondary treatment k, and tertiary treatment l. 

In MMscf/d 

 

The values of the variables found in Table 5 can be obtained before running the model using: 

                                                            

                               

                                               

                           

                           

                               

                           

                            

Decision variables 
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Objective function 

            

     

       

     

    

              
            

                
                    

                  
                           

             
            

                
                    

                                                                             

s.t. 

              

       

                                                                                                                                   

                                                                                                                              

        

 

                                                                                                          

         

  

      

       

                                                                                                                               

                          
                                                                                                   

        

 

        
   

            

                                                                                                                           

             
                   

 

     

           

     

       

     

                                 

     

 

            
                  

 

     

           

      

       

     

                                  

     

 

                              

         

This model is thus linear, given that all the volumes, transportation costs, and contamination levels 

are elaborated in advance, wherefore they can be used as input parameters in the model. 
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7.4 Implementation 
Next step is the implementation of the proposed MILP model (section 7.3) into GMOS/NetSim. As 

discussed in section 2.4, this package is used due to the availability of a lot of features and tools 

within the company. Before implementing the model in GMOS/NetSim, it is necessary to obtain all 

relevant parameters (i.e. volume, contamination level of H2S and CO2) of all 57 streams including the 

associated costs (as described in section 6.1.3). 

All obtained volumes are given in million of standard cubic feet per day (MMscf/d). The proposed 

model is a single period model. Therefore the calculations will be based on a single day of 

production. As a consequence, an estimation of the cost (CAPEX and OPEX) per day is made. 

The decision variables related to the placement of a technology, were modeled with so called 

investments. These investments each have its own cost, based upon the daily CAPEX and OPEX 

estimations. 

Further, the program makes sure that whenever an investment is made at the CPU, the direct 

transport of the associated fields to the sales location is blocked. In this way it is prevented that gas 

from a field is used both locally and centrally, which is restricted given equation 8. 

Finally, the model tries to maximize the amount of volume at the sales location, taken into account 

the maximum percentage of H2S and CO2. This is done by a so called blending module. 

7.5 Results 
After running the model, with the gas price set to 0.3$/m3, the following optimal solution was 

obtained (as depicted in Figure 15). Note that throughout the project, all results are scaled due to 

confidentiality reasons. 

 

Figure 15: Optimal Network Toy Model 
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Figure 15 indicates that the optimal solution would be to combine the untreated gas from field B and 

gas of field L after Treatment 4 at the CPU. At the CPU the combination of these two gasses is treated 

by Treatment 1 and transported to the sales location. At the sales location, gas obtained after 

treatment at the CPU is mixed with the untreated gas of field D.   

Before the revenue can be calculated, the gas price needs to be converted such that the price is given 

in $/MMscf/d, instead of $/m3/d. This means that the price in $/m3/d needs to be divided by the 

conversion factor (Section 2.3.1.2) between m3 and scf. Afterwards, it needs to be multiplied with a 

million to obtain the price per MMscf/d. 

          

        
                                        

The costs for this model are based upon the investment of Treatment 4 at field L, and the investment 

of Treatment 1 at CPU for the combination of the untreated gas of field B and the treated gas of field 

L. Note that the CAPEX and OPEX values of are used on a daily basis here.  

The scaled total profit for this network is therefore   per day. 

7.5.1 Manual Approach 

One of the advantages of the Toy model is the possibility to compare the outcome of the model with 

the expected results, due to the limited amount of possibilities. The expected results can be obtained 

with the use of a manual procedure. The outcome of the manual procedure is then compared with 

the result of the GMOS/NetSim model. 

The Manual procedure is depicted in Figure 16.  

 

Figure 16: Flow Chart Manual Procedure 
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The first step is to define all combinations of streams which are possible at the sales location. After 

defining all possible combinations, the first combination on the list is selected. 

The only way to obtain a profit, which is higher than the one of the proposed optimal model, is to 

obtain a revenue which is at least as much as the obtained optimal profit. Therefore the volume of 

the combination of streams will at least have to be:  

     
      

          
 

 

                    
 

The first decision with respect to the selected combination is therefore to look if the volume of the 

combination exceeds this number Vmin. If this is not the case, the combination will be deleted from 

the list of opportunities, otherwise the next step will be performed.  

During the next step, the proportion (%) of H2S in the stream is compared with the maximum allowed 

proportion of H2S. If the maximum proportion of H2S is exceeded, the combination is deleted from 

the list of opportunities. Otherwise, the next step can be performed. 

The next step is similar to the previous one, except the fact that the proportion of CO2 is compared 

with the maximum allowed proportion. Again, if the maximum proportion is exceeded, the 

combination will be deleted from the list of opportunities. Otherwise, the final decision step can be 

performed. 

In the final step, the profit is calculated by subtracting the associated costs from the revenue. If the 

profit is greater than the maximum profit at that moment, the combination, with associated profit, is 

set as the new maximum. If not, the combination will be deleted from the list of opportunities. 

This procedure will be continued as long as there are combinations remaining on the list of 

opportunities. If the list is empty, the procedure stops. The profit that is set as the maximum will 

then be compared with the result of the MILP. 

After executing the manual procedure, the highest profit is equal to the one obtained by the MILP 

model. Also the design of the network is completely the same.  

7.5.1.1 Extreme situations 

Before indicating whether the model is indeed able to obtain the appropriate lineup, it is advisable to 

look at some extreme situations. First of all, a situation where all fields do not contain any 

contaminations. Surely, the optimal model would be to use the gasses from the field directly, without 

any treatment. After running this scenario, the model indeed obtained the network were the gasses 

from all three fields are used directly. 
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Another extreme situation is to set the cost of the treatments at the CPU at 0. In this case, the 

optimal solution would be to transport the gasses from all fields directly to the CPU and treat them 

accordingly. Indeed, after running this scenario, the appropriate network (untreated gasses from 

local fields, treated at the CPU) is found.  

Based on the two additional cases and the already obtained result in section 7.5, it can be indicated 

that the model is capable of obtaining the optimal treatments.  

8. Base Case 

8.1 Model possibilities 
Since the appropriateness of the MILP model is demonstrated for the Toy model case, the next step 

is to extend the range of fields and technologies, such that the real life case can be modeled. This 

real life case will be called the Base case. To recall, the Base case will in total have fifteen fields and 

nine technologies incorporated. These fields are located on a 150 x 150 km area. It is assumed that 

the pressure at each field is equal to 80 bars and no pressure loss is noticed after a certain treatment 

(i.e. assuming a constant pressure throughout the whole model). 

The first step again is to determine which treatments can be placed as a primary, secondary and even 

tertiary treatment at the local fields, as already seen in the pre-processing step of the Toy model 

(Section 6.1.1.). After the pre-processing step, 46 streams are available from the local fields 

(Appendix C). Of these 46 streams, 9 fulfill the customer specifications. Again the assumption is made 

that whenever a gas is on customer specifications when leaving a local field, it is never transported to 

the CPU. 

Next step is to define all possible combinations of inlet streams, which could be obtained at the CPU. 

In such a combination is it possible to include the untreated gasses of the fields, the treated gasses of 

the fields (given that they are not on customer specification yet), or gas from a certain field can be 

completely left out of the combination. Note that the latter one needs to be seen as a possibility, 

given that it is not necessary to transport the gasses to the CPU. In Table 6 the number of possibilities 

per field, which could be a possible inflow at the CPU, are given. 

Table 6: Number of possibilities per field, which could be flowing into the CPU 

Field A B C D E F G H I J K L M N O 

Possibilities 2 4 1 3 3 3 4 3 4 5 2 5 4 6 5 

 

These numbers of possibilities are the cause of a major problem. The number of possible 

combinations at the CPU can be described by a factorial tree (Figure 17). This tree indicates the 

growing number of possible combinations at the CPU. When field A, B, and C are considered, there 
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are 8 possible combinations. When field D is also considered, the number of possible combinations 

grows to 24 (i.e.     . One can imagine that by adding an extra field to the model, the number of 

combinations possible at the CPU grows tremendously. 

When all 15 fields are considered, the total number of possible combinations at the CPU is equal to: 

                                         

 

 

Figure 17: Factorial tree of possible combinations @ CPU 

Note that there will be additional factors for the actual treatment of the obtained combinations at 

the CPU. All in all, it can be concluded that it is not possible to define each possible combination with 

their relevant volume, concentration H2S and CO2. 

In order to overcome this problem, some additional assumptions have to be made. 

After discussing this issue with the appropriate department within the company, it is decided to 

exclude the possibility to pre-treat gas from fields locally, before sent to the CPU. This means that it 

is only possible to use the untreated gasses at the CPU. This assumption is made as it is said that this 

will not be done in real life. The number of possibilities per field are therefore reduced to two (i.e. 

untreated gas of field, exclude gas from field in the CPU). The latter one can be clarified with the 

following example. Imagine the case where we have four fields; A, B, C, and D. A possible 

combination would therefore be to combine field A, B, and C. This thus indicates that field D is 

excluded from the combination.  

In total the number of possible combinations is therefore reduced to            

Of these 32,768 combinations, the corresponding volumes, percentage of H2S and CO2 are calculated 

in an Excel sheet. Based on these values the relevant primary treatment technologies can be 

determined. The exact amounts of streams per primary treatment technology are shown in Table 7. 
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Table 7: Possible primary treatments at the CPU 

Treatment number 1 2 3 4 

# of possible incoming streams 8693 13908 5963 73 

  

Treatment number 5 6 8 9 

# of possible incoming streams 11 3 31720 298 

 

After the primary treatments, it is still possible/needed to use a secondary or even tertiary 

treatment. The secondary treatment, based on the associated primary treatments can be found in 

Table 8, while the tertiary treatments, given a particular secondary treatment, are given in Table 9. 

Table 8: Number of secondary treatments, after a given primary treatment 

Primary treatment Secondary treatment Number of Secondary treatment 

Treatment 1 Treatment 7 5573 
Treatment 2 Treatment 7 13244 
Treatment 3 Treatment 7 2630 
Treatment 4 Treatment 1 73 
Treatment 8 Treatment 1 424 
Treatment 8 Treatment 9 31296 

 

Table 9: Number of tertiary treatments, after a given secondary treatment 

Secondary treatment Tertiary treatment Number of Secondary treatment 

Treatment 7 Treatment 9 1915 
Treatment 1 Treatment 9 33 

In total a number of 115,857 possible treatment options are available, which can be seen as integer 

decisions. To obtain the total number of integer decisions in this model, it is needed to add the 

integer decisions of the local fields. Appendix C indicates that the number of possible treatments is 

equal to 31. The total number of integers in this model is therefore 115,888. 

8.2 Depletion of the field 
A weaker point of the Toy Model is the fact that the calculations are based upon the same daily 

production throughout the whole period. This is not a realistic assumption, given that the amount of 

available gas decreases over time. Nevertheless due to the large amount of possibilities, which are 

already in the model, a multi period model is not an option (this would increase the complexity even 

more). 

Therefore it is needed to come up with a different way of taking the depletion of the field into 

account, while retaining a single period model.  Throughout the model it is assumed that the 

depletion rate is 0.8 per year (365 days). Moreover the time horizon of the model is set to 5000 days 

(which is 15 years with an availability of 91.3%) 

The depletion rate can thus be converted on a daily basis, by the following formula. 
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Based on this depletion rate it is possible to obtain the actual volume per day (depicted in Figure 18). 

In this figure the initial volume (i.e. the starting volume of a certain field) is set to 10 MMscf/d. 

 

Figure 18: Volume per field per day 

It is straightforward to obtain the exact volume within the period of 5000 days. This is equal to the 

surface beneath the line depicted in Figure 21. This surface can be calculated by integration.   

The formula used to define the volume on a specific day can be described as: 

                                 , where   is in days 

Integrating this formula results in: 

                                           
    

 

       
 

          
 
    

 
 

                                                          

This means that after 5000 days, the total volume is equal to 1558.77 times the initial volume of that 

particular field. An initial volume of 10 MMscf/d indicates that in total 15587.70 MMscf/d can be 

obtained. 

Summarizing, it is possible to calculate the amount of gas per field that can be obtained after 5000 

days. This results in the fact that the depletion of the fields are taken into account, while maintaining 

the same single period model as already seen for the Toy Model (Chapter 7).  
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8.3 Single-period model 
As a result of the “time horizon” which is now taken into account in the model, it is also possible to 

use a more realistic representation of the actual costs. Recall that the costs are composed by the 

OPEX and CAPEX. The CAPEX can be seen as an initial investment you do at the beginning of your 

time horizon. On the other hand, the OPEX are based upon the actual operating days, and thus is 

time dependent. 

As already mentioned at the beginning of section 8.2, a multi-period model is not an option. It is 

therefore advisable to give an estimate of the total OPEX over the period of 5000 days. In this way it 

is possible to have an estimation of the expected costs throughout the time horizon of the model. 

These two assumptions can be summarized into the following figure. Figure 19 depicts the actual 

description of the time horizon, where an initial investment is done at the beginning of the horizon (t 

= 0), while on the rest of the days a revenue is obtained based on the volume of that particular day, 

and the costs are equal to the OPEX per day. 

In order to convert the multi-period model into a single period model, it is assumed that the exact 

revenue and cost throughout the time horizon of the model are known at t = 0. Based on these 

values, a decision would eventually be made whether to invest in a treatment or not. 

Note that some additional assumptions, to make sure that this conversion holds, are needed though. 

First of all the discount factor is assumed to be 0. The discount factor is a factor by which future cash 

flows need to be multiplied, in order to obtain the net present value (NPV). Next to this, it also has to 

be assumed that all treatments do not have any downtime throughout the period. 

 

 

Figure 19: Multi-period model 
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8.4 MILP model 
The MILP model for the base case can be described by the same model as already obtained for the 

toy case (Chapter 7), with some minor modifications. Also some additional assumptions need to be 

made. 

8.4.1 Assumptions 

The assumptions given in Section 7.2 also hold for the MILP model of the Base case. Nevertheless, 

some additional assumptions are needed 

(10) Only untreated gas can be transported to the CPU. 

(11) The discount factor is set to 0, which indicates that the NPV is equal to future cash flow. 

(12) All treatments do not have any downtime throughout the period 

(13) At t = 0, the exact revenues and cost throughout the time horizon of the model are known.  

The first assumption can be justified based on the opinion of the gas processing department. The 

latter assumption can be justified, based on assumptions (11) and (12). 

8.4.2 Model definition 

The MILP model is almost similar as the one obtained for the Toy model (Chapter 7), except for some 

minor modifications. First of all the sets of available fields and technologies need to be extended.  

Table 10: Available fields and Technologies in Base case 

Variable Description Values 

I Set of fields {A,…,O} 
J Set of treatment units {1,…,9} 

Next, a distinction has to be made with respect to the total obtained volume after 5000 days and the 

actual initial starting volume per day. This distinction has to be made, because the profit calculations 

are based upon 5000 days, while the treatment cost are based upon the starting volumes at day 0. 

Based on this distinction, new variables, which describe the volume based on 5000 days, need to be 

defined. These can be found in Table 11. 

Table 11: Volumes based on timeperiod of 5000 days 

Variable Description Values 

   Volume from field i available at Sales In MMscf 
   Initial volume available at field i In MMscf 
    Available volume  at field i after primary treatment j In MMscf 

     Available volume  at field i after primary treatment j and 
secondary treatment k. 

In MMscf 

      Available volume at field i after primary treatment j, 
secondary treatment k, and tertiary treatment l. 

In MMscf 
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   Volume from combination   available at Sales In MMscf 
   Initial volume of combination   In MMscf 
    Available volume  of combination   after primary treatment   

 
In MMscf 

     Available volume  of combination   after primary treatment j 
and secondary treatment   

In MMscf 

      Available volume  of combination   after primary treatment j 
, secondary treatment  , and tertiary treatment l 

In MMscf 

Based on these new variables, the formulas for obtaining the volume at the local fields and CPU can 

be rewritten as seen in equation 21 and 22. Again, as already explained at the Toy model, the values 

of    and    are calculated for every possible scenario. Therefore, these values can be considered as 

input parameters in the model. 

                                                            

                                                                               

                                                  

                                                                            

Finally, at the CPU it is now possible to have a sequence of three technologies, where the maximum 

number of treatments in a sequence for the Toy Model was equal to two (Section 7.3). This means 

that an additional set, a decision variable and a constraint need to be included.  

Table 12: Set of tertiary treatments at the CPU 

Variable Description Values 

      Set of possible tertiary treatments for combination c, given 
that technology j is chosen as a primary treatment, and k as a 
secondary treatment. 

           
                 

Decision Variable 

       
                                                                           
           

  

Constraint 

                            
                                                                  

         

 

The cost for the tertiary treatment can be described by the following variable. Again, these values are 

obtained up front, using the calculations in the Excel sheet.    

                               

Based on the modifications, the objective function can now be described as seen in equation 24.  
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Objective Function 

            

     

       

     

    

              
            

                
                    

                  
                           

             
            

                
                    

                   
                             

        

Large number of integers 

Running the just defined model in GMOS/NetSim unfortunately still resulted into a non-solvable 

model. Main reason is the fact that the total number of integer values is 115,888. To give an 

indication, Elia (2013) reports that in a MILP model consisting of 11,369 binary variables, 944,317 

continuous variables, and 17,165 constraints, the best solutions are reported after 24 CPU hours. 

Nevertheless, the model used in this project contains much less continuous variables, given that 

these are calculated in advance. 

Given that the model is unable to solve, it is therefore necessary to reduce the number of integer 

variables even more, such that the solving time can be reduced. A possible solution would be to 

divide the whole model into smaller sub-models, where the set of primary treatments is reduced. 

Note that this is possible, given that the model consist of 1 CPU. This can be explained with the 

following example. 

 

Figure 20: Defining sub-models 
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Off all available primary treatments at the CPU (in this example 1, 2, 3, 4), one will eventually be the 

optimal one. A sub-model therefore can consist of one or multiple of the primary treatment 

technologies of the original model, followed by all the secondary and tertiary treatments associated 

with these primary treatments. In this example, the first sub-model consists of all line-ups starting 

with treatment 1 or 2. 

When the sub-models are defined (right side of Figure 20) and their results are obtained, it is possible 

to compare the profits of each sub-model. The sub model resulting in the highest profit of all is equal 

to the optimal solution of the original model. If for instance Sub-model 2 returns the highest profit, it 

can be concluded that the best solution of the original model is to choose treatment 3 as a primary 

treatment.   

Summarizing, it can be said that the original model is divided into multiple smaller models. By doing 

so, none of the possibilities of the original model will be excluded, wherefore the optimal solution is 

not lost. 

The original model of the Base case is divided into 4 sub models. These are given in Table 13. Keep in 

mind that the complete set of local fields are included in each sub-model, because it is possible to 

mix these with the obtained gas of the CPU at the Sales location. This division is made such that each 

model contains nearly the same amount of integer values, wherefore the solving time is nearly the 

same. 

Table 13: Division of the original model 

Sub-

Model 

Local Fields Primary treatments Secondary 

treatments 

Tertiary 

treatments 

1 All 

possibilities 

Treatment 1, Treatment 4, Treatment 

5, Treatment 6, Treatment 7, 

Treatment 9 

Treatment 1, 

Treatment 7 

Treatment 9 

2 All 
possibilities 

Treatment 2, Treatment 3 Treatment 7 Treatment 9 

3 All 
possibilities 

Treatment 8   

4 All 
possibilities 

 Treatment 1, 

Treatment 9* 

 

* Sub-Model 4 consist of the secondary treatments, given that Treatment 8 is chosen as a primary 

treatment. 
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8.5 Results MILP without transportation costs 
The just defined models are implemented in GMOS/NetSim and the obtained results are given in this 

section. Note that the solving time of each model is approximately 45 minutes, using a server with 

Intel Xeon E7-8837 @2.67GHz processor and 1 core. The initial gas price is set at         . 

Table 14: Scaled Results with gas price = 0.3$/m
3
 

  Sub- Model 1 Sub-Model 2 Sub-Model 3 Sub-Model 4 

Revenue  1.000 0.996 1.000 0.996 
Cost  0.142 0.180 0.183 0.180 
Profit  0.858 0.815 0.817 0.815 
# of fields with Local Treatments 5 13 12 13 

 

The results in Table 14 indicate that the maximum profit is obtained using the first sub-model. The 

difference can be explained by the fact that sub-model 1 makes use of the CPU, while the other three 

models only make use of local treatments. Using a CPU with Treatment 1, due to economies of scale, 

is therefore cheaper than using local fields only. The reason that the CPU is not used in sub-model 2, 

3, and 4 is the fact that these treatments are very expensive. It appears that, in this case, it is better 

to use cheaper local treatments, instead of benefiting from economies of scale by using a larger, 

expensive treatment.  The exact line up corresponding to the optimal value is can be found in Table 

15. 

Table 15: Streams used for sales 

Streams 

(A0_B0_G0_I0_J0_K0_M0_)_Treatment 1 

(FieldL_Treatment 4)_Treatment 1 

(FieldN_Treatment 4)_Treatment 1 

C_Untreated 

E_Untreated 

FieldD_Treatment 5 

FieldF_Treatment 5 

FieldO_Treatment 9 

H_Untreated 

In this table it can be seen that both local treatments and a treatment at the CPU are used. In total 7 

local investments are done, spread over 5 fields (D, F, L, N, O), while fields A, B, G, I, J, K, and M are 

treated at once at the CPU. The remaining fields are used for blending at the sales location directly. 

When comparing the results from sub-model 2, 3, and 4, it can be seen that sub-model 3 returns a 

higher profit than sub-model 2 and 4. This is remarkable in the sense that all three models only use 

local treatments, and therefore should obtain the same results. Given that the same, complete set of 
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local fields is included in each sub-model and the CPU is not used, sub-models 2, 3, and 4 are exactly 

the same (e.g. in all three models only local treatments can be applied). 

This deviation can be attributed to the internal solver settings of GMOS/NetSim. Within the program 

it is possible to set a MIP relative optimality tolerance. This tolerance ensures that the solution 

procedure stops if the solver can guarantee that the current best solution is within      

                                   percent of the global optimum. After inspection it seemed like 

the MIP relative optimality tolerance was set to 0.005. This thus means that, in this case, the solver 

stops when the current best solution is within 0.5% of the global optimum.  

As a comparison, the optimal model (with a MIP relative optimality tolerance of 0), will be compared 

for the situation where only local treatments are chosen (as is seen in sub-model 2,3,4). In order to 

do so, a fifth model is made, excluding all possibilities at the CPU. 

Table 16: Sub-Model 5, only local fields with a MIP relative tolerance of 0.005 

  Sub-Model 5 

Revenue ($M) 1.000 
Cost ($M) 0.183 
Profit ($M) 0.817 
# of Local Treatments 14 

Table 16 indicates that the optimal result, when only local fields are considered, is equal to the 

results obtained in sub-model 3. The results of sub-model 2 and 4 respectively, are within the relative 

optimality tolerance (e.g. difference of 0.2%), wherefore the deviation of these results can be 

declared. 

During the rest of the project, the MIP relative optimality tolerance will be set at 0.005, given that 

the calculation time of the model will increase rapidly when a lower tolerance is used. As already 

indicated, all defined sub-models solve in nearly 45 minutes when the tolerance is set to 0.005. 

When the tolerance is set to 0, the model is not solved within 4 hours (which is the maximum 

amount of solving time of the server).  

8.5.1 Changing gas price 

Interesting to see, is the effect of a changing gas price on the optimal line up of the gas processing 

network. Especially given the statement that “Crude oil, refined petroleum’s, and natural gas prices 

are more volatile than prices for about 95% of products sold by domestic producers” (Regnier, 2007, 

p405). 
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Within the company it is conventional to use a gas price between 2 and 12 $/MMbtu (which is 

Million of British thermal unit: a unit of energy, needed to cool or heat one pound of water by one 

degree Fahrenheit). This is equal to about 0.07 and 0.43     . 

When using this range of gas prices, the resulting lineups, including the revenue, costs and profit are 

obtained as shown in Table 17. Note again that all numbers are scaled due to confidentiality reasons. 

Table 17: Influence of gas prices (transportation cost = 0) 

Gas price  
($/m3) 

Sales volume 
 

Revenue 
 

Cost 
 

Profit 
 

# of fields with local treatments 

0.05 1482 2.10 1.10 1.00 0 
0.1 1886 5.34 1.96 3.38 3 

0.15 1886 8.01 1.96 6.04 3 
0.2 1982 11.23 2.39 8.83 5 

0.25 1982 14.03 2.39 11.64 5 
0.3 1982 16.84 2.39 14.44 5 

0.35 1982 19.65 2.39 17.25 5 
0.4 1982 22.45 2.39 20.06 5 

0.45 1982 25.26 2.39 22.86 5 
0.5 1982 28.07 2.39 25.67 5 

0.55 1982 30.87 2.39 28.48 5 
0.6 1982 33.68 2.39 31.28 5 

All these runs are done for each sub-model described in the Table 13. Again, the optimal lineups are 

obtained in the first sub-model. It can be seen that from upon a gas price of 0.2    , the line up 

remains the same (i.e. the amount of sales volume and investment costs are the same). Given that 

the costs remain the same, an increase in the gas price is directly related with the profit. This 

indicates that the profit grows as a linear function of the gas price (if the gas price ≥ 0.2 $/m3).  

 

Figure 21: Volume of sales per location 

Figure 21 depicts the effect of the gas price on the amount of sales as a result of both central and 

local treatment. It can be seen that, whenever the gas price is at its lowest, an increase of the price 
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will result into a volume increase of gas at the central location. This observation can be attributed to 

the fact that treatment at the CPU is cheaper compared to local treatment, due to the economies of 

scale. One would therefore think that the amount of volume obtained from central treatment will 

keep increasing as the gas price increases. Nevertheless, this is not the case, as the sales volume 

from the central location is decreasing from upon a gas price of 0.15 $/m3. This thus means that from 

that point upon, the maximum volume at the CPU is already reached. Explanation for this 

observation is the fact that when more gas would be treated at the CPU, it only would be possible to 

use a more expensive treatment.  

 

Figure 22: Number of local treatments per gas price 

The number of fields with local treatments as a result of the gas price is depicted in Figure 22. It can 

again be noticed that from upon a gas price of 0.20     , the optimal lineup is fixed (i.e. all gas fields 

are used). The selling price of gas thus has a positive direct effect on the number of fields with local 

treatments, given that the transportation cost is 0. This observation can be explained by taking into 

account the trade-off between revenues and cost. The cost of depleting a field does not depend on 

the gas price (i.e. the costs per treatment is fixed). The revenue, per sales volume, on the other hand, 

does depend on the gas price. This means that when the gas price is rising, it becomes possible to 

deplete the more expensive fields. 
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Figure 23: Scaled Benefit of using a CPU in terms of profit.  

Finally, Figure 23 shows the benefit, in terms of profit, when using a CPU in the model, compared to 

the model where no CPU is used (sub-model 5). When the gas price is low, the difference between 

both models is also at its lowest. When the gas price is increasing, the benefit of using a CPU also 

increases. This trend continuous until the optimal network is created where all gas fields are used 

(e.g. 0.2$/m3). This observation can again be explained by taking the trade-off between cost and 

revenue into account. If the gas price is low, the revenue will be low, while the costs are fixed. It is 

therefore only possible to treat gas, where the associated costs are lower than the associated 

revenue. When the gas price is increasing, the volume of gas that can be used also increases. Given 

that the benefit of using a CPU increases as a function of the volume, due to economies of scale, the 

results of Figure 23 are as expected. 

It has to be kept in mind though, that it is not realistic to assume a transportation cost of zero. 

Especially given that the construction of pipelines is quite expensive. Therefore in the next section, 

the transportation costs are taken into account. 

8.6 MILP model with transportation cost 
As recalled from the beginning of the report, the cost of pipelines can be divided into two categories. 

The first category is used for gas with a low amount of H2S (≤ 2%). The second category consists of 

gasses with a high amount of H2S (> 2%). This distinction has to be made, given that in the first case 

(low H2S) it is possible to use cheaper kind of steels (as the corrosive components are removed from 

the gas). This distinction will thus be modeled by defining two types of pipelines. 

It is difficult to give an actual price of the transportation, given that a lot of variables play a role in 

these. The cost of pipelines is for instance based upon the diameter of the pipe, which is dependent 
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on the volume of gas that flows through. In this case, a diameter of 12 inch is assumed, which is 

commonly used in practice. 

Moreover, as already indicated, the gas composition also influences the cost of the actual pipelines. 

Whenever there is a high amount of H2S (which is corrosive), a more expensive type of steel need to 

be used. 

Further, in reality, the pressure of the gas also plays a role in the definition of the cost of pipelines. 

Given that a constant pressure is assumed throughout this project, this is not taken into 

consideration.  

Finally, large part of the cost can be dedicated to the actual construction and installation of the pipes.  

After a talk with the gas processing department, it is decided to initially set the value of 

transportation cost to above 1 $M/km for low H2S pipelines (     . The cost of high H2S pipelines 

        is assumed to be 30% more expensive. The costs can be considered as an initial investment, 

performed at t = 0. 

To include the transportation costs, the MILP model surely needs to be adapted. This new model will 

be given next. 

8.6.1. MILP model (Including transportation) 

The transportation cost can be divided into three separate parts. The first part consists of the costs of 

transportation from the local fields to the CPU. This thus includes all fields that are included in the 

combination c. 

                
            

                                                                                   

Where, 

       = Distance between field i and the CPU (in km). 

    Initial costs of pipelines in $M per km for field  ,                 

Next is the part that consists of the transportation from the CPU to Sales. As already mentioned in 

the Base case, it is assumed that whenever gas is treated at the CPU, it is always used in sales. 

Therefore this cost can be described as: 

                  
                                                                                     

        

 

With,                                                 
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Where, 

     costs of pipelines in $M per km for combination c, after primary treatment j,  

      costs of pipelines in $M per km for combination c, after primary treatment j and secondary 

treatment k. 

       costs of pipelines in $M per km for combination c, after primary treatment j, secondary 

treatment k, and tertiary treatment l. 

    costs of pipelines in $M per km for combination c 

                
               

Also in this case, the value of    is calculated in advance, wherefore it is considered an input 

parameter in the model. 

Finally, the cost for gas that is transported directly from the field needs to be calculated. Recall that it 

is possible to include a part of the gas from the local fields, using the decision variable    defined in 

Chapter 7. Nevertheless, the costs of pipelines are independent of the proportion that is transported 

to sales (i.e. whenever transport is needed, the full cost of pipelines need to be paid). This can be 

modeled with the following dependent variable: 

    
         
           

  

The value of    is set to 1, whenever the gas from field   is transported to the sales location. The cost 

function can then be described as seen in equation 27. 

              
                                                                                                    

    

 

With 

                                                           

Where, 

     costs of pipelines in $M per km at field  , after primary treatment j,  

      costs of pipelines in $M per km at field  , after primary treatment j and secondary treatment 

k. 

       costs of pipelines in $M per km at field  , after primary treatment j, secondary treatment k, 

and tertiary treatment l. 

    costs of pipelines in $M per km at field i 
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8.6.2 Results MILP with transportation costs 

The defined models are implemented in GMOS/NetSim and the obtained results are given in this 

section. Note that the initial gas price is set to         . Further, the location of the CPU does now 

play a role, given that the transportation is taken into account. One can imagine that the use of a 

CPU depends upon its location. If, for instance, the CPU is located near the sales location, it could be 

used more often compared to a CPU which is located further away. For a first run, the CPU is set at 

the location nearest to the CPU, which is location J. Later on, the location of the CPU will be 

modified, in order to see the effect. 

What immediately strikes is the fact that, with a gas price of          , it is not possible to find any 

profitable line-ups. This means that none of the gas fields will be used, and therefore no revenues or 

costs are obtained. After inspection it is seen that at least a gas price of 0.5 $/m3 is needed, in order 

to obtain a profitable lineup. This line-up can be seen in Table 18. 

Table 18: Optimal line-up (gas price = 0.5$/m3, transport cost > 1$M) 

Stream 

FieldK_Treatment 1 
H_Untreated 

 

It can be observed that only two out of fifteen fields are used in this scenario; Field K is treated by a 

Treatment 1, while field H is transported directly to sales. If we look at the locations of the two fields, 

compared to the sales location, it can be seen that field H is located near the sales location, while 

field K is located much further away. Nevertheless, field K is the largest field, where a relatively cheap 

technology can be applied. Field H on the other hand, is almost on customer specifications, 

wherefore it is very well suited to be blended directly. Therefore it makes sense that these two fields 

are used at first. 

Moreover, no treatment at the CPU is used. The first gas price at which a CPU is actually used, is 

equal to 0.6 $/m3. The resulting line up can be found in Table 19. 

Table 19: Optimal line up (gas price = 0.6$/m3, transport cost > 1$M) 

Stream 

(I0_J0_K0_)_Treatment 1 
H_Untreated 

 

This indicates that fields I, J and K are treated at the CPU by Treatment 1. Of course, field J is treated 

at the CPU, given that no transportation costs are needed. Field I and K are both larger fields, which 

are not located near location J. Nevertheless, the contamination levels of both fields are relatively 

low, and therefore appropriate to be treated by the cheaper treatment.  
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Nevertheless, it is not realistic to assume a gas price of 0.6 $/m3. If we recall Section 8.5.1, it is stated 

that it is conventional within the company to use a gas price which is between 0.07 and 0.43     . It 

could therefore be said that, given transport cost of above 1 $M per km (for low H2S), no feasible 

lineup can be obtained under the assumption of a realistic gas price. It can be argued that the initial 

estimation of the transportation costs is too high. 

Therefore, a second estimation of the cost is made, based upon an article of the Interstate Natural 

Gas Association of America’s (INGAA). In this study, about natural gas pipeline and storage 

infrastructure projections through 2030 (INGAA, 2009), the average cost for pipelines in 2014 is equal 

to around $65,000 per inch-mile. Taking into account the 12 inch pipelines, this cost is equal to: 

                     per mile, which is equal to 
       

     
          per km. 

This is a huge difference with the initial value of more than $1 million proposed at first. Therefore the 

effect of the gas price is considered taking into account the transportation costs of $485,000 per km 

for low H2S pipelines. Again, these costs are based on a one-time investment, which take place at t = 

0. The results can be found in Figure 24 and Figure 25. 

 

Figure 24: Profit after 5000 days vs. Gas price (transportation cost = $485,000/km for low H2S) 

The profit looks like an exponential function of the gas price. This can be explained by the fact that at 

a low gas price, certain treatments are not profitable, and therefore cannot be used. When the gas 

price is rising, the amount of treatments that can be used also rises. Taken into account the extra 

available gas for sales and increasing price that could be obtained for that gas, the profit rises 

exponentially. This trend continues until all gas fields are used. From that moment upon, the profit 

can be described by a linear function of the gas price. 
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Figure 25: Percentage of Sales volume obtained form local or central treatment 

Figure 25 shows the proportion of gas that is obtained via the CPU and via the local fields. The results 

indicate that the gas price does not have a large influence on the decision to treat fields locally or at 

a central place. First of all it can be explained why the proportion of sales volume obtained from the 

CPU is high. Recall that as a result of the economies of scale, it is cheaper to use a larger treatment at 

the CPU instead of more, smaller local treatments. The reason that the proportion of sales via the 

CPU does not increase to 100%, can be explained by the fact that it is possible, in all considered 

scenarios, to use some untreated gas from the local fields at the sales location. It would therefore 

not make sense to treat these gasses at the CPU.  

Next, more values of transportation costs are considered.  In this way it is possible to obtain a better 

insight in the actual effect of the transportation cost on the amount of local/central treatments. 

8.6.3 Influence of transportation cost 

To test the influence of transportation costs on the design of the network, the values of 0.1, 0.25, 

0.75 and 1 $M/km are also considered.  The results are given in Table 20. 

Table 20: Influence of transportation cost on profit and sales 

Transport 
Cost ($M/km) 

Profit  Local Sales 
volume  

CPU Sales 
volume  

Total Sales 
volume  
 

% Local % CPU 

0.000 1.00 53 84 137 38.6 61.4 

0.100 0.81 22 115 137 15.8 84.2 

0.250 0.55 18 110 128 14.4 85.6 

0.485 0.32 10 82 92 10.4 89.6 

0.750 0.14 11 49 61 18.7 81.3 

1.000 0.04 11 27 38 29.3 70.7 

First of all, Figure 26 depicts the relation between the profit and the transportation costs. 
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Figure 26: Profit vs. Transport cost (gas price = 0.3$/m3) 

The line in Figure 26 looks like an exponentially decaying function between the transportation cost 

and the profit. This result can be related to the results of Figure 24. In Figure 24, the profit increases 

as an exponential function of the gas price. Instead, in Figure 26, the gas price remains the same, but 

the costs increases. Therefore, the number of fields that can be used decreases (i.e. the costs of 

certain fields become higher than the revenues). This means that on the one hand, the amount of 

sales gas is reduced, while on the other hand the costs for the remaining fields are increased. 

The total amount of sales gas is shown as a function of the transportation costs in Figure 27. 

 

Figure 27: Volume of sales gas vs. Transport cost (gas price = 0.3$/m3) 

Indeed, the amount of available volume at the sales location decreases whenever the transport cost 

increases, which is as expected. 

Next step is to look at the actual influence of the transportation costs on the proportion of volume 

obtained from the local fields and the CPU. Based on these proportions it could be indicated whether 

the network is more locally or centrally oriented and whether the transportation costs has an 
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influence on it. In Table 20, the amount of volume coming from local fields and from the CPU is 

shown. Based on these values, the percentages of the total sales gas can be determined. The results 

are depicted in Figure 28. 

 

Figure 28: Percentage of sales per location (local vs. CPU) (gas price = 0.3$/m3) 

It can be noticed that a more centrally oriented network is used whenever the transportation cost is 

increasing from zero. This trend continues until a certain transportation cost (± 0/5 $M/km). From 

that point on, an increase in transportation cost results into a more locally oriented network (i.e. 

more fields are treated locally). These two observations can be explained by the fact that, due to the 

increasing transportation cost, the total cost per field increases. Given that, relatively speaking, the 

treatment at the CPU is cheaper (due to economies of scale), it is most likely that these will be done 

first.  

When the transportation costs are increased even more, it becomes too expensive to transport the 

gasses from the fields to the CPU. Therefore it is only possible to use some smaller local fields, which 

are located near the sales location.  

Another possible influence on this observation is the location of the CPU. If the CPU is located further 

away from the Sales location, it could become less plausible to transport gasses, from fields located 

closer to the sales location, to the central location. 

Keeping this in mind, it is also important to look at the influence of the location of the CPU on the 

total obtained network and associated profit. 

8.6.4 Influence of CPU location 

The previous calculations are, as stated in the beginning of Section 8.6.2, all executed with the CPU 

located at field J. As can be seen in Appendix A, this field is closest located to the sales location. To 

0 

0.2 

0.4 

0.6 

0.8 

1 

0 0.2 0.4 0.6 0.8 1 

P
e

rc
e

n
ta

ge
 o

f 
To

ta
l S

al
e

s 
vo

lu
m

e
 

Transport cost ($M/km) 

% of sales per location (local vs. CPU) 

Sales from Local 

Sales from CPU 



65 
 

compare the influence of the location, four different scenarios can be created. The first consists of 

the location closest to the sales location (field J). The second scenario consists of the location farthest 

away of the sales location (field A). Next, the most central location, with respect to all other 

locations, is considered (Field D). Finally, also the biggest location, field K, is considered. 

Table 21: Profit based on location and transport cost ($M/km) 

Location\transport cost 0.250 0.485 1.000 

A 15.10 10.27 1.00 
D 16.37 10.60 2.19 
J 14.62 8.61 1.00 
K 14.70 8.68 2.60 

As seen in Table 21, with lower transportation costs it is best to locate the CPU at the most central 

field, compared to all other fields. On the other hand, when transportation costs are high, it is better 

to locate the CPU at the biggest field. This can be explained, given that when the transportation price 

is high, the benefit of placing a CPU at the most central location of all fields, almost completely 

vanishes. It becomes too expensive to transport the gasses to the CPU. When setting the CPU at the 

largest field, no transportation costs are needed to treat large part of the gas at the CPU. 

Interesting to see is the fact that in the case of field A, which is located farthest from the sales 

location, the profit is higher than the profit obtained at field J. When this observation is further 

analyzed, it can be seen that the largest part of the transportation cost is a result of the transport 

from the fields to the CPU, instead of the CPU to sales. Therefore it can be indicated that the CPU can 

best be located at the most central field, with respect to the other fields, when the transportation 

costs are low.  When transportation costs are high, it is better to locate the CPU at a larger field. 

The effect of the location of the CPU on the amount of local/central treatments are given in Table 22. 

Table 22: Sales percentage per location (Local & CPU), based on location and transport cost ($/km) 

Percentage of 
total Sales 
(Local) 

250000 485000 1000000  

A 22.7 12.2 100  

D 15.8 11.7 10.5  

J 14.4 10.4 100  

K 26.1 12.5 19.9  

 

If the CPU is located at the most central place, increasing transportation costs results into a relative 

growth of the use of a CPU. For a CPU located far away of the sales location, we also first see a 

growth of the use of the central location. This is remarkable, since all the local fields are located 
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closer to the sales location. A possible explanation could be that the benefit of using a larger scale 

treatment plant (economies of scale), outweigh the additional transportation cost.   

Same observations can be made for location J, with the additional note that the CPU is relatively 

used more than in the scenario of field A. 

Finally, at location K, the largest location, the amount of sales from local fields first drops. This 

indicates that it becomes too expensive to transport gas from multiple local fields to the sales 

location. If the transportation costs increase even more, it also becomes too expensive to transport 

gas from local fields to the CPU. Note that in the case of location K, the CPU will be used relatively 

more often due to already available amount of gas at this location. 

9. Comparison MILP vs. ABM 
In the definition of the research questions (Chapter 3), the question is raised what the potential 

benefits/downsides are of using a MILP or ABM in obtaining a gas processing network. One way of 

obtaining the differences, would be to look at the results of both procedures. Unfortunately, during 

the project is noticed that it is not straightforward to get a one for one comparison between the two, 

given that the ultimate goal of both models differs. 

The MILP approach seeks to find the optimal model under a given set of circumstances. The ABM 

approach, on the other hand, focuses more on possible line-up of treatments, with the condition that 

the network is profitable (i.e. profit > $0). This means that in the case of ABM, a lot of possible line-

ups can be obtained. A direct comparison between on the one hand an optimal solution, and on the 

other hand a large number of solutions, does not make sense. 

Another cause, wherefore the comparison is almost impossible, is the fact that the gas processing 

department is constantly seeking to improve the input data. This means that, for instance, the 

separating factors of the treatments or treatments that can follow up each other are constantly 

updated. At the moment, the elaboration of all possible scenarios (stated in Section 7.1) is generated 

in a semi-automated way. This indicates that a deviation of the input data requires a large amount of 

operations that need to be done by hand. At a certain point in time it needs to be decided to finalize 

the data for this project, in order to obtain some results. 

Given that in the ABM approach it is much easier to take these changes into account, the model is 

constantly changing.  

However, to make sure that the each model is able to obtain a similar result in terms of profit, costs 

and line-up, it is decided to eventually run one identical case (i.e. the exact same parameters used). 
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In this case all gasses are located at location A. The pressure is assumed to be 80 bar, the 

transportation cost are above 1 $M/km for low H2S pipelines, and the operating window is equal to 

5000 days.  

After running the case, both models are able to obtain a line-up of Treatment 3 + Treatment 7 at 

location A. The revenue, cost and profit per model are given in Table 23. 

Table 23: Results obtained with ABM and MILP 

Line-up Revenue  Costs  Profit  

ABM 4.39 3.39 1.00 

MILP 4.36 3.36 1.00 

Table 23 indicates that the profits obtained with both models are similar. Nevertheless, there is a 

slight difference in terms of revenue and costs. This may be the result of the way the revenue and 

costs are obtained in each model. Recall, that in the MILP model it is assumed that the revenue and 

costs are known upfront (Section 8.3). With the use of the integral value (Section 8.2), the total 

amount of available gas (and thus revenue) is calculated. In the ABM however, the calculations are 

based upon an actual daily basis, wherefore the actual values are taken into account.  

The two models are thus capable in obtaining the same result. This indicates that correctness of the 

revenue and costs calculations in both models. Nevertheless, it should be kept in mind that this 

comparison is based upon one specific example. It is therefore not possible to draw a generalized 

conclusion.  

The research question though, is focused upon the benefits and downfalls of using the two models in 

the gas processing network problem. Therefore it is necessary to state the advantages and 

disadvantages of both models, with respect to this network problem. 

Advantages 

Each model approach obviously comes along with its own set of advantages and disadvantages. First 

of all, an advantage of the MILP approach is the ability to obtain the optimal solution from a large 

number of possible alternatives. Especially due to the increasing competitiveness in industries, 

optimization becomes more and more important for companies. At this moment however, the 

benefit of obtaining the optimal results does not have a lot of extra value, given that the gas 

processing department is constantly updating the input data.  

However, it is possible to look at the direct effect of changing circumstances on the maximum 

obtained profit. Therefore insights can be obtained with respect to the design changes of the 

network (i.e. more locally or centrally oriented).   
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The ABM approach on the other hand, is very well suited for exploring the suitability of new 

technologies or new fields. It is easy to adapt input parameters such as separation factors, range of 

follow up treatments, contamination levels etc. Also the addition of new gas fields and new 

treatment technologies are easy to implement. Here for it is possible to quickly obtain the 

appropriateness of new technologies in an early stage. 

Disadvantages 

At the moment, a huge disadvantage of the MILP approach is the fact that the datasheet (including 

all possible streams, their associated volumes and contamination levels), is generated in a semi-

automated way (i.e. a large amount of operations need to be done by hand). This means that the 

inclusion of new fields/technologies or changes to parameters of fields/technologies, require a lot of 

effort to update. To give an indication, if the technology sequence (i.e. the technologies which can 

follow the other) is changed by the gas processing department, the complete Excel sheet, where all 

scenarios are elaborated, needs to be changed by hand. As a result the GMOS/NetSim models also 

need to be completely renewed. 

Moreover, as already seen at the beginning of Chapter 7, the model tends to become very complex 

rapidly. As a result, a lot of simplifying assumptions are needed to actually obtain a result. This 

indicates that the model keeps getting less realistic. 

A downside of the ABM approach however, is the fact that the optimality cannot be guaranteed. It is 

possible to obtain the profit estimation for different line ups, but optimality can never be 

guaranteed. Even line-ups which would have a profit of $0.01 are reported. As a consequence, a 

large amount of redundant results are obtained. 

Finally, the ABM model consists of a large number of codes, which is not really structured. This 

makes it hard to debug potential mistakes, especially small ones, and also make it less 

understandable and manageable. Also the modeling itself requires a lot of effort. Nevertheless, at 

this moment in time, the ABM model for the gas processing network is already obtained. Therefore, 

this should not be considered as a disadvantage in this case.  

Complementation 

Both models should not be seen as counterparts. Instead, the approaches can possibly complement 

each other with their positive aspects. Given that the ABM approach is well suited in the exploration 

of possible line ups and the suitability of different technologies, a lot of combinations can be marked 

as redundant. These possibilities, as a consequence, can be excluded from the MILP model, which 

reduces the complexity. The MILP model can, in turn, guarantee the optimal solution from all 
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available possibilities. With the help of these optimal solutions, the direct influence of certain 

parameters (e.g. cost of transportation, selling price of gas, location of CPU) can be obtained. 

In this way, the positive aspects of both approaches are used, while the downsides of the two are 

omitted by one another.  

10. Conclusions and recommendations 

In this chapter the conclusions and recommendations are stated.  

10.1 Conclusions 

Different insights with respect to the influence of parameters on the profit and design of the network 

are given throughout this project. First of all, the decision whether a field is being depleted does not 

only depend on the location with respect to the sales location. In Section 8.6.2 it is shown that also 

the size of the location and the contamination levels are important function. 

Further it is also indicated that the transportation cost have a big influence on the obtained profit. 

Whenever the transportation costs are increasing, fewer fields can be used. So, on the one hand the 

amount of gas that can be sold decreases, while on the other hand the cost for fields that are still 

used increases. The relation between the transportation costs and the profit thus looks like an 

exponential decaying function. 

The transportation costs also have an influence on the design of the network (i.e. proportion of gas 

obtained by local fields or by the central locations). When transportation costs are high, it becomes 

less plausible to transport gasses from local fields to the CPU. Instead, local fields located near the 

sales location, or larger fields which can be treated with a cheaper treatment will be used. 

The gas price does not have an influence on the design of the network. Surely, the gas price is related 

with the profit. Whenever the gas price is increasing, more fields can be depleted. As a result, the 

volume of sales gas increases, which can also be sold for a higher price.  

One of the biggest findings is the fact that it pays off to use a CPU. Figure 23 (Section 8.5.1) depicts 

the profit increase obtained for the model where a CPU is used, compared to the model where no 

CPU is used. This increase is noticeable, even if the gas price is low. What stands out is the fact that 

the location of the CPU, with respect to the sales location, does not play a role. Instead, when the 

transportation costs are low, it is best to locate the CPU at the most central field, with respect to all 

gas fields in the model. If the transportation costs are higher, which might be more assumable, it is 

best to locate the CPU at the largest location. 
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Finally, in Section 2.1 the motivation of the project is discussed. It is stated that the project is 

initiated to find out whether the gas processing network could be described by a MI(N)LP model.  As 

seen throughout this project it can be concluded that this is indeed possible. Nevertheless, there are 

still some major downfalls with respect to this model. First of all, the effort that is needed to 

elaborate all the costs, compositions, and volumes for each possible treatment is large.  This means 

that the model is not really suitable for fast changing environments.  Also given the large number of 

possibilities within the model, it is necessary to use a lot of simplifying assumptions. 

A good comparison, in terms of results, with respect to ABM is not possible. However, it can be seen 

that both models have some strong and weak points. The strong points of one model, can rule out 

the weak points of the other. It is therefore advisable to the company to not see the two as 

counterparts, but instead use the two models in close cooperation. 

Although the MILP model is capable in obtaining results for the gas processing network, it is, at the 

moment, not yet really recommendable. 

10.2 Limitations and recommendations 
Finally, this section contains some limitations and recommendations with respect to the project.  

Recommendations 

- Fully automate the Excel datasheet, where the costs, volume, and contamination levels of all 

possible investments are elaborated.  This makes the model more promising, as it would be able 

to take the changing environment into account easily. This automating could for instance be 

done by Visual Basics. 

- Adding multiple CPU’s to the model. Recall that a strong point of a CPU is the possibility to 

reduce the contamination level (wherefore a cheaper or no treatment is needed afterwards). If 

only one CPU is included in the model, it will try to use as many fields as possible at this central 

location (due to the economies of scale). This thus indicates that the just defined benefit will not 

be obtained. When a second CPU is included, one CPU can be used to treat the majority of the 

fields, while the other one can actually be used to reduce the contamination level up front. 

- Reconsider the calculation of the OPEX for all the treatments. From the MILP model it is obtained 

that some treatments are never used. At the moment it is assumed that the OPEX is constant 

over time. Nevertheless, it would be a better approximation to assume a variable OPEX, 

dependent on the actual volume. At year 15 for instance, the volume of gas is decreased to 

almost 3 % of the initial volume (with a depletion rate of 0.8 per year). The OPEX on the other 

hand is still based upon a 100% volume.  This causes the cost to outweigh the benefits during the 

last couple of years. 
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- Consider to suitability of using a MINLP model, if the complexity of the network needs to be 

increased. An example could be the inclusion of actual pressures, wherefore compressors are 

needed in the model. The MILP will then probably tend to become infeasible. Advantage of a 

MINLP model is the fact that it is not needed to elaborate all possibilities (costs, volumes, 

contamination levels) in advance. Nevertheless, a remark has to be made here that starting such 

a model requires a deeper understanding of the gas processing. 

Limitations 

- The elaboration of the data in the Excel sheet is, at the moment, semi-automatic. This means 

that the model is not able to easily take changing circumstances into account, given that a lot of 

manual effort is required. 

- Only one CPU is used in the current model. Although results indicate that it pays off to use a 

single CPU, it is not possible to test the influence of multiple CPU’s. 

- At the moment the model is based upon a single-period. This makes it impossible to take the 

discount factor into account. Moreover, a lot of simplifying assumptions are needed in order to 

use this single-period model. 
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List of Abbreviations 
 

ABM:   Agent Based Modeling 

CAPEX:   Capital Expenditures in millions of dollars per MMscf/d 

CPU:   Central Processing Unit 

Flow rate: Amount of gas that flows per day (MMscf/d) 

MMbtu: Million of British thermal unit: A unit of energy, needed to cool or heat one pound of 

water by one degree Fahrenheit). 

MMScf/d: Million of standard cubic feet per day given a pressure of 1 bar and a temperature of 

20⁰C 

MTOe: Million tonnes of oil equivalent, which is the amount of energy released by burning 

one million tonne of crude oil 

Nm3:  Normal cubic metres, given a pressure of 1 bar and a temperature of 0 ⁰C 

NPV:  Net present value 

OPEX:  Operating Expenses in millions of dollars per MMscf/d 

Ppm:  Parts per million (=0.0001%) 

$M:   Millions of dollar. 
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Appendices 

Appendix A 
Coordinates per location 

Table 24: Coordinates per location 

Location X-Coordinate Y-Coordinate 

location A 140 110 

Location B 110 125 

location C 75 120 

Location D 70 85 

Location E 60 60 

Location F 20 110 

Location G 12 140 

Location H 65 12 

Location I 60 135 

Location J 30 60 

Location K 130 26 

Location L 95 77 

Location M 90 40 

Location N 100 18 

Location O 130 75 

Location Sales 18 18 

 

 

Figure 29: Locations of gas fields 
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Appendix B 
Possible combinations at the CPU. 

Table 25: Possible combinations at the CPU 

# FieldB FieldD FieldL    

1 
   

{   

2 
  

L_Untreated {FieldL} 

3 
  

L_Treatment 4 {FieldL} 

4 
  

(L_ Treatment 4)_Treatment 1 {FieldL} 

5 
 

D_Untreated 
 

{FieldD} 

6 
 

D_Treatment 9 
 

{FieldD} 

7 B_Untreated 
  

{FieldB} 

8 B_Treatment 1 
  

{FieldB} 

9 (B_ Treatment 1)_Treatment 9) 
  

{FieldB} 

10 
 

D_Untreated L_Untreated {FieldD, FieldL} 

11 
 

D_Untreated L_ Treatment 4 {FieldD, FieldL} 

12 
 

D_Untreated (L_ Treatment 4)_Treatment 1 {FieldD, FieldL} 

13 
 

D_Treatment 9 L_Untreated {FieldD, FieldL} 

14 
 

D_Treatment 9 L_Treatment 4 {FieldD, FieldL} 

15 
 

D_Treatment 9 (L_ Treatment 4)_Treatment 1 {FieldD, FieldL} 

16 B_Untreated 
 

L_Untreated {FieldB, FieldL} 

17 B_Untreated 
 

L_Treatment 4 {FieldB, FieldL} 

18 B_Untreated 
 

(L_ Treatment 4)_Treatment 1 {FieldB, FieldL} 

19 B_Untreated D_Untreated 
 

{FieldB, FieldD} 

20 B_Untreated D_Treatment 9 
 

{FieldB, FieldD} 

21 B_Treatment 1 
 

L_Untreated {FieldB, FieldL} 

22 B_Treatment 1 
 

L_Treatment 4 {FieldB, FieldL} 

23 B_Treatment 1 
 

(L_ Treatment 4)_Treatment 1 {FieldB, FieldL} 

24 B_Treatment 1 D_Untreated 
 

{FieldB, FieldD} 

25 B_Treatment 1 D_Treatment 9 
 

{FieldB, FieldD} 

26 (B_ Treatment 1)_Treatment 9) 
 

L_Untreated {FieldB, FieldL} 

27 (B_ Treatment 1)_Treatment 9) 
 

L_Treatment 4 {FieldB, FieldL} 

28 (B_ Treatment 1)_Treatment 9) 
 

(L_ Treatment 4)_Treatment 1 {FieldB, FieldL} 

29 (B_ Treatment 1)_Treatment 9) D_Untreated 
 

{FieldB, FieldD} 

30 (B_ Treatment 1)_Treatment 9) D_Treatment 9 
 

{FieldB, FieldD} 

31 B_Untreated D_Untreated L_Untreated {FieldB, FieldD, Field L} 

32 B_Untreated D_Untreated L_Treatment 4 {FieldB, FieldD, Field L} 

33 B_Untreated D_Untreated (L_ Treatment 4)_Treatment 1 {FieldB, FieldD, Field L} 

34 B_Untreated D_Treatment 9 L_Untreated {FieldB, FieldD, Field L} 

35 B_Untreated D_Treatment 9 L_Treatment 4 {FieldB, FieldD, Field L} 

36 B_Untreated D_Treatment 9 (L_ Treatment 4)_Treatment 1 {FieldB, FieldD, Field L} 

37 B_Treatment 1 D_Untreated L_Untreated {FieldB, FieldD, Field L} 

38 B_Treatment 1 D_Untreated L_Treatment 4 {FieldB, FieldD, Field L} 

39 B_Treatment 1 D_Untreated (L_ Treatment 4)_Treatment 1 {FieldB, FieldD, Field L} 

40 B_Treatment 1 D_Treatment 9 L_Untreated {FieldB, FieldD, Field L} 

41 B_Treatment 1 D_Treatment 9 L_Treatment 4 {FieldB, FieldD, Field L} 
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42 B_Treatment 1 D_Treatment 9 (L_ Treatment 4)_Treatment 1 {FieldB, FieldD, Field L} 

43 (B_ Treatment 1)_Treatment 9) D_Untreated L_Untreated {FieldB, FieldD, Field L} 

44 (B_ Treatment 1)_Treatment 9) D_Untreated L_Treatment 4 {FieldB, FieldD, Field L} 

45 (B_ Treatment 1)_Treatment 9) D_Untreated ((L_ Treatment 4)_Treatment 1 {FieldB, FieldD, Field L} 

46 (B_ Treatment 1)_Treatment 9) D_Treatment 9 L_Untreated {FieldB, FieldD, Field L} 

47 (B_ Treatment 1)_Treatment 9) D_Treatment 9 L_Treatment 4 {FieldB, FieldD, Field L} 

48 (B_ Treatment 1)_Treatment 9) D_Treatment 9 (L_ Treatment 4)_Treatment 1 {FieldB, FieldD, Field L} 
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Appendix C 
Possible streams obtained from local fields in the Base case. 

Table 26: Possible streams obtained from Local fields 

# StreamName # StreamName 

1 A_Untreated 24 FieldG_ Treatment 1 

2 B_Untreated 25 FieldH_ Treatment 5 

3 C_Untreated 26 FieldH_ Treatment 9 

4 D_Untreated 27 FieldI_ Treatment 1 

5 E_Untreated 28 FieldJ_ Treatment 1 

6 F_Untreated 29 FieldJ_ Treatment 9 

7 G_Untreated 30 FieldK_ Treatment 1 

8 H_Untreated 31 FieldL_Treatment 4 

9 I_Untreated 32 FieldM_ Treatment 1 

10 J_Untreated 33 FieldN_ Treatment 4 

11 K_Untreated 34 FieldN_Treatment 6 

12 L_Untreated 35 FieldO_ Treatment 1 

13 M_Untreated 36 FieldO_ Treatment 9 

14 N_Untreated 37 (FieldL_ Treatment 4)_ Treatment 1 

15 O_Untreated 38 (FieldN_ Treatment 4)_ Treatment 1 

16 FieldA_Treatment 1 39 (FieldB_Treatment 1)_ Treatment 9 

17 FieldB_ Treatment 1 40 (FieldG_ Treatment 1)_ Treatment 9 

18 FieldD_Treatment 5 41 (FieldI_ Treatment 1)_ Treatment 9 

19 FieldD_Treatment 9 42 (FieldJ_ Treatment 1)_ Treatment 9 

20 FieldE_ Treatment 1 43 (FieldM_ Treatment 1)_ Treatment 9 

21 FieldE_ Treatment 9 44 (FieldO_ Treatment 1)_ Treatment 9 

22 FieldF_ Treatment 5 45 ((FieldL_ Treatment 4)_ Treatment 1)_ Treatment 9 

23 FieldF_ Treatment 9 46 ((FieldN_ Treatment 4)_ Treatment 1)_ Treatment 9 

 


