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Abstract 

Natural gas is a fossil fuel with a high potential to become the bridging fuel in 

the transition towards a sustainable future because of its lower share of carbon 

compared to oil and coal. A growing popularity of LNG, biogas, CNG or SNG 

is expected to lead to an increase in the demand and consumption. However, 

the distribution of the gas from the gas sources to consumers at remote or 

stranded areas poses challenges for the gas supply chain.  

The main objective of this thesis is to study, formulate and apply optimization 

models for minimizing the costs incurring during the expansion and operation 

of a gas supply network. Such a network has to satisfy demands from multiple 

customers and technical requirements.  At the same time, it has to be able to 

respond to the changes in the conditions such as fluctuations in the fuel prices 

and in the supply and demand.  

Mathematical modelling and optimization are efficient tools to deal with 

complex gas distribution problems. The optimal network structure may be 

determined by formulating and solving an optimization problem, using, e.g., 

non-linear programming (NLP), mixed-integer linear programming (MILP) 

or mixed-integer non-linear programming (MILNP) models.  The specific 

features of gas pipeline distribution problems require consideration of 

nonlinear expressions, while options whether to connect a node to the network 

require binary variables.  In the supply chain, pipeline distribution can be 

augmented by truck supply from LNG ports or CNG stations to the customers. 

This results in problem formulations where the optimal pipeline connections, 

gas flows, compression, storage size, the number of truck transports, etc., must 
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be determined. The thesis develops a set of models for optimization of gas 

supply chains, and illustrates them by case studies considering the optimal 

structure, extensions and operation of the existing Finnish transmission 

network and of two small regional gas distribution networks in Finland.  The 

sensitivity of the optimal solutions to changes in the conditions, e.g., fuel prices 

and investment costs, is also considered. The advantages and limitations of 

each of the formulations developed, such as the possibility to identify optimal 

extensions and network operation, the model complexity, calculation time, 

etc., have to be considered in the selection of an appropriate tool for optimizing 

the gas distribution network. The models developed can be used in the design 

of new supply chains, for analyzing existing ones with respect to operation 

efficiency or to assess the feasibility of extensions or modifications of the 

chains.     
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Referat 

Naturgas är ett fossilt bränsle som har en stor potential att bli ett 

överbryggande bränsle under en övergångsperiod från fossila till förnybara 

energikällor. En växande popularitet hos biogas, komprimerad (CNG), 

flytande (LNG) och syntetisk (SNG) naturgas har också lett till ökad 

efterfrågan av gas. Distributionen av gas från avlägsna områden till 

konsumenterna utgör emellertid en utmaning för en hållbar utveckling.  

Ett nätverk för distribution av gas måste vara ekonomiskt lönsamt, kunna 

tillfredsställa kundernas behov och naturligtvis även uppfylla tekniska krav. 

Samtidigt borde systemet även kunna reagera flexibelt på förändringar i 

förhållandena, såsom variationerna i bränslepriserna, i utbud och i efterfrågan 

eller väderleksförhållanden. Målet för denna avhandling är att studera, 

formulera och tillämpa optimeringsmodeller för att minimera de kostnader 

som uppstår vid (ut)byggande och drift av gasnätverk. 

Matematisk modellering och optimering är effektiva verktyg vid design och 

analys av gasfördelningsproblem. Genom att formulera och tillämpa modeller 

för icke-linjär programmering (NLP), samt blandad heltalsprogrammering i 

linjär (MILP) och icke-linjär (MINLP) form kan man t.ex. skapa en optimal 

nätverksstruktur. Modellerna kan beakta specifika problem såsom icke-

linjäriteter (i uttryck för tryckfall och gaskompression) samt kombinatoriska 

aspekter (vid design eller potentiell utvidgning av gasnätverket). 

Formuleringen kan utvidgas genom att inkludera möjligheter att leverera gas 

med last- eller tankbilar i form av CNG eller LNG till kunder med specifika 

energibehov. 
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I avhandlingen framtogs först en olinjär modell för transport av gas i 

rörledning som optimerades i avseende på driftsekonomi. Modellen 

linjäriserades därefter för att mer effektivt kunna angripa större problem med 

MILP, och utvidgades slutligen till system med alternativa gastransporter. De 

obekanta som bestämdes var de optimala massflödena i rören, gasens 

komprimering, de lokala LNG-lagrens storlek, mängden lastbilstransporter 

och varifrån gasen levereras. En intressant formulering som också studerades 

var att bestämma optimala utvidgningar av gasdistributionsnätet i framtiden 

för att förbinda nya leverantörer och kunder. Resultaten från fallstudierna i 

avhandlingen belyser intressanta aspekter vid planering av nya 

distributionsnätverk. Känslighetsanalyser utförda med modellerna ger 

information om hur t.ex. bränslepriser och investeringskostnader påverkar 

resultatet. Detta kan användas som stöd för att fatta beslut om investeringar i 

ny infrastruktur inom energisektorn. 

  



ix 
 

Objectives and structure of the thesis 

Gas distribution is a very complex problem comprising of multiple sub 

problems. The main objective of this thesis is to study different possibilities to 

find the optimal solution of the gas distribution problem, which would reflect 

the reality as close as possible while being efficient and fast. The research work 

presented in the five articles and summarized in this thesis concentrates on 

formulating such optimization models that can efficiently find an optimal 

network structure under different conditions.  

The topic is summarized in the present thesis as follows. First chapter 

introduces the complex problematics of the natural gas distribution in the 

world. Reasons for and trends in the current and future use of natural gas are 

presented briefly as a background information. Furthermore, this chapter 

describes parameters such as the fuel price or weather conditions influencing 

the distribution process. Chapter 2 outlines the specifics of the Finnish natural 

gas distribution concerning the fuels and the ways in which they are 

distributed. Chapter 3 is a literature review of the different optimization 

approaches reported in the literature regarding the gas distribution 

optimization. Chapter 4 provides a summary and explanation of the 

optimization models developed during the research and presented in the 

Papers I-V. Section 4.1 presents the NLP (non-linear programming) model of 

the Finnish transmission pipeline that was initially presented in Paper I. A 

modification of the NLP model into MINLP model allowing the optimization 

of the pipeline extension is described in Paper II and in Section 4.2. The 

MINLP model was then subsequently linearized into a MILP model, which was 

presented in Paper III and summarized in Section 4.3. The benefits of the 
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reformulated MILP problem in the optimization of the regional gas 

distribution network, including the truck transportation, are described in 

Papers IV and V and explained in the last section, Section 4.4.  
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1. Background 

Natural gas (NG) belongs together with coal and crude oil to the non-renewable 

fuels mostly used in heat and power generation. In the first quarter of 2018 1, the 

consumption of natural gas in Finland covered approximately 7% of the total 

energy demand. The other main sources of energy are coal, wood, peat, nuclear 

power and hydropower as well as imported electricity. In the European Union, 

households, industrial productions, agriculture and transportation are the most 

common consumers of natural gas 2.  Natural gas consumption in the world grows 

by 1.4% annually, which is the largest increase among the fossil fuels 3.  The local 

production of natural gas in Europe (including larger producers such as Denmark, 

Germany, Italy, Netherlands, Norway, Poland, Romania, United Kingdom and 

other small gas producers in Europe), amounting to about 240 bcm* in 2017, 

cannot cover the current demand of 530 bcm 4. The complementing gas has to be 

transported from countries such as Russian Federation and Algeria by pipeline or 

from Qatar as LNG 4. The largest exporters of natural gas in Europe were Norway 

and the Netherlands in 2017 4. Since the economic development has an influence 

on the natural gas consumption 5, the gas consumption can be expected to grow 

in the currently flourishing economy in Europe.  

Natural gas consumption in OECD Europe† is assumed to reach between 576-646 

bcm in 2020 6. Figure 1 illustrates the development of the natural gas consumption 

                                                           
* billion cubic meters as defined in BP Statistical Review of World Energy 2018 as 
“standardized gas at a temperature of 15˚C and a pressure of 1013 mbar with a gross 
calorific value of 40 MJ (mega joules) per cubic metre” 4. 
† Dilaver et al.: “OECD-Europe consists of the EU member and candidate countries”:  AT, 
BE, CZ, DK, FI, FR, DE, GR, HU, IS, IE, IT, LU, NL, NO, PL, PT, SK, ES, SE, CH, TR and 
GB 6. 
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in the world and in Europe during the last 50 years. The reason for the growing 

popularity of natural gas partly lies in the current environmental activities on the 

international political scene. In 2016, policymakers of 155 endorsing countries 

signed the Paris Agreement on the reduction of the emissions causing climate 

change and pledged to develop and follow a common action plan to decrease 

greenhouse gas (GHG) emissions. 

 

Figure 1 Natural gas consumption in the world and in Europe (AT, BE, BG, HR, 
CY, CZ, DK, EE, FI, FR, DE, GR, HU, IS, IE, IT, LV, LT, LU, MK, NL, NO, PL, PT, 
RO, SK, SI, ES, SE, CH, TR and GB) during 1965-2017. Data from Statistical Review 
of World Energy 4  

One of the goals is to decrease the CO2 emissions from the energy sector by 

developing new environmentally friendlier technologies and replace the fossil 

fuels by renewables 7. The increase in the use of renewables in the energy 

production does not necessarily decrease the pressure on the natural gas 

infrastructure. Since natural gas-fired power plants are used to increase the energy 
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supply security in areas with high use of wind or solar power, the gas distribution 

infrastructure has to be able to adapt to sudden changes in the fuel demand 8.  

Natural gas could serve as a “bridging fuel” to replace the currently most common 

coal-fired power plants while new more environmentally friendly technologies are 

developed 9. Compared to coal and other fossil fuels, natural gas contains less 

carbon, as well as sulfur and nitrogen compounds, and less particulates are 

emitted into the air upon combustion 10.  The concept of using natural gas instead 

of coal to decrease the CO2 emissions is not fully accepted. The debate is mostly 

concerning the potential methane leakages. This does not only concern leakage 

during natural gas use, but also during production and transportation. Authors 

such as Brandt et al. 11 question the role of natural gas during the technology 

transition time due to the potential leakages during the transmission and 

production.  Howarth 12 even claims that the methane emissions from the natural 

gas use outweigh the environmental benefits of switching from oil or coal, which 

is evident especially in the case of shale gas use 13. The lifetime of methane in the 

atmosphere is about 12 years, but methane can react in the atmosphere with 

hydroxyl radical to water vapor- greenhouse gas, which is currently the most 

common GHG in the atmosphere 14. The global warming potential (GWP) of 

methane, including its effect on the ozone and water vapor production, is 56 over 

20 years and 21 over 100 years 15. Hausfather  and Zhang state that if the methane 

leakages can be minimized during the whole production and consumption, the 

use of natural gas instead of the coal might be a viable option in case the transition 

to the near-zero production technologies is not readily possible 9,16,16,16. 

MacKinnon et al. 17 suggest that the existing natural gas infrastructure and the 

advanced technologies such as fuel cells can promote the use of other renewable 
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fuels together with NG, which, in turn, can lead to the improvement of the air 

quality and decrease of GHG emissions.  

The expected increase of the natural gas demand poses a challenge for the gas 

transportation infrastructure. Pipelines are the common way to distribute natural 

gas. With the increasing accessibility of natural gas from alternative sources such 

shale gas, upgraded biogas or synthetic natural gas (SNG), new supplier sites have 

to be connected to the customers. Distribution of the natural gas in the form of 

liquefied natural gas (LNG) allows reaching consumers too distant to be 

connected through conventional pipelines or in areas where a construction of a 

pipeline would be difficult and economically not viable. This is especially true for 

sea transports, where an underwater pipeline is higher-priced compared to on-

shore pipelines and may further be constricted by the underwater topography 18. 

Wood and Mokhatab 19 relate the size of the potential gas source and the cost of 

the infrastructure to its potential distribution over longer distance to remote areas, 

considering CNG and LNG a possible substitute in areas where a (offshore) 

pipeline would be too costly.  Figure 2 by Wood and Mokhatab illustrates the 

relation between the gas production and the distance to the potential market 19. 
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Figure 2 Gas production rate and distance to market by Wood and Mokhatab 19 

A report by the International Energy Agency predicted that the transportation of 

natural gas over longer distances in the form of LNG is going to outpace pipeline 

distribution in the future 20,21,21,21.  When the demand for LNG supplied is 

increasing, then is the  demand for natural gas supplied by a pipeline decreasing, 

thus the LNG and NG are substituting each other in covering the customer 

demand 22.  The complexity of the natural gas distributing increases with the 

number and type of possible sources and the growth on the demand site. Besides 

the need of expansion of the natural gas system in case of the increased demand, 

Feijo et al. suggest that the gas infrastructure should be prepared for the possibility 

of its low utilization during the economy shift towards the low-carbon scheme  23. 
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Moreover, various phenomena such as the fluctuations of the demand (partly 

induces by outdoor temperature changes) and price variations contribute largely 

to the overall complexity of the gas distribution problem. The influence of the 

seasonal changes on the natural gas consumption in the EU is presented in Figure 

3.  

 

Figure 3 Gross inland consumption of gas in EU (28 countries). Data obtained from 
ref. 24 

The use of gas in some industries, such as for heat and electricity generation, is 

particularly dependent on the seasonal fluctuations in the ambient temperatures, 

as depicted in Figure 4 presenting the consumption of fossil gas in the electricity 

production in Finland during 2016-2017 and the average monthly temperatures 

during the period. Furthermore, weather conditions may also affect the gas use in 

other ways: unusually high temperatures may cause difficulties in the delivery of 

coal by ships due to exceptionally low sea water levels or problems with the cooling 

in the nuclear power plants so that the demand for the gas is affected too. This 
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occurred in the summer of 2018, which raised the natural gas demand and price 

25.  

Even though the demand influences the prices, the demand for natural gas is 

naturally also affected by the prices of natural gas on the market. In case the prices 

are too high, the consumers will rather change to other available fuels (if possible) 

or reduce the consumption (e.g., by decreasing the production in industry). The 

latter holds true for energy-intensive industry 26. Vice versa, low gas prices can 

make the use of natural gas more attractive and promote its use compared to other 

fossil fuels such as coal and oil on the market 27.  

 

Figure 4 Influence of average temperature 28 on the consumption of natural gas in 
electricity production in Finland during 2016-2017 29.  

Yet another factor that should be taken into consideration besides the influence of 

the above factors on the natural gas demand is the storage possibility. Availability 

of storages and their capacity also influence the market price of natural gas in a 

similar way as the fluctuations in the temperatures 30.  
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It is clear that the gas sector will experience large changes. The need to decrease 

carbon dioxide emissions will lead to the introduction of bio-based fuels to the 

market and to the utilization of the bio-wastes in the gas production. Such 

decentralized production requires careful planning of the transportation of the 

fuels to the customers. The demand for fuels such as LNG is also increasing 

steadily. Furthermore, the situation on the gas markets has changed. Globalization 

has brought about increased interconnectedness between the gas markets. Today, 

price and demand fluctuations quickly affect a larger number of markets and 

people. Consequently, the governments and companies want to be prepared for 

possible changes in the financial and political situation. They analyze the 

possibilities to increase the energy independence by introducing new ways of 

covering the energy demand. The ability to supply energy from multiple 

independent sources improves the energy security and makes it possible to find 

substitutes in case of sudden interruptions in the fuel delivery.  

In response to this, it is not enough to modernize the existing infrastructure that 

is currently used to distribute the gas. It is necessary to re-consider the future gas 

distribution system as a completely new structure combining the old system of 

natural gas distribution with the de-centralized production and transportation of 

new types of fuels.  Advanced tools have to be developed for planning and 

operation of such complex systems with multiple gas suppliers and consumers, 

considering their different needs and limitations.  
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2. Natural gas as a fuel in Finland 

This chapter presents the specific features of the Finnish natural gas network that 

were considered when work outlined in the thesis was planned. Starting with the 

fuels available or possibly available in the future, Finland aims to decrease the 

dependency on single fuels by introducing energy from different sources.  It is 

necessary to consider the characteristics of the gas fuels distributed when 

formulating the gas distribution model, since the properties of the gas distributed 

specify under which conditions, in which volumes and by which means (pipeline, 

trucks) gas can be transported to the customers.  The available natural gas fuels 

are country and location specific. In Finland, mostly natural gas supplied from 

Russia is used, followed by CNG and LNG mainly as a transportation fuel. Locally 

produced biogas or biomethane are also introduced to the gas distribution 

network. In the future, other gas concepts, such as the Power-to-Gas, might yield 

alternative sources of natural gas.  

2.1 Natural gas 

Various gas fuels can be transported to the customers to cover their energy 

demand. Most commonly known is natural gas. Natural gas is composed mainly 

of methane (CH4). The boiling point of methane is quite low, 119 K at atmospheric 

pressure 31. Based on its place of origin, various other compounds can be found in 

it, mainly other hydrocarbons such as ethane, propane and butane 32. Other 

components influencing the quality of the natural gas are carbon dioxide (CO2), 

nitrogen (N2) and sulfur compounds in the form of hydrogen sulfide (H2S) and 

thiols (mercaptans) 32. Sweet gas is the common name for a natural gas with a small 
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amount of the hydrogen sulfide, while sour gas has high levels of hydrogen sulfide, 

which causes corrosion if water is present 33.  Furthermore, argon (Ar), hydrogen 

(H2) or helium (He) can be found as trace elements. These constituents of raw 

natural gas are undesirable are removed before the transportation to the 

consumers 34. The gas is purified from the compounds that negatively influence 

the further use, while components of higher value such as propane or helium can 

be separated for other use as a fuel or industrial gases 33. The heating value of 

natural gas varies considerably with the origin. For instance, a common range of 

the heating value of U.S. natural gas is 38-41 MJ/m3 (≈46-49 MJ/kg) 31.  

2.2 LNG 

Liquefied natural gas (LNG) is an alternative option to transport natural gas to 

remote areas or in places where a pipeline construction would be technically 

difficult. LNG alleviates the difficulties of the long distances between the suppliers 

and customers using natural gas and makes the formerly regional gas market 

global 35. In the future, higher interest in LNG can be expected especially in Asia 

in areas too remote from existing natural gas pipeline infrastructure 36.  EU is also 

highly interested in diversifying the energy sources in order to increase the overall 

security of energy supplies and future investments in the gas pipeline 

infrastructure and construction of LNG terminals are likely 37.   

The gas liquefaction allows reducing the gas to 1/600 of its original volume (18 m3 

of natural gas correspond to about 0.035 m3 LNG) 31: the density of LNG is lower 

than that of water, and typically in the range 430-470 kg/m3 34. The lower volume 

allows for transportation cost reduction due to the use of trucks or vessels instead 

of a pipeline to supply the gas to the customers 32.  LNG is produced by cooling a 
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previously treated natural gas to a temperature below its boiling point to about -

162 °C 34.  The limit for acceptable impurities in LNG is much stricter than in the 

natural gas transported by a pipeline 33. When delivered to a terminal, LNG can be 

stored in various types of insulated storages at atmospheric pressure. The storages 

can be under ground or on the ground, made of steel or concrete and sometimes 

even natural cavities and caverns can be used 33.  Thermal insulation of the 

transportation vessels and in the storages allows for a small leakage of heat into 

the container. The heat flow causes a small portion of the liquid gas to vaporize, 

forming a so-called boil-off gas (BOG) that has to be handled or recovered 34.  

Depending on the costs and volumes, LNG can after delivery to a terminal be 

regasified in an onshore unit or in a floating storage regasification unit (FSRU) 38 

and the gas can be introduced into a natural gas pipeline. LNG terminals in colder 

climates can use the seawater and in a warmer climate the air can be utilized at 

heat source for LNG regasification 39. LNG can be also used as a transportation 

fuel, especially for long-distance truck traffic 40 or as fuel for ships substituting 

fuels with higher NOx and sulfur emissions in areas within emission controls such 

as the Baltic and Northern Sea 41.  

2.3 CNG 

Another method to reduce the volume of the gas is compression. Compressed 

natural gas (CNG) is transported in steel cylinders at about 250 bar (3600 psig) 42. 

Since LNG production and storage units are relatively costly, compressed gas 

transportation in pressurized containers without the need of an additional cooling 

might be a cheaper option.  According to Mokhatab 43, the energy efficiency of a 

CNG project is higher than of an LNG project 32 . CNG can be considered an 
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environmentally friendlier transportation fuel alternative to oil due to its lower 

emissions. CNG as a transportation fuel is especially beneficial for short-distance 

truck fleets where the increased tank size is not yet limiting 44. Emissions and the 

noise from CNG vehicles are lower than from diesel-fueled vehicles 45 and after 

addressing the technical issues of CNG engines, such as the shorter travelling 

range or the space taken by the tank 46, CNG can be considered as a valuable 

substitute for the diesel. However, Hagos et al. 47 stress that methane leakage from 

the CNG and LNG production and use reduces the relative environmental 

advantage of CNG and LNG as a transportation fuel.  Another factor playing a 

role in the use of the CNG and LNG as the transportation fuels is the locations of 

the refueling stations. The scarcity and accessibility of refueling stations main limit 

the use of the natural gas as a transportation fuel. Even though it is possible to 

compress the natural gas from a pipeline for the use in the vehicles, CNG 

transportation in cylinders to the customers could contribute to a higher natural 

gas consumption and increased popularity of natural gas fueled vehicles and for 

other uses.  Figure 5 illustrates a fuel station with CNG, CBG (compressed biogas) 

and LNG for cars and trucks in Turku, Finland. 
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Figure 5 Natural gas, biomethane and LNG tanking station in Turku (Source: © 
Gasum LTd.) 48 

2.4 Biogas and biomethane 

Biogas belongs to the group of fuels produced from biomass with the help of 

biotechnology. The use of biogas, especially biogas produced from animal 

manure, is environmentally beneficial compared to fossil fuels 49. Biogas is 

produced during anaerobic digestion of biomass. Like natural gas, the product 

contains methane, carbon dioxide and traces of nitrogen 50. The ratio between 

methane and carbon dioxide depends on the biogas sources, e.g. organic waste 

digesters produce biogas with higher methane content than the biogas from 

landfills 51. Biogas usually contains water, oxygen, and trace amounts of sulfur and 

hydrogen sulfide 52. Other undesirable compounds in biogas causing problems the 

combustion processes are ammonia, siloxanes or volatile organic compounds 50.  

After biogas purification, including removal of sulfur and water, the gas can be 

used in combined heat and power (CHP) plants or in heat production 52.  If it is 
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not possible to achieve a successful removal of siloxanes, ammonia or other 

hydrocarbons in the preceding purification steps, the gas has to be further 

processed 53. The biogas can be upgraded to biomethane by increasing the 

concentration of methane in the product by removing the CO2 from the gas. 

Different techniques to remove CO2 from the biogas such as the membrane 

separation 54, pressure swing adsorption (PSA ) 55 or methanation of CO2 to 

methane by  addition of hydrogen 56.  The quality of the upgraded biogas is then 

comparable with the quality of natural gas in distributed in pipelines. 

Like for natural gas, leakage connected to the upgrading of the biogas to 

biomethane could outweigh the environmental benefits of biogas use 57. Upgraded 

biogas can be injected into natural gas pipelines, where the pipeline functions as 

high capacity storage of biomethane 58. The gas injected into the pipeline has to 

fulfill various constraints which generally vary for each country 59. German DIN 

(Deutsches Institut für Normung) norm DIN EN 16723-1 specifies the required 

quality of natural gas and biomethane injected into pipelines 60. However, the 

injection of biomethane into the gas grid need not always be economically and 

technically feasible. Hoo et al. 61 analyzed the economic and technical conditions 

under which the injection of biomethane into pipelines is feasible, considering the 

distance from the biogas facility and the compression required.   

Besides the environmentally friendlier use of biomethane instead of fossil fuels in 

the power and heat production in a CHP plant 62, it is possible to the biomethane 

as a transportation fuel 63. The number of vehicles running on compressed natural 

gas (CNG) /compressed biomethane (CBG) in Finland is still relatively low, but it 

is expected to grow steadily 64.  
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2.5 Synthetic Natural Gas (SNG) and Bio-SNG 

Pipeline as a storage is used also in the Power-to-Gas (P2G) concept. The 

electricity surplus from renewable sources such as windmills can be used to 

produce hydrogen and subsequently methane in a methanation process 65. 

Significant amounts of CO2 present in biogas can be methanised with the help of 

excess electricity into bio-methane that can be stored in a existing natural gas 

pipeline 66. The synthetic natural gas (SNG) and the bio-SNG produced in the 

above-mentioned process are the further alternative sources of methane that can 

be injected into the pipeline grid. Existing natural gas pipelines can also be 

considered as a possible storage for other gases, such as hydrogen. However, 

McKenna et al.  67 suggest to inject the methane instead of hydrogen due to the 

current natural gas pipeline restrictions (in Baden-Württemberg). Other ways to 

obtain bio-SNG is by gasification of biomass 68.  

A traditional, but not environmentally friendly way to obtain SNG is the 

gasification and subsequent methanation of fossil fuels such as coal 69.  The quality 

of SNG corresponds to that of natural gas and is used in similar applications.  

Synthetic natural gas can be considered as a substitute for natural gas in areas 

where natural gas is not available but other fossil fuels (e.g., coal) or biomass can 

be used for the gas production.  

2.6 Finnish natural gas network 

The distribution of natural gas and biogas/biomethane starts from their 

drilling/production sites and continues to the relevant processing before being 

delivered to storages and customers. Natural gas in Finland originates in Russia. 

The transmission gas pipeline enters Finland from Russia at Imatra and is 
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operated in Finland by the state-owned company Gasum Oy. At the Imatra 

station, the gas is first analyzed and flow rate of incoming gas is measured. The 

pipeline continues from Imatra through southeastern Finland to Helsinki in the 

south and north to Tampere. The pipeline system-monitoring unit is placed in 

Kouvola.  The largest customers are the chemical and forest industry, followed by 

heat and power plants 70. Households especially in the Helsinki area consume 

about 8% of the gas delivered, while the consumption in gas-operated vehicles is 

still relatively low 70,70,70,71. The total length of the transmission pipeline is 1288 km 

71. The maximum pipe diameter is DN 1000 (inner diameter 1000 mm) and the 

average diameter DN 500 (inner diameter 500 mm) 72,73,73,73.  166 valve stations 

placed at distances of 8-32 km are installed along the transmission network 

together with about 130 pressure reduce and metering stations to increase the 

safety and reliability of the system, and for maintenance 73. The pressure range in 

the transmission pipeline is between 30 bar and 54 bar, but the newer pipes are 

constructed for pressures up to 80 bar 72,73,73,73.  Eight compressor units are installed 

in three sites: three compressors in Imatra, three in Kouvola and two at Mäntsälä 

72. Their shaft power amounts to 60 MW 72. These three compressor stations are 

able to maintain appropriate pressures along the whole pipeline. Some sections of 

the network have specific pressure requirements differing from the general 

requirements, e.g. in Porvoo the pressure requirement is 31.5 bar 73. The overall 

transmission capacity is about 8000 MW. Since no individual storages are built to 

store the gas, the pipeline functions as a storage itself. To increase the linepack 

(amount of gas accumulated in the pipeline at given time) and to ensure that there 

is enough gas stored in the pipeline higher volumes of gas have to be occasionally 

imported from Russia. This may be the case if a higher demand is expected (e.g., 

due to forecasted colder periods) or due to expected higher price of the gas in the 
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future. In this way, the gas supply is more cost-efficient and secure 72. Finnish 

natural gas transmission pipeline and the location of compressor stations are 

illustrated in Figure 6. The Finnish distribution pipeline supplying the gas under 

lower pressure over shorter distances is altogether about 1900 km long and PE, 

steel and cast iron pipes are used for its construction 71.  

Currently, there are four biogas stations in which the biogas can be injected into 

the gas pipeline: the Mäkikylä biogas facility in Kouvola, Suomenoja biogas facility 

in Espoo, Kujala biogas facility in Lahti and Riihimäki biogas facility 73. 

 

Figure 6 Finnish natural gas pipeline (purple lines) and compressor stations (blue 
triangles) 72 

The amounts of gas injected in these stations are comparably small and thus have 

a minor influence on the operation of the transmission pipeline 72. 

All over Finland, there are about 80 biogas plants, mostly producing biogas from 

landfills or processing municipal wastewater 71. Even though biogas is still largely 
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used in the energy and heat production, some cities start upgrading biogas also as 

a transportation fuel.  For example, biomethane from Stormossen, a local waste 

treatment plant in Vasa, is already used to run 12 biogas buses fueled at a slow 

refueling station for buses  and about 1000 cars can be fueled at a fast fueling 

station 74. In Jyväskylä, garbage trucks are running on biogas 75. Currently, there 

are 28 tanking stations in Finland where CNG and CBG can be used to refuel cars 

and trucks and new ones are continuously opened 76. Four LNG filling stations are 

today operating in Finland 76.  

Recently, three LNG terminals have been built or are under construction in 

Finland. Two of them, Manga Tornio in Northern Finland and the LNG port in 

Pori are operational. The Skangas terminal in Pori has a storage capacity of 28,500 

m3 in a 35 m high tank 77. LNG can be regasified and the gas can be supplied to the 

customers located in an Industrial Park in Pori through a 12 km long pipe, and 

trucks or vessels can supply other customers 77.  The LNG from the Pori terminal 

will be used in industrial processes such as the paper-drying process in Metsä 

Tissue 78. The second LNG port built in Finland but is located in Tornio and has a 

storage volume of 50,000 m3, which makes it the largest LNG terminal currently 

operating in the Nordic countries 79. The third LNG port currently being built in 

Hamina should have a capacity of 30,000 m3 and an increase of the terminal 

capacity by about 20,000 m3 is possible in the future 80. Figure 7 illustrates a typical 

layout of a medium-scale LNG terminal, consisting of a ship unloading system, 

storage, regasification unit and truck loading facility. 
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Figure 7 Medium-scale LNG terminal example (Copyright © Wärtsilä) 81 

Summarizing the above, all of the gas fuel sources reviewed improve the security 

of the fuel supply in the country. It should be possible to substitute one of the 

sources by another in case of shortage or sudden interruption to maintain the 

power production, to run the industrial processes, to fuel cars and heat the homes. 

A reliable and efficiently operating distribution system considering all of the 

possible sources and their specific features is necessary to maintain the energy 

independence of the region and the whole country and to make the energy system 

more sustainable in the future. Such a system needs a thorough planning and 

complex analysis and optimization.  
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3. Optimization of natural gas distribution in the 

literature 

The following chapter is dedicated to explain the basics of the optimization 

techniques used in the present research and presents a brief survey of research in 

the area of gas distribution optimization. 

Optimization is an excellent tool to find the best possible solution of a given 

problem. Many of our daily decisions are actually solutions of small optimization 

problems. Whether you will go to work by car, take a bus, bike or will walk is 

already a complex decision depending on parameters such as weather, price of the 

fuel or the bus ticket, and of course the expected time of arrival to work. It is often 

impossible to try out all of the possibilities one by one, simply because we do not 

want to waste the resources on evaluating clearly suboptimal solutions and 

because we do not have enough time. Mathematical optimization helps to 

formulate such problems as mathematical equations. Equations describing the 

objective functions determine the main goal of the model, e.g., whether we aim to 

minimize the cost, maximize the profit, minimize the greenhouse gas emissions 

or maximize the satisfaction of the customer. Equations describing the parameters 

limiting our decision in some way are the constraints. Constraints might be the 

maximum permitted number of passengers in one car, minimum pressure in the 

bike tires, or simply if there is a bus connection or not.  

The mathematical form of the constraints and objective function(s) determines 

the computational tools that may be used to optimize the mathematical model and 

those that are not applicable at all. Of course, the great advancements of computer 



21 
 

technology allow for solving of more and more complex problem formulations 

while the solution time needed becomes shorter. Nevertheless, a proper 

mathematical formulation significantly influences the optimization process, the 

accuracy of the solution and the time required. Usually, it is not only necessary to 

use an appropriate tool to solve the problem, but often the first effort required is 

to clearly define the problem that has to be solved. In the process of the 

mathematical problem formulation, it is often realized that it contains many 

details that are not decisive for or have any effect on the solution. It is important 

to leave out all these unnecessary constraints since they would only increase the 

complexity of the optimization problem, making the computational time longer. 

On the other hand, a too simplistic formulation may distort the results of the 

optimization process and make the outputs unrealistic and useless for future 

decision processes.   

The resulting optimization problems can range from simple linear programming 

(LP) problems, over non-linear programming (NLP) and mixed-integer linear 

problems (MILP) to the most complicated mixed integer non-linear 

programming problems (MINLP), as is depicted in Figure 8.   



22 
 

 

Figure 8 Optimization problem formulations. 

This order is traceable in the literature that discusses the problem and the possible 

solutions of gas distribution optimization. 

3.1 Non-linear programming problems 

Linear programming (LP) formulation, where the objective function and the 

constraints (equalities and inequalities) are linear, have for long been used for 

tackling engineering problems, such as production planning. This formulation 

was used in the gas distribution optimization for example by Vasconcelos et al. 82 

to maximize the flow through a given pipe network. However, the nature of the 

gas distribution problem makes the use of linear programming somewhat 

problematic. It is not possible to distribute gas through a pipe without a higher 

pressure at the input node and lower pressure at the output node. The pressure 

losses along the pipeline length can be expressed in the form of pressure drop 

equation, but the mathematical expression of it is non-linear equation. Early work 

on gas pipeline distribution problems originally concentrated on solving 

efficiently the non-linear equations related to the gas pressure drop. In 1968, 
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Wong and Larsson 83 adopted the dynamic programming approach introduced by 

Bellman in 1957 84 to solve the compression minimization problem. The dynamic 

programming approach allows splitting a larger problem into more easily solvable 

sub-problems. This strategy was later adopted for example by Lall and Percel 85 in 

their solution of gas pipeline optimization.  Borraz-Sánchez and Ríos-Mercado 86 

and Borraz-Sánchez and Haugland 87 solved a gas pipeline transportation problem 

as a fuel cost minimization problem with the help of dynamic programming.  The 

NLP formulation can be also found in more recent works. De Wolf and Smeers 

minimized the operational and investment cost by splitting the problem solution 

into two stages 88. Kalvelagen used a discrete nonlinear programming (DNLP) 

problem reformulation of the gas distribution problem as posed by  De Wolf and 

Smeers 89. In order to reduce the energy needed for transportation, Bakhouya and 

de Wolf minimized the fuel consumption in the compressor stations 90.  André 

and Bonnans minimized the investment cost for a straight pipeline with 

compressors while testing whether the most commonly used engineering 

assumptions in pipeline design are valid 91. Borraz-Sánchez and Haugland 92 

studied the pressure drop and the influence of gas compressibility and specific 

gravity in their optimization model that was solved by a heuristic method.  Shiono 

and Suzuki 93 used the NLP formulation of a tree-shaped gas distribution network 

to minimize the investment cost. In their NLP model, Bemúdez et al. 94 considered 

the height differences between the input and output nodes of a pipe. 

3.2 Mixed integer linear programming problems 

Even though the NLP formulation has been quite popular, the gas distribution 

optimization model can be significantly improved by adding the possibility to 
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decide about expanding the pipeline by new extensions or introducing new pipe 

components such as valves or compressors. Binary variables allow for the decision 

whether to add a component or not by selecting between no (0) or yes (1).  Discrete 

decisions, such as the decision between version 1, 2 or 3, can be made with the 

help of integer variables. The incorporation of binary and integer variables into a 

linear programming problem leads to the mixed integer linear programming 

solution (MILP). The MILP formulation is particularly popular since it can also 

be the result of a linearization of a non-linear problem (see Section 3.2) that 

guarantees a globally optimal solution. De Wolf and Smeers minimized the cost 

of gas transportation by using a reformulated simplex algorithm to linearize an 

NLP problem 95. Möller 96 suggested a triangulation method to linearize the 

pressure drop equation and the compression of the gas in a pipeline, i.e., 

representing a case where linearizing an MINLP problem yielded an MILP 

optimization problem, where the gas compression cost was minimized 97. Geißler 

et al. 98 adopted a piecewise-linearization using terahedra/triangles in higher 

dimensions as suggested by Möller to solve a MINLP problem. Paper III of the 

present thesis presents another way to linearize the non-convex bilinear functions 

describing the pressure drop and gas compression. Recently, Liang and Hui 99 

addressed the solution of these complicated non-linear equations by solving them 

with the help of convexification. Van der Hoeven 100 linearized the pooling 

problem where a mixing of fuels from different sources might cause problems with 

the gas quality. Yet another example is the MILP model used in the GassOpt 

simulation tool by the SINTEF group, where the gas flow to the markets is 

maximized adding a penalty for the compression cost 101,102,102,102. Furthermore, an 

MILP formulation can be also successfully used to state and solve a multi-objective 

problem, i.e., an optimization problem with several goals. An example of this is 
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the MILP model proposed by Alves et al. 103 for minimizing the cost of gas 

transportation while maximizing the volume of the gas transported.  

3.3 Mixed integer non-linear programming problems 

It is naturally also possible to consider the non-linear features of the gas 

optimization problem in combination with integer and binary variables in a mixed 

integer non-linear programming (MINLP) formulation of the problem, but the 

complexity of the problem and computational demands increase. To tackle this 

problem, it is very essential to use an appropriate formulation of the problem and 

an efficient tool. Today, there are several deterministic tools available for tackling 

such computationally difficult problems. Like in the work reviewed above, Cobos-

Zaletta and Ríos-Mercado tackled a gas distribution problem minimizing the 

compressor fuel consumption using an MINLP formulation 104.  Paper II of the 

present thesis uses an outer approximation to solve an MINLP problem of a gas 

pipeline expansion and operation. Ûster and Dilaveroğlu 105 minimized both the 

investment and operational cost of a pipeline in a multi-period MINLP 

formulation. Humpola 106 presented an MINLP formulation to minimize the 

investment cost for new elements such as valves, pipes or compressors is a pipeline 

distribution problem. To study the feasibility of an existing gas transmission 

pipeline with given active (compressors, valves) and passive elements (pipes), 

Pfetsch et al. 107 formulated an MINLP model, which was solved by a two-stage 

algorithm. Recently, Schweiger 108 solved a gas distribution optimization problem 

considering uncertainty in the input data.  
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3.4 Stochastic tools 

Many authors have also chosen stochastic tools to tackle NLP, MILP and MINLP 

problems. As mentioned above, gas optimization problems are often formulated 

as a compressor fuel minimization problem. In an early paper, Goldberg 109 used 

genetic algorithms (GA)  in the optimization of pipeline networks. GA can be 

used, e.g., to select optimal pipe diameters, as is shown by Boyd et al. 110 and later 

by El-Mahdy et al 111.  Sanaye and Mahmoudimehr 112 employed GA to find the 

optimal gas distribution network layout. Kashani and Molaei 113 used the same 

stochastic tool to solve a multiobjective gas pipeline operation problem, where the 

operating cost including also environmental costs was minimized and the flow 

was maximized.  MohammadiBagmolaie et al. 114 used a hybrid GA and neural 

networks formulation to minimize the compressor fuel consumption.  

Borraz-Sanchez and Ríos-Mercado 115 applied another stochastic tool, tabu search, 

to minimize the compressor fuel consumption in cyclic network structures while 

Chebouba et al.  116 proposed an ant colony approach to minimize the fuel 

consumption. Arya and Honward 117 also use the ant colony approach to solve a 

multiobjective optimization problem, where the compressor fuel consumption 

has to be minimized and the pipeline throughput maximized. Zhang et al. 118 

suggested a formulation combining a simplex method and ant colony 

optimization to minimize the energy consumption cost and the differences 

between the delivered and demanded fuel. GA can also serve as a tool for the 

optimization of transient flow in a pipeline. Madoliat et al. 119 applied a genetic 

algorithm to minimize the error between the real and calculated output flow to 

calculate the real input flows.  
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3.5 Simulation of the gas network 

Other approaches to solve the gas distribution optimization problem can be 

described as simulation of the given network optimization under multiple 

scenarios with varying structure or operational parameters, and finally a selection 

of the best scenario. This approach is very similar to the traditional way to design 

gas pipelines, where the pipeline connections and pipe diameter sizes are 

determined and subsequently tested. However, this might be a very time 

consuming process and does not ensure that the optimal solution will be present 

among the selected scenarios. Králík et al. 120,121,121,121 developed a model and a 

software to simulate the flows in a pipeline network already in 1984. A model by 

Woldeyohannes and Majid 122 simulated the gas flow through a pipeline to identify 

the network with the least energy consumption. Fasihizadeh et al. 123 simulated the 

stochastic demand in the Iranian gas distribution network. Abeysekera et al. 124 

analyzed the influence of the injection of gas from alternative sources on the 

operation of a natural gas pipeline with the help of a steady-state model. GasNet 

software can be named as an example of other simulation tools that was used by 

Szoplik et al. to study the gas pressure and flow in a pipeline 125.  

It is clear that the steady state formulation is a more popular representation of the 

gas distribution problem in the published studies. However, simulation can be 

used to analyze the unsteady flow in a pipeline and to study the various parameters 

that can affect it. Chaczykowski 126 simulated an unsteady flow through a high 

pressure pipeline to study the connection between the temperature changes and 

the transient flow. This study is later expanded to a model simulating a transient 

gas flow with the tracking of the gas composition 127. By simulating the flow 

through a pipeline network, Farzaneh-Gord and Rahbari 128 analyzed the influence 
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of parameters such as the gas composition or changes in demand in a pipeline 

with unsteady flow.  

3.6 Conclusions 

The presented overview of literature concerning the optimization of natural gas 

distribution problem is by no means exhaustive. However, it introduces possible 

solution approaches. It also illustrates how broad the field of the gas distribution 

is. The different points of view from which the problems is studied lead to different 

mathematical formulations of the problem.  Even though stochastic solution tools 

such as genetic algorithms cannot provide a guarantee of a globally optimal 

solution, their relative ease of use is making them more popular at the expense of 

the deterministic solution methods. Nevertheless, the demand for robust and 

reliable optimization models and tools persists. It is therefore necessary to study 

different approaches to find an optimal solution for gas distribution in different 

conditions. An NLP formulation might be enough to optimize a flow and flow 

changes in an existing network, although it cannot reflect the changes in the 

network caused by its potential expansion or addition of new fuel sources and 

ways of transportation. 

  



29 
 

4. Models for the optimization of the gas distribution 

Models developed during the doctoral research that are presented in the papers 

listed in the appendices of this thesis are summarized to present the key findings, 

explain the reasoning behind the model formulations and to illustrate the use of 

the models on example problems.  

4.1 NLP formulation (paper I) 

The main objective of the NLP model is to optimize the pressures and mass flows 

in a pipeline system, so the least energy for the gas transportation is needed yet 

satisfying all the demand. Since the model does not contain any binary or integer 

variables, the pipe diameters, the pipe connections and the compressor locations 

are determined beforehand.  

4.1.1 NLP model 

If a gas, that is a compressible fluid, flows through a pipe from node i to node 

j, 𝑖𝑖, 𝑗𝑗 ∈ 𝐼𝐼, then it naturally flows from the node 𝑖𝑖 with a higher pressure and reaches 

the node 𝑗𝑗 with a lower pressure. The gas pressure change it experiences along the 

pipe is called a pressure drop and can be generally described for a steady state flow 

by a pressure drop equation for compressible fluids depending on the mass flow 

between the nodes 𝑖𝑖 and j, 𝑚𝑚𝑖𝑖,𝑗𝑗 , yielding  

𝑝𝑝𝑗𝑗2 = 𝑝𝑝𝑖𝑖2 − 𝑝𝑝𝑖𝑖 ∙ 𝜁𝜁 ∙
𝑙𝑙𝑖𝑖,𝑗𝑗
𝑑𝑑𝑖𝑖,𝑗𝑗

∙ 𝜌𝜌𝑖𝑖 ∙ �
𝑚𝑚𝑖𝑖,𝑗𝑗

1
4∙𝜌𝜌𝑖𝑖∙𝜋𝜋∙𝑑𝑑𝑖𝑖,𝑗𝑗

2 �
2

           (1) 

where the pipe diameter is 𝑑𝑑𝑖𝑖,𝑗𝑗  and length is 𝑙𝑙𝑖𝑖𝑗𝑗 . The changes in the vertical level 

were neglected since their influence can be assumed marginal in Finland. Since 
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the gas experiences a pressure drop, the gas density cannot be assumed as 

constant. For node 𝑖𝑖 can be the gas density calculated assuming the ideal gas law 

as 

𝜌𝜌𝑖𝑖 = 𝑝𝑝𝑖𝑖∙𝑀𝑀�
𝑅𝑅𝑔𝑔∙𝑇𝑇

  (2) 

where 𝑀𝑀�  is the average molar mass of natural gas and 𝑅𝑅𝑔𝑔 is the universal gas 

constant. Furthermore, it can be assumed that the temperature of the gas entering 

the pipe at node 𝑖𝑖 is lowered to be equal with the temperature of the ambience. 

The friction factor describing the friction losses along the pipeline, 𝜁𝜁, can be 

obtained by, for example, the Colebrook-Weisbach equation using the pipe 

roughness, 𝜀𝜀, Reynolds number, Re,  and the pipe diameter, 𝑑𝑑 129,130,130,130 

1
�𝜁𝜁

=  −2log � 𝜀𝜀
3.7𝑑𝑑

+ 2.51
Re�𝜁𝜁

� (3) 

The Reynolds number is calculated as 

Re = 4𝑚𝑚𝑖𝑖,𝑗𝑗

𝜋𝜋∙𝑑𝑑∙𝜇𝜇
  (4) 

where 𝜇𝜇 is the dynamic viscosity. 

Another way to obtain the friction factor is to use the Haaland´s approximation, 

which expresses the friction factor implicitly 131 

𝜁𝜁 = 1,8 ∙ log10 �
𝜀𝜀
𝑑𝑑
3.7

+ 6.9
Re
� (5) 

The non-linear character of the pressure drop equation can be illustrated on the 

example of a simple pipe with a given length. Here, Haaland’s equation is used in 

the calculation. By varying the input pressure (in kPa) and the mass flow (in kg/s), 

the output pressure can be depicted as the contours, which is done in Figures 9 
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and 10. It is obvious that the pressure drops quite rapidly for some cases and the 

drop  is more non-linear in a pipe with a smaller diameter than in a pipe with 

larger pipe diameter. The non-linearity and the steep pressure drop are 

particularly noticeable in shorter pipes with lower mass flows, while for larger 

diameters the pressure drops more gradually.  

      

 

Figure 9 Output pressures (kPa) for a 100 km long pipe for different mass flow rates 
and input pressures. Left: Pipe diameter 0.5 m, and Right: Pipe diameter 1 m. 

 

Figure 10 Output pressures (kPa) for a 10 km long pipe for different mass flow rates 
and input pressures. Left: Pipe diameter 0.15 m, and Right: Pipe diameter 0.4 m. 

 

 

a)   Pressure output in kPa, 0.5 m pipe diameter
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b)   Pressure output in kPa, 1 m pipe diameter
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a)   Pressure output in kPa, 0.15 m pipe diameter
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b)   Pressure output in kPa, 0.4 m pipe diameter
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Of course, the pressure in a pipe should fall within some limits  

𝑝𝑝min  ≤  𝑝𝑝𝑖𝑖 ≤ 𝑝𝑝max   ∀𝑖𝑖                          (6) 

Along the pipeline, there might be customers, such as power plants or industrial 

production units, which require a pressure above a lower limit in their nodes 

 𝑝𝑝𝑖𝑖 ≥ 𝑝𝑝D,𝑖𝑖   (7)   

Another equation whose non-linearity makes the optimization particularly 

complicated is the equation describing the compression of the gas in a compressor 

station. The compressors are installed to elevate the pressure of the gas to the 

desired level so that the required gas can be transported along the pipeline to the 

desired destination node. The gas enters the compressor at the suction node and 

leaves the compressor at the discharge node. To calculate the energy needed for 

the compression, it can be assumed that the gas is cooled after each compression 

to the ambient temperature, 𝑇𝑇amb. The ideal temperature, 𝑇𝑇�𝑖𝑖 ,  of the gas leaving 

the compressor 𝑖𝑖 is calculated as 

𝑇𝑇�𝑖𝑖   =    𝑇𝑇amb ∙ �
𝑝𝑝𝑑𝑑𝑖𝑖𝑑𝑑
𝑝𝑝𝑑𝑑𝑠𝑠𝑠𝑠

�
𝑅𝑅𝑔𝑔
𝑀𝑀 ����𝑠𝑠𝑝𝑝               (8) 

where 𝑐𝑐𝑝𝑝 is the specific heat capacity of the gas.  

Using the adiabatic efficiency factor for the compressor, ηad, the real temperature 

after the compression is 

 

 
 
 
 

 
 
a

m

b

Heat losses from the pipeline are neglected. The non-linear function for the 

calculation of the real temperature after the compression is illustrated for an 
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ambient temperature of 10°C (283.15 K) and 𝜂𝜂𝑎𝑎𝑑𝑑   = 0.75 in Figure 11. Compared 

to the equation for the pressure drop, the non-linear character is not that evident. 

The energy needed for the compression can be calculated as  

𝐸𝐸 =  𝑐𝑐𝑝𝑝 𝑚𝑚𝑖𝑖,𝑗𝑗(𝑇𝑇𝑖𝑖 − 𝑇𝑇amb)𝑡𝑡 (10) 

where 𝑡𝑡 is the length of the time period. The main objective function in this NLP 

model is the total energy needed for the compression of the gas in all the 

compressor stations along the pipeline. 

Of course, the flow of the gas along the pipeline has to be balanced. The inflow to 

the node through a pipe or the gas injected at the node has to be balanced with the 

gas flowing out of the node by pipe or consumed by the customers. 

 
Figure 11 Temperature after compression as a function of the suction and discharge 
pressures 
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This can be formulated as a linear equality constraint of the mass flows  𝑚𝑚𝑖𝑖,𝑗𝑗  

between the nodes, the demand, 𝐷𝐷𝑖𝑖 and the supply, 𝑆𝑆𝑖𝑖, at the node. 

∑ 𝑚𝑚𝑖𝑖,𝑗𝑗𝑗𝑗 + 𝐷𝐷𝑖𝑖 = ∑ 𝑚𝑚𝑗𝑗,𝑖𝑖𝑗𝑗 + 𝑆𝑆𝑖𝑖   ∀ 𝑖𝑖   𝑖𝑖 ≠ 𝑗𝑗  (11) 

It is important to allow for a change of the flow direction, but binary variables 

cannot be used in the case of an NLP formulation. In addition, there has to be a 

possibility to calculate the pressure at the inlet and outlet of parallel pipes. It can 

be assumed that the pressure at the begging of parallel pipes is equal and that the 

outlet pressure at the end of the parallel pipes is equal. The pressure drop equation 

(Eq. 1) is therefore reformulated to 

𝑝𝑝𝑖𝑖
2−𝑝𝑝𝑗𝑗

2

2×𝑝𝑝𝑖𝑖
= 1

2
𝜁𝜁 ∙ 𝑙𝑙𝑖𝑖𝑗𝑗

𝑑𝑑𝑖𝑖𝑗𝑗
∙ 𝜌𝜌𝑖𝑖 ∙ 𝑚𝑚𝑖𝑖𝑗𝑗 ∙  �𝑚𝑚𝑖𝑖𝑗𝑗� �

1
𝑛𝑛𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑑𝑑

�14∙𝜌𝜌𝑖𝑖∙𝜋𝜋∙𝑑𝑑𝑖𝑖𝑗𝑗�
�
2

   ∀𝑗𝑗 ∀𝑖𝑖 𝑖𝑖 ≠ 𝑗𝑗 (12) 

where 𝑛𝑛 denotes the number of parallel pipes between nodes 𝑖𝑖 and 𝑗𝑗. The absolute 

value of the mass flow, �𝑚𝑚𝑖𝑖,𝑗𝑗�, allows for negative mass flow value in case the 

direction of the flow is reversed.  

In case, the flow direction can be changed, the nodes in the model compressor are 

not anymore denoted as suction and discharge, but as 𝑎𝑎 and 𝑏𝑏 so that they can be 

used for the suction and discharge interchangeably. The temperature after ideal 

compression is now 

𝑇𝑇�𝑖𝑖   ≥ 𝑇𝑇0 �
𝑝𝑝𝑖𝑖𝑖𝑖
𝑝𝑝𝑖𝑖𝑖𝑖
�

𝑅𝑅
𝑀𝑀𝑠𝑠 𝑝𝑝         (13) 

If the flow comes from a different direction, suction is then point b and discharge 

is at point a. The ideal temperature after compression is then  
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𝑇𝑇�𝑖𝑖   ≥ 𝑇𝑇0 �
𝑝𝑝𝑖𝑖𝑖𝑖
𝑝𝑝𝑖𝑖𝑖𝑖
�

𝑅𝑅
𝑀𝑀𝑠𝑠𝑝𝑝  (14) 

This constrained NLP formulation can be solved to find the optimal pressures and 

mass flows, e.g., for every day of a year. The model is solved with the help of the 

fmincon function employing the sequential quadratic programming algorithm in 

Matlab software 132. This NLP formulation allows studying potential extensions as 

scenario simulations.  

The main objective of the NLP model is to minimize energy needed for the 

compression of the gas in the compressor stations. The most important 

constraints included in the model are summarized as: 

1. All the fuel demand has to be covered by a supply 

2. The gas delivered by a pipe has to meet the contractual pressure demands  

3. The energy needed for the gas transportation(compression) has to be 

minimized 

4.1.2 NLP Case study 

The NLP model is illustrated on an example of a simplified transmission pipeline 

containing parallel pipes and three compressor stations (Figure 12). The results 

from the base case scenario with eleven points can be compared to the results of 

the network with two added nodes (nodes 12 and 13). The layout of the test 

network that is depicted in Figure 12 is essentially a simplified model of the main 

parts of the Finnish natural gas pipeline (cf. Figure 6), based on the publicly 

available data 71,73,133,134. The daily ambient temperatures as well as the daily 

demand during a whole year in each node are pre-determined, and some days 

were selected to show typical results of the model.  
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Figure 12 Gas transmission pipeline scheme with potential extensions. Node 12 is a 
potential additional gas source and node 13 a new consumer in the extension 
scenario. 

The coldest day during the year (Day 1) with ambient temperature of 𝑇𝑇amb =

 −19.4 ℃, the warmest day during the year (Day 2), 𝑇𝑇amb = 28.25 ℃  and the 

median day (Day 3), 𝑇𝑇amb = 7.7 ℃ , were the cases selected to be illustrated.  

In the extension scenario, the overall demand on the coldest days was increased 

by about 1200 MW from the base case, but a new gas source in node 12 (Pori) is 

added, which would correspond to the case where LNG from the terminal in Pori 

is regasified and supplied to the network. The increase in the compression demand 

in the extension scenario is depicted in Figure 13 together with the discharge 

pressures in the large compressor stations.  
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Figure 13 Extension scenarios: Top: Power demand for compression. Bottom: 
Discharge pressures. 

Node 12 can here supply regasified and compressed gas further along the network 

if there is gas surplus after covering the demand in the own node, which is seen as 

the negative mass flow in Table 1 summarizing the mass flows during the selected 

days.  This example illustrates how the model can be applied to study the feasibility 

of new infrastructure or the performance of an existing gas network.  
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Table 1 Mass flows (kg/s) for Base case (B) and extension case (E) 

 

4.2 MINLP formulation (Paper II) 

In order to optimize the extensions of the network without the need for tedious 

selection and simulation of extension case scenarios, an MINLP (mixed integer 

non-linear programming) model is developed and presented in Paper II. In this 

model, besides finding the optimal pressures, compression and mass flows, the use 

of binary and integer variables makes it possible to find the optimal pipe 

connections, pipe sizes and the mass flow directions. However, the former NLP 

model (Paper I) has to be reformulated to ensure efficient optimization. This 

model is a multi-period model. Due to the computational simplicity, the 365 days 

in a year were divided into periods e, (𝑒𝑒 ∈ 𝐸𝐸), which represent typical 

consumption and temperatures of the whole data set. 

4.2.1 MINLP model 

The model allows for using alternative fuel sources in case the natural gas is not 

sufficient so that all the customer demand is always covered. In addition, LNG can 

be injected into the pipeline after regasification and compression in n stages. 

 Day m0,1 m1,2 m2,3 m2,4 m3,5 m3,6 m6,7 m6,8 m6,9 m6,10 m2,11 m7,12 m6,13 

1B 167.6 167.6 150.9 8.4 8.4 142.5 33.5 75.4 8.4 25.1 8.4   

1E 152.6 152.6 135.9 8.4 8.4 127.5 1.7 75.4 8.4 25.1 8.4 -31.9 16.9 

2B 60.8 60.8 53.2 3.8 3.8 49.4 9.1 27.4 3.8 9.1 3.8   

2E 57.5 57.5 49.9 3.8 3.8 46.1 2.1 27.4 3.8 9.1 3.8 -7.0 3.7 

3B 95.8 95.8 85.7 5.0 5.0 80.7 20.2 41.6 5.0 13.9 5.0   

3E 87.5 87.5 77.4 5.0 5.0 72.4 2.5 41.6 5.0 13.9 5.0 -17.7 9.4 
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Therefore, the equation for the mass flow balance (Eq. 11) has to be reformulated. 

Since there can be other fuel sources delivered to the node in different way than 

by a pipe, the gas delivered and consumed at the node is denoted as an outflow, 

𝑂𝑂𝑖𝑖,𝑒𝑒, 

∑ 𝑚𝑚𝑗𝑗,𝑖𝑖,𝑒𝑒
tot

𝑗𝑗∈𝐼𝐼 | 𝑗𝑗≠𝑖𝑖 + 𝑆𝑆𝑖𝑖,𝑒𝑒 = ∑ 𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒
tot

𝑗𝑗∈𝐼𝐼 | 𝑗𝑗≠𝑖𝑖 + 𝑂𝑂𝑖𝑖,𝑒𝑒       ∀𝑒𝑒 ∈ 𝐸𝐸 (15) 

where 𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒
tot  is the total mass flow between nodes 𝑖𝑖 and 𝑖𝑖 considering the 

possibility of parallel pipes between the nodes. Naturally, the number of the 

parallel pipes is limited. Fewer pipes of a larger diameter are naturally more 

favorable than a large number of parallel pipes with smaller diameter.  The gas 

supplied by the pipeline may be natural gas or regasified LNG 

 𝑆𝑆𝑖𝑖,𝑒𝑒 = 𝑆𝑆𝑖𝑖,𝑒𝑒NG + 𝑆𝑆𝑖𝑖,𝑒𝑒LNG   (16) 

The capacity of the sources for LNG and NG is limited and so is their supply to 

the pipeline 

𝑆𝑆𝑖𝑖,𝑒𝑒NG ≤ 𝑆𝑆𝑖𝑖
NG,max     ∀𝑖𝑖 ∈ 𝐼𝐼,∀𝑒𝑒 ∈ 𝐸𝐸          (17) 

𝑆𝑆𝑖𝑖,𝑒𝑒LNG ≤ 𝑆𝑆𝑖𝑖
LNG,max     ∀𝑖𝑖 ∈ 𝐼𝐼,∀𝑒𝑒 ∈ 𝐸𝐸                                            (18)                                               

The combination of NG, regasified LNG and alternative fuels supplied from 

elsewhere must always satisfy the energy demand, 𝐷𝐷𝑖𝑖. Since the gas and alternative 

fuels can be from different origins, also their heating values, H, might differ. 

Therefore, the energy balance is 

𝑂𝑂𝑖𝑖,𝑒𝑒 ∙ 𝐻𝐻NG + 𝑚𝑚𝑖𝑖,𝑒𝑒
alt ∙ 𝐻𝐻alt ≥ 𝐷𝐷𝑖𝑖,𝑒𝑒      ∀𝑖𝑖 ∈ 𝐼𝐼,∀𝑒𝑒 ∈ 𝐸𝐸 (19) 

Obviously, the gas cannot flow through a pipe that does not exist. Therefore, a 

binary variable, 𝑦𝑦𝑖𝑖,𝑗𝑗,𝑟𝑟, is introduced to indicate whether there is a pipe between 
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nodes 𝑖𝑖 and 𝑗𝑗 or not. Each pipe connecting two nodes can have a different diameter 

type, 𝑟𝑟 ∈ 𝑅𝑅.  Also the direction of the gas flow in the pipe is considered by 

introducing two binary variables specifying the change of the flow direction, 

𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 and 𝑏𝑏𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒. To guarantee that the gas flow direction can change between 

the periods and that there is only one direction selected during the period, a 

constraint satisfying this is introduced 

𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 + 𝑏𝑏𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 = 𝑦𝑦𝑖𝑖,𝑗𝑗,𝑟𝑟     ∀𝑖𝑖, 𝑗𝑗 ∈ 𝐼𝐼, ∀𝑟𝑟 ∈ 𝑅𝑅,∀𝑒𝑒 ∈ 𝐸𝐸 |  𝑖𝑖 ≠ 𝑗𝑗      (20)                                                                   

There cannot be any mass flow through a pipe if there is no active binary variable 

for the gas flow direction, which is considered by the constraint 

𝑚𝑚𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 ≤ 𝑀𝑀 ∙ �𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 + 𝑏𝑏𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒�      ∀𝑖𝑖, 𝑗𝑗 ∈ 𝐼𝐼,∀𝑟𝑟 ∈ 𝑅𝑅,∀𝑒𝑒 ∈ 𝐸𝐸 | 𝑖𝑖 ≠ 𝑗𝑗    (21)     

where 𝑀𝑀 denotes a sufficiently big number (“big M formulation). The possibility 

of changing the gas flow direction has to be reflected also in the pressure drop 

equations. Each compressor has a suction, (𝑖𝑖 ∈ 𝐼𝐼suc), and discharge node, (𝑖𝑖 ∈

𝐼𝐼dis). All nodes, except for the compressor nodes, can be used to receive gas and 

to possibly inject gas (sending the gas further along the pipeline) at the same time. 

The suction node can only receive gas and the discharge point only sends gas 

further. The same two direction binaries, 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒  and  𝑏𝑏𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 which were used in 

Eq. 20 and 21 are used in the reformulation of the pressure drop equation (Eq. 1). 

As only one can be active at a  time (cf. Eq. 20), it tightens the pressure bounds in 

one direction while the inactive one relaxes the remaining two equations 

describing the pressure drop in the other direction. The binary variable 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 

becomes active if gas flows from node 𝑖𝑖 to node 𝑗𝑗 (i.e., 𝑝𝑝𝑖𝑖 > 𝑝𝑝𝑗𝑗), as is shown in the 

nonlinear constraints 
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𝑝𝑝𝑗𝑗,𝑒𝑒
2 ≥ 𝑝𝑝𝑖𝑖,𝑒𝑒2 − 𝑝𝑝𝑖𝑖,𝑒𝑒 ∙ 𝜁𝜁 ∙

𝑙𝑙𝑖𝑖,𝑗𝑗
𝑑𝑑𝑟𝑟
∙ 𝜌𝜌𝑖𝑖,𝑒𝑒 ∙ �

𝑚𝑚𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑝𝑝
1
4∙𝜌𝜌𝑖𝑖,𝑝𝑝∙𝜋𝜋∙𝑑𝑑𝑟𝑟

2�
2

+ �1 − 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒� ∙ 𝑀𝑀              (22a) 

𝑝𝑝𝑗𝑗,𝑒𝑒
2 ≥ 𝑝𝑝𝑖𝑖,𝑒𝑒2 − 𝑝𝑝𝑖𝑖,𝑒𝑒 ∙ 𝜁𝜁 ∙

𝑙𝑙𝑖𝑖,𝑗𝑗
𝑑𝑑𝑟𝑟
∙ 𝜌𝜌𝑖𝑖,𝑒𝑒 ∙ �

𝑚𝑚𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑝𝑝
1
4∙𝜌𝜌𝑖𝑖,𝑝𝑝∙𝜋𝜋∙𝑑𝑑𝑟𝑟

2�
2

− �1 − 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒� ∙ 𝑀𝑀              (22b) 

                               ∀𝑗𝑗 ∈ 𝐼𝐼rec,∀𝑖𝑖 ∈ 𝐼𝐼send ,∀𝑟𝑟 ∈ 𝑅𝑅 | 𝑖𝑖send ≠ 𝑗𝑗rec, 𝑙𝑙𝑖𝑖send ,𝑗𝑗rec > 0  

The pressure drop calculation is deactivated in the compressor stations by 

introducing the condition for minimum length between the nodes where the 

pressure drop is calculated, 𝑙𝑙𝑖𝑖send,𝑗𝑗rec > 0.  If the gas flows from the other 

direction, i.e., from 𝑗𝑗 to 𝑖𝑖, and for the pressures holds 𝑝𝑝𝑗𝑗 > 𝑝𝑝𝑖𝑖 and the binary 

variable 𝑏𝑏𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 = 1, the constraints are then 

𝑝𝑝𝑖𝑖,𝑒𝑒2 ≤ 𝑝𝑝𝑗𝑗,𝑒𝑒
2 − 𝑝𝑝𝑗𝑗,𝑒𝑒 ∙ 𝜁𝜁 ∙

𝑙𝑙𝑗𝑗,𝑖𝑖

𝑑𝑑𝑟𝑟
∙ 𝜌𝜌𝑗𝑗,𝑒𝑒 ∙ �

𝑚𝑚𝑗𝑗,𝑖𝑖,𝑟𝑟,𝑝𝑝
1
4∙𝜌𝜌𝑗𝑗,𝑝𝑝∙𝜋𝜋∙𝑑𝑑𝑟𝑟2

�
2

+ �1 − 𝑏𝑏𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒� ∙ 𝑀𝑀  (22c) 

𝑝𝑝𝑖𝑖,𝑒𝑒2 ≥ 𝑝𝑝𝑗𝑗,𝑒𝑒
2 − 𝑝𝑝𝑗𝑗,𝑒𝑒 ∙ 𝜁𝜁 ∙

𝑙𝑙𝑗𝑗,𝑖𝑖

𝑑𝑑𝑟𝑟
∙ 𝜌𝜌𝑗𝑗,𝑒𝑒 ∙ �

𝑚𝑚𝑗𝑗,𝑖𝑖,𝑟𝑟,𝑝𝑝
1
4∙𝜌𝜌𝑗𝑗,𝑝𝑝∙𝜋𝜋∙𝑑𝑑𝑟𝑟2

�
2

− �1 − 𝑏𝑏𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒� ∙ 𝑀𝑀 (22d) 

∀𝑗𝑗 ∈ 𝐼𝐼rec,∀𝑖𝑖 ∈ 𝐼𝐼send ,∀𝑟𝑟 ∈ 𝑅𝑅 | 𝑖𝑖send ≠ 𝑗𝑗rec, 𝑙𝑙𝑖𝑖send,𝑗𝑗rec > 0   

The density at each node of the pipe is based on Eq. 2 

𝜌𝜌𝑖𝑖,𝑒𝑒 = 𝑝𝑝𝑖𝑖,𝑝𝑝∙𝑀𝑀�

𝑅𝑅𝑔𝑔∙𝑇𝑇
;       𝜌𝜌𝑗𝑗,𝑒𝑒 = 𝑝𝑝𝑗𝑗,𝑝𝑝∙𝑀𝑀�

𝑅𝑅𝑔𝑔∙𝑇𝑇
      ∀𝑖𝑖, 𝑗𝑗 ∈ 𝐼𝐼 | 𝑖𝑖 ≠ 𝑗𝑗 (23) 

Based on Eq. 8, the temperature of the gas leaving the ideal compressor stage is 

𝑇𝑇�𝑖𝑖,𝑒𝑒   =    𝑇𝑇amb,𝑒𝑒 ∙ �
𝑝𝑝𝑗𝑗,𝑝𝑝

𝑝𝑝𝑖𝑖,𝑝𝑝
�

𝑅𝑅𝑔𝑔
𝑀𝑀 ����𝑠𝑠𝑝𝑝       ∀𝑖𝑖 ∈ 𝐼𝐼suc,∀𝑗𝑗 ∈ 𝐼𝐼dis,∀𝑒𝑒 ∈ 𝐸𝐸 | 𝑖𝑖 ≠ 𝑗𝑗         (24) 

Since the resulting model already contains a large number of real, integer and 

binary variables, their number should be constrained to keep the computational 

complexity reasonable. It is not necessary to allow for connections between any 
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two nodes, so the number of possible connections is limited by a constraint, where 

a parameter 𝑁𝑁𝑖𝑖,𝑗𝑗 = 1 if the given predetermined connection is possible and 𝑁𝑁𝑖𝑖,𝑗𝑗 =

0 if it is not, 

𝑦𝑦𝑖𝑖,𝑗𝑗,𝑟𝑟 ≤ 𝑁𝑁𝑖𝑖,𝑗𝑗     ∀𝑖𝑖, 𝑗𝑗 ∈ 𝐼𝐼,∀𝑟𝑟 ∈ 𝑅𝑅 | 𝑖𝑖 ≠ 𝑗𝑗 (25)   

Furthermore, the length of the pipe connections between two nodes cannot be 

above a given maximum value to prevent unnecessarily long pipeline connections.   

𝑦𝑦𝑖𝑖,𝑗𝑗,𝑟𝑟𝑙𝑙𝑖𝑖𝑗𝑗 ≤ 𝑙𝑙max     ∀𝑖𝑖, 𝑗𝑗 ∈ 𝐼𝐼, ∀𝑟𝑟 ∈ 𝑅𝑅 | 𝑖𝑖 ≠ 𝑗𝑗    (26)     

The model also identifies already existing pipelines by guaranteeing that the 

binary 𝑦𝑦𝑖𝑖,𝑗𝑗,𝑟𝑟 = 1 for such connections. The connection are not included when the 

pipe investment cost is calculated. 

The objective in this model is to minimize the operational and investment costs. 

The operational costs consist of the cost of fuel, 𝐶𝐶fuel, and the cost of the gas 

compression, 𝐶𝐶comp. For the case of simplicity, maintenance costs are not 

included. 

The fuel cost during a given time period includes the cost for the NG, regasified 

LNG and alternative fuel delivered in the period 

𝐶𝐶fuel,𝑒𝑒 = 𝐶𝐶NG,𝑒𝑒 + 𝐶𝐶LNG,𝑒𝑒 + 𝐶𝐶alt,𝑒𝑒  ∀𝑒𝑒 ∈ 𝐸𝐸    (27)    

where the cost of natural gas, 𝐶𝐶NG,𝑒𝑒 = ∑  𝑆𝑆𝑖𝑖,𝑒𝑒 NG𝑣𝑣NG𝑖𝑖∈𝐼𝐼 , is a function of the unit cost 

of the natural gas, 𝑣𝑣NG, and the amount supplied,  𝑆𝑆𝑖𝑖,𝑒𝑒 NG. Similarly, the cost for 

LNG is 𝐶𝐶LNG,𝑒𝑒 = ∑ 𝑆𝑆𝑖𝑖,𝑒𝑒LNG𝑣𝑣LNG𝑖𝑖∈𝐼𝐼  and for the alternative fuel 𝐶𝐶alt,𝑒𝑒 =

∑ 𝑚𝑚𝑖𝑖,𝑒𝑒
alt𝑣𝑣alt𝑖𝑖∈𝐼𝐼 .  The amounts of the supplied fuels are obtained from the solutions 

for the mass balance equation (Eq. 15) and the energy balance equation (Eq. 19).   
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The cost for gas compression is obtained from the energy needed during the 

period, which is expressed as a function of the mass flow through a compressor, 

the difference between the real temperature of the gas after compression, 𝑇𝑇𝑖𝑖,𝑒𝑒, and 

the ambient temperature, 𝑇𝑇amb,𝑒𝑒, and the unit cost of power, 𝑣𝑣pow 

𝐶𝐶comp,𝑖𝑖,𝑒𝑒 = 𝑡𝑡𝑒𝑒𝑣𝑣pow 𝑐𝑐𝑝𝑝 𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒�𝑇𝑇𝑖𝑖,𝑒𝑒 − 𝑇𝑇amb,𝑒𝑒�   (28) 

   ∀𝑖𝑖 ∈ 𝐼𝐼suc ,∀𝑗𝑗 ∈ 𝐼𝐼dis ,∀𝑒𝑒 ∈ 𝐸𝐸  

The cost for compression of the gas in the nodes where LNG is regasfied, 

compressed from the atmospheric pressure to the desired one and injected into 

the pipeline is calculated in the same way, only considering the 𝑛𝑛 compression 

stages needed.  The cost of compression at a supply node in time period 𝑒𝑒 is  

𝐶𝐶comp,𝑖𝑖,𝑒𝑒
LNG = 𝑡𝑡𝑒𝑒 𝑣𝑣pow 𝑐𝑐𝑝𝑝 𝑛𝑛 𝑆𝑆𝑖𝑖,𝑒𝑒LNG �𝑇𝑇𝑖𝑖,𝑒𝑒 − 𝑇𝑇amb,𝑒𝑒�     (29) 

∀𝑖𝑖 ∈ 𝐼𝐼sup ,∀𝑒𝑒 ∈ 𝐸𝐸                  

In addition to the operation costs, the investment cost for the new pipes built is 

considered, by  taking the overall pipeline cost, subtracting the cost of the already 

existing pipes. The pipeline cost, 𝐶𝐶pipe, is then discounted over K years with an 

interest rate 𝑢𝑢 to make the operation costs and investment costs comparable as 

costs incurring during one year  

𝐶𝐶pipe = �∑ ∑ ∑ 𝑙𝑙𝑖𝑖,𝑗𝑗𝑣𝑣𝑟𝑟 𝑦𝑦𝑖𝑖,𝑗𝑗,𝑟𝑟𝑟𝑟∈𝑅𝑅𝑗𝑗∈𝐼𝐼𝑖𝑖∈𝐼𝐼 −∑ ∑ ∑ 𝑙𝑙𝑖𝑖,𝑗𝑗𝑣𝑣𝑟𝑟 𝑧𝑧𝑖𝑖,𝑗𝑗,𝑟𝑟𝑟𝑟∈𝑅𝑅𝑗𝑗∈𝐼𝐼𝑖𝑖∈𝐼𝐼 �
 (1+𝑢𝑢)−𝐾𝐾  | 𝑖𝑖 ≠ 𝑗𝑗   (30) 

The minimization of the overall costs during a whole year is finally expressed as 

min �𝐶𝐶tot = 𝐶𝐶pipe + ∑ (𝐶𝐶fuel,𝑒𝑒 + ∑ 𝐶𝐶comp,𝑖𝑖,𝑒𝑒𝑖𝑖∈𝐼𝐼sup + ∑ 𝐶𝐶comp,𝑖𝑖,𝑒𝑒𝑖𝑖∈𝐼𝐼suc )𝑒𝑒∈𝐸𝐸 �  (31) 

The MINLP model is solved with the help of AIMMS software, which allows 

representing the optimization graphically 135. The MINLP solver applies the outer 
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approximation algorithm 136. CPLEX 12.6 137 is used to solve the MIP sub-problem 

and MINOS 138 solver on the NLP sub-problem. The solution of NLP and MINLP 

cannot ensure that the global optimum is found since the problems may be non-

convex. However, local optimality is guaranteed. Use of a solver for global 

optimization of non-convex problems, such as BARON 139, would lead to much 

longer solution time without a guarantee that the global optimization is found. It 

is important to stress that each node included in the network introduces more 

binary variables. In addition, each binary constraint added to the model increases 

the computational time.  

4.2.2 MINLP Case study 

The MINLP model was used to solve an optimization problem considering 

potential extensions of the Finnish natural gas pipeline. In the formulation, the 

use of two types of pipes for each pipe diameter allows for parallel pipes of the 

same size. The number of parallel pipes is limited to two and the maximum length 

of a pipe segment between two nodes is 170 km to decrease the number of binaries 

in the model. The pressures in the pipes are taken to be between 30 and 54 bar. 

The investment cost (Eq. 30) is discounted by an interest rate of 𝑢𝑢 = 0.05 over 

𝐾𝐾 = 30 years, Figure 14 depicts the existing connections and possible extensions. 

The pipe diameters are 0.5 m (𝑟𝑟 =  I, II), 0.6 m (𝑟𝑟 = II, III), 0.7 m (𝑟𝑟 = VI, V), 

and 0.8 m (𝑟𝑟 = VII, VIII). The case study model is based on publicly available data 

describing the Finnish natural gas network. 71,73,133,134 For investments of the kind 

studied in this thesis, it is common to use a long lifetime and a low interest rate.  
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Figure 14 MINLP case study: Existing connections, compressors and extensions 

Since it is difficult to obtain accurate information about investment costs, the 

values were assumed based on public data on related systems and general 

engineering knowledge.  LNG can be injected in three nodes (18, 25, 26) and the 

amount of injected regasified LNG is limited in each node to 20 kg/s due to the 

assumed capacity limitations. The gas flow from Russia is limited to 200 kg/s. 

Demand during three periods is considered (winter, spring/autumn, summer).  

It is also difficult to predict future fuel prices on the market. Therefore, the prices 

of the LNG and alternative fuels are varied between 10 €/MWh, 20 €/MWh, 30 

€/MWh and 40 €/MWh to study the influence of the fuel cost on the resulting 

optimal network structure. The type of alternative fuel used in this study is not 

specified, but it is assumed to be of similar properties as natural gas in the pipeline 

and therefore the two fuels are interchangeable. The formulation of the model 

allows for adding alternative fuel sources, such as coal or oil. However, the use of 
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such fuels would require a consideration of the conversion technology used at the 

customers.  

In the present model, the costs for the alternative fuel infrastructure and the 

operation at the suppliers’ site are not included; only the unit price of the fuel is 

considered.   The price of Russian gas is kept constant at 𝑣𝑣NG = 20 €/MWh (0.278 

€/kg) as well as the price of power needed for compression, 𝑣𝑣pow = 67 €/MWh. 

The resulting objective function considers the investment costs (new pipes 

installed) and the operational costs (cost of the fuel, cost of energy needed for the 

compression of the gas). Maintenance costs were not considered in the study. The 

case study with 26 nodes results in an optimization problem with about 62,000 

variables, out of which about 38,000 are binary ones. Almost half of the 97,000 

constraints are non-linear. 

The influence of the fuel price on the optimal network structure is graphically 

illustrated in Figure 15. For relatively low alternative fuel prices, no new 

connections are built since all the demand in the extension nodes is satisfied by 

the supply of alternative fuel (red circles). However, with an increase in the 

alternative fuel price, new connections become more attractive (blue circles) and 

regasified LNG injection becomes favorable (red crosses and white squares) when 

the LNG price approaches the price of the Russian gas.  

In case the alternative and LNG fuel prices become equal and are clearly above the 

price of the Russian gas, it is more economical to build a connection to node 26 

(green circle) and supply the gas by a pipe.  
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Figure 15 Optimal network configurations for 16 combinations of the price of LNG 
and alternative fuel. Numbers in legends refer to the locations in Fig. 14. 
Regasification of LNG from the ports in Turku and Inkoo is expressed by symbols 
(squares or crosses) in the circles. 

Both the changes in the network structure and the seasonal changes in the demand 

influence the compression in the compressor stations as well as on the amount of 

NG supplied to the customers. Higher fuel demand especially during the cold 

period, compression costs and new extensions contribute to a higher overall cost, 

which is the objective.  Due to capacity reasons, new parallel pipes are built: they 

decrease the pressure drop, reduce the compression need and make it possible to 

deliver higher amounts of gas to the customers.  The new network structures are 

illustrated in Figure 16.  
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Figure 16 Optimal network structure for the cases corresponding to the group of 
solutions depicted by a) red, b) green and c) blue circles in Fig. 14. (Background 
map source © OpenStreetMap contributors) 

The MINLP model presented in Paper II is more flexible than the NLP model. 

Besides the pressure, fuel amounts and mass flow directions, it allows for finding 

the optimal fuel combinations, extensions of connections and supply schemes. 

The model is suited to solve complex gas distribution problems while considering 

the changes in technology, fuels and in the conditions. However, the 

computational load increases considerably with the amount of binary variables. 
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4.3 MILP formulation (Paper III) 

The MINLP model makes it possible to optimize complex gas distribution 

problems with non-linear expressions, also considering changes in the energy 

demand and supply and possible new extensions of the distribution infrastructure. 

However, an MILP problem formulation would allow the use of more efficient 

solvers and would ensure that a globally optimal solution is found. Piecewise 

linearization of the non-linear model parts makes it possible to solve the problem 

more efficiently, still preserving the main non-linear features of the gas 

distribution. In the linearized model it is possible to efficiently find optimal 

extensions to demand and supply points, determine the optimal flow direction as 

well as the suitable pressure and compression levels, and it is, furthermore, also 

feasible to optimize the distribution network for a multi-period operation.  

4.3.1 Linearization of the MINLP model 

One of the main non-linear equations in the model is the expression Eq. 1 of the 

pressure drop in the pipe. In order to allow for flow in two directions, this equation 

was reformulated in the MINLP model (Paper II) by adding two new binary 

variables determining (Eq. 20) and expressions of the pressures in the inlet and 

outlet of the pipe (Eq. 22 a, b, c, d) . These expressions have to be linearized for 

each of the possible pipe diameters separately. After substituting the density, 𝜌𝜌𝑖𝑖,𝑒𝑒, 

with the right hand side of the expression in Eq. 2, it is possible to separate the 

non-linear terms in the Equations 22a-d. A new term, 𝛾𝛾 =
𝑚𝑚𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑝𝑝
2 ∙𝜁𝜁
𝑑𝑑𝑟𝑟5

 , and,  Π𝑖𝑖,𝑒𝑒 =

𝑝𝑝𝑖𝑖,𝑒𝑒2 , the squared pressure, are introduced to yield the expressions 

Π𝑗𝑗,𝑒𝑒 ≤ Π𝑖𝑖,𝑒𝑒 − 16 ∙ 𝑙𝑙𝑖𝑖,𝑗𝑗 ∙ 𝑅𝑅𝑔𝑔 ∙ 𝑇𝑇amb,𝑒𝑒 ∙
1

𝜋𝜋2∙𝑀𝑀�
∙ 𝛾𝛾𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 + �1 − 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒� ∙ 𝑀𝑀 (32a) 
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Π𝑗𝑗,𝑒𝑒 ≥ Π𝑖𝑖,𝑒𝑒 − 16 ∙ 𝑙𝑙𝑖𝑖,𝑗𝑗 ∙ 𝑅𝑅𝑔𝑔 ∙ 𝑇𝑇amb,𝑒𝑒 ∙
1

𝜋𝜋2∙𝑀𝑀�
∙ 𝛾𝛾𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 − �1 − 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒� ∙ 𝑀𝑀 (32b) 

Π𝑖𝑖,𝑒𝑒 ≤ Π𝑗𝑗,𝑒𝑒 − 16 ∙ 𝑙𝑙𝑖𝑖,𝑗𝑗 ∙ 𝑅𝑅𝑔𝑔 ∙ 𝑇𝑇amb,𝑒𝑒 ∙
1

𝜋𝜋2∙𝑀𝑀�
∙ 𝛾𝛾𝑗𝑗,𝑖𝑖,𝑟𝑟,𝑒𝑒 + �1 − 𝑏𝑏𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒� ∙ 𝑀𝑀  (32c) 

Π𝑖𝑖,𝑒𝑒 ≥ Π𝑗𝑗,𝑒𝑒 − 16 ∙ 𝑙𝑙𝑖𝑖,𝑗𝑗 ∙ 𝑅𝑅𝑔𝑔 ∙ 𝑇𝑇amb,𝑒𝑒 ∙
1

𝜋𝜋2∙𝑀𝑀�
∙ 𝛾𝛾𝑗𝑗,𝑖𝑖,𝑟𝑟,𝑒𝑒 − �1 − 𝑏𝑏𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒� ∙ 𝑀𝑀 (32d) 

       ∀𝑗𝑗 ∈ 𝐼𝐼rec,∀𝑖𝑖 ∈ 𝐼𝐼send ,∀𝑟𝑟 ∈ 𝑅𝑅 | 𝑖𝑖send ≠ 𝑗𝑗rec, 𝑙𝑙𝑖𝑖send,𝑗𝑗rec > 0 

These equations are subjected to piecewise linearization 140, in slightly 

reformulated form so it can be applied also when there is a change of flow 

direction in the pipe. The piecewise linearization approximates the non-linear 

term 𝛾𝛾 in the pressure drop equation by discretizing the function into a given 

number of segments, using the continuous variables 0 ≤Λ𝑠𝑠 ≤ 1 to define the 

interpolation between the given grid points. The selected grid-point parameters 

are, 𝑚𝑚�𝑠𝑠,𝑟𝑟,  the mass flow, and the corresponding values of the non-linear function 

𝛾𝛾�𝑠𝑠,𝑟𝑟. The interpolating variables are determined as 

𝑚𝑚𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 = ∑ Λ𝑠𝑠,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 ∙ 𝑚𝑚�𝑠𝑠,𝑟𝑟
𝑜𝑜
𝑠𝑠=1   (33a) 

The linearized function is now given as 

𝛾𝛾𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 = ∑ Λ𝑠𝑠,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 ∙ 𝛾𝛾�𝑠𝑠,𝑟𝑟
𝑜𝑜
𝑠𝑠=1   (33b) 

The linearization steps have to be arranged in a given order represented by the 

ordinal number s. In this way it is guaranteed that both the variable𝑠𝑠 Λs and the 

linearization segments are adjacent. The piecewise linearization of 𝛾𝛾 in five grid 

points for a pipe of diameter 0.5 m and the mass flow between 0 kg/s and 19 kg/s 

is illustrated in Figure 17. 
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Figure 17 Piecewise linearization of the non-linear term 𝛾𝛾, for a pipe of 0.5 m 
diameter and flows between 0 and 19 kg/s. Blue dots depict the linearization grid 
points. Blue lines are the interpolations between the grid points and the red line 
illustrates the real function. 

Binary variables  𝛼𝛼𝑠𝑠 ∈  {0,1} are applied to identify in which segment (between 

which points) the interpolation is performed; the s:th segment is selected if 𝛼𝛼𝑠𝑠 =

1. To connect the interpolation variables and the segment defining binaries, the 

following conditions are formulated: 

Λ1,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 ≤  𝛼𝛼1,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒  (33c) 

Λ𝑠𝑠,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 ≤  𝛼𝛼𝑠𝑠−1,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 + 𝛼𝛼𝑠𝑠,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒  ;   𝑠𝑠 = 2, … , 𝑜𝑜 − 1   (33d) 

Λ𝑜𝑜,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 ≤  𝛼𝛼𝑜𝑜−1,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒  (33e) 

Naturally, it is not necessary to calculate the pressure drop or to consider the 

direction of the flow in pipes that do not exist. Therefore, for non-existent pipes 
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or for pipes in which there is no flow, the continuous variable  Λ𝑠𝑠 and binary 

variable 𝛼𝛼𝑠𝑠 become zero by 

∑ Λ𝑠𝑠,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒
𝑜𝑜
𝑠𝑠=1 = 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 + 𝑏𝑏𝑗𝑗,𝑖𝑖,𝑟𝑟,𝑒𝑒 (33f) 

∑ 𝛼𝛼𝑠𝑠,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒
𝑜𝑜−1
𝑠𝑠=1 = 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 + 𝑏𝑏𝑗𝑗,𝑖𝑖,𝑟𝑟,𝑒𝑒  (33g) 

The linearization of the squared pressure terms Π𝑖𝑖,𝑒𝑒 is done in the same way as for 

the pressure drop. The grid points Π�𝑠𝑠 and the exact linearized function value at 

the grid points 𝑝𝑝�𝑠𝑠 are used in the linearization to obtain the pressure 𝑝𝑝𝑖𝑖,𝑒𝑒. Binary 

variables that identify the correct segment and the continuous variables 𝜆𝜆𝑠𝑠,𝑖𝑖,𝑒𝑒 

approximate the pressure value 𝑝𝑝𝑖𝑖,𝑒𝑒  as 

Π𝑖𝑖,𝑒𝑒 = ∑ 𝜆𝜆𝑠𝑠,𝑖𝑖,𝑒𝑒 ∙ Π�𝑠𝑠𝑜𝑜
𝑠𝑠=1  (34a) 

𝑝𝑝𝑖𝑖,𝑒𝑒 = ∑ 𝜆𝜆𝑠𝑠,𝑖𝑖,𝑒𝑒 ∙ 𝑝𝑝�𝑠𝑠𝑜𝑜
𝑠𝑠=1        (34b) 

∑ 𝜆𝜆𝑠𝑠,𝑖𝑖,𝑒𝑒
𝑜𝑜
𝑠𝑠=1 = 1  (34c) 

∑ 𝛽𝛽𝑠𝑠,𝑖𝑖,𝑒𝑒
𝑜𝑜−1
𝑠𝑠=1 = 1 (34d) 

𝜆𝜆1,𝑖𝑖,𝑒𝑒 ≤  𝛽𝛽𝑠𝑠,𝑖𝑖,𝑒𝑒  (34e) 

𝜆𝜆𝑠𝑠,𝑖𝑖,𝑒𝑒 ≤  𝛽𝛽𝑠𝑠−1,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 + 𝛽𝛽𝑠𝑠,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒 ;    𝑠𝑠 = 2, … , 𝑜𝑜 − 1  (34f) 

𝜆𝜆𝑜𝑜,𝑖𝑖,𝑒𝑒 ≤  𝛽𝛽𝑜𝑜−1,𝑖𝑖,𝑗𝑗,𝑟𝑟,𝑒𝑒  (34g) 

In the piecewise linearization the number of the segments and their size play a 

decisive role for the overall accuracy of the linearization. More segments of smaller 

size give more accurate results than a smaller number of larger segments, but each 

segment introduces an additional binary variable, which, in turn, affects the 

problem complexity and the solution time. A compromise between these two 

aspects has to be made and the decision was made by considering the 
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approximation error. The error was calculated as a squared difference between the 

original “real” values and the linearized function values. The accuracy was found 

to be sufficient with already five segments, as can be seen in Table 2 summarizing 

the maximum absolute error and the mean squared deviation (RMSD) for both 

piecewise linearized equations (Eq. 33 and 34).  

Table 2 Maximum absolute error and RMSD in the approximation by piecewise 
linearized functions 

Function Error Number of segments 

  3 4 5 

Eq. (33a-g) Maximum [kg2 m-5 s-2] 63.5  28.7 16.4 

 RMSD [kg2 m-5 s-2] 31.4 14.0 63.0 

     
Eq. (34a-g) Maximum [kPa] 58.7 27.85 16.4 

 RMSD [kPa] 37.5 16.82 9.5 

     

4.3.2 Bilinear interpolation for compression linearization 

Linearization of equations describing the temperature after ideal compression 

(Eq. 24) and of the power needed for the compression (Eq. 10) is more 

complicated. Equation 24 contains a ratio and Eq. 10 a product of two continuous 

variables.  Möller 96 and Martin et al. 97 proposed a linearization of higher 

dimensional functions with the help of triangulation of a rectangle, but this 

procedure involves an introduction of many binary variables specifying each grid 

point. To limit the number of binary variables and the computational load, 

bilinear interpolation was applied instead. Each search space is divided into 
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rectangular segments by first defining the grid points, as illustrated using 4x4 

segments for a bilinear function in Figure 18.  

 

Figure 18 Left: Bilinear interpolation on 4 x 4 segments. Right: Function value 
definition in a segment given by mass flow rate and the temperature.  

A linear function was fitted by least squares Tt each discretized data point in the 

corner and in the center within a given segment, 𝑧𝑧. Like in the previous piecewise 

linearization, a binary variable, 𝑘𝑘𝑧𝑧, selects which of the segments, 𝑧𝑧, that is active.  

The bilinear term in Eq. 24, 𝑔𝑔 =  �𝑝𝑝𝑗𝑗,𝑝𝑝
𝑝𝑝𝑖𝑖,𝑝𝑝

�
𝑅𝑅𝑔𝑔
𝑀𝑀 ����𝑠𝑠𝑝𝑝, where both the discharge, 𝑝𝑝𝑖𝑖,  and the 

suction pressure, 𝑝𝑝𝑗𝑗 , are (continuous) variables of the optimization, is 

approximated  with the help of the parameters 𝜑𝜑 as 

𝜑𝜑𝑧𝑧,0 + 𝜑𝜑𝑧𝑧,1𝑝𝑝𝑖𝑖,𝑒𝑒 +  𝜑𝜑𝑧𝑧,2𝑝𝑝𝑗𝑗,𝑒𝑒 + 𝑀𝑀 ∙ �1 − 𝑘𝑘𝑧𝑧,𝑖𝑖,𝑗𝑗,𝑒𝑒� ≥ 𝑔𝑔𝑧𝑧,𝑖𝑖,𝑒𝑒 ≥  

    𝜑𝜑𝑧𝑧,0 +  𝜑𝜑𝑧𝑧,1𝑝𝑝𝑖𝑖,𝑒𝑒 + 𝜑𝜑𝑧𝑧,2𝑝𝑝𝑗𝑗,𝑒𝑒 − 𝑀𝑀 ∙ �1 − 𝑘𝑘𝑧𝑧,𝑖𝑖,𝑗𝑗,𝑒𝑒�     ∀𝑖𝑖 ∈ 𝐼𝐼suc,∀𝑗𝑗 ∈ 𝐼𝐼dis,∀𝑒𝑒 ∈

𝐸𝐸 | 𝑖𝑖 ≠ 𝑗𝑗   (35a) 

The value in each segment is between a higher and lower limit, which are the grid 

points of each segment. 

𝑝𝑝𝑖𝑖,𝑧𝑧
high + 𝑀𝑀 ∙ (1 − 𝑘𝑘𝑧𝑧,𝑖𝑖,𝑒𝑒) ≥ 𝑝𝑝𝑖𝑖,𝑒𝑒 ≥ 𝑝𝑝𝑖𝑖,𝑧𝑧low −𝑀𝑀 ∙ (1 − 𝑘𝑘𝑧𝑧,𝑖𝑖,𝑒𝑒)        (35b) 
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∀𝑖𝑖 ∈ 𝐼𝐼suc,∀𝑒𝑒 ∈ 𝐸𝐸 | 𝑖𝑖 ≠ 𝑗𝑗 

𝑝𝑝𝑗𝑗,𝑧𝑧
high + 𝑀𝑀 ∙ (1 − 𝑘𝑘𝑧𝑧,𝑗𝑗,𝑒𝑒) ≥ 𝑝𝑝𝑗𝑗,𝑒𝑒 ≥ 𝑝𝑝𝑗𝑗,𝑧𝑧

low −𝑀𝑀 ∙ (1 − 𝑘𝑘𝑧𝑧,𝑗𝑗,𝑒𝑒)       (35c) 

∀𝑗𝑗 ∈ 𝐼𝐼dis,∀𝑒𝑒 ∈ 𝐸𝐸 | 𝑖𝑖 ≠ 𝑗𝑗 

Naturally, the function value can be found only in one active segment at a time, so 

∑ 𝑘𝑘𝑧𝑧,𝑖𝑖,𝑗𝑗,𝑒𝑒 = 1 𝑧𝑧          ∀𝑖𝑖 ∈ 𝐼𝐼suc,∀𝑗𝑗 ∈ 𝐼𝐼dis,∀𝑒𝑒 ∈ 𝐸𝐸 | 𝑖𝑖 ≠ 𝑗𝑗 (35d) 

The temperature after ideal compression is then 

𝑇𝑇�𝑖𝑖,𝑒𝑒   =    𝑇𝑇amb,𝑒𝑒 ∙ 𝑔𝑔𝑧𝑧,𝑖𝑖,𝑒𝑒             ∀𝑖𝑖 ∈ 𝐼𝐼suc,∀𝑒𝑒 ∈ 𝐸𝐸  (36) 

In a similar way, the approximation of the bilinear term ℎ = 𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒 ∙ 𝑇𝑇𝑖𝑖,𝑒𝑒  in Eq. 10 

is given as 

𝜓𝜓𝑧𝑧,0 +𝜓𝜓𝑧𝑧,1𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒 +  𝜓𝜓𝑧𝑧,2𝑇𝑇𝑖𝑖,𝑒𝑒 + 𝑀𝑀 ∙ �1 − 𝑛𝑛𝑧𝑧,𝑖𝑖,𝑗𝑗,𝑒𝑒� ≥ ℎ𝑧𝑧,𝑖𝑖,𝑒𝑒 ≥ 

     𝜓𝜓𝑧𝑧,0 +𝜓𝜓𝑧𝑧,1𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒 + 𝜓𝜓𝑧𝑧,2𝑇𝑇𝑖𝑖,𝑒𝑒 − 𝑀𝑀 ∙ �1 − 𝑛𝑛𝑧𝑧,𝑖𝑖,𝑗𝑗,𝑒𝑒�      (37a) 

∀𝑖𝑖 ∈ 𝐼𝐼suc,∀𝑗𝑗 ∈ 𝐼𝐼dis,∀𝑒𝑒 ∈ 𝐸𝐸 | 𝑖𝑖 ≠  𝑗𝑗 

The two continuous variables mass flow through a compressor node,  𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒 and 

the real temperature after the compression, 𝑇𝑇𝑖𝑖,𝑒𝑒, are constrained in an active 

segment by  

𝑇𝑇𝑖𝑖,𝑧𝑧
high + 𝑀𝑀 ∙ (1 − 𝑛𝑛𝑧𝑧,𝑖𝑖,𝑒𝑒) ≥ 𝑇𝑇𝑖𝑖,𝑒𝑒 ≥ 𝑇𝑇𝑖𝑖,𝑧𝑧low −𝑀𝑀 ∙ (1 − 𝑛𝑛𝑧𝑧,𝑖𝑖,𝑒𝑒)   (37b) 

𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒,𝑧𝑧
high + 𝑀𝑀 ∙ �1 − 𝑛𝑛𝑧𝑧,𝑗𝑗,𝑒𝑒� ≥ 𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒,𝑧𝑧 ≥ 𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒,𝑧𝑧

low −𝑀𝑀 ∙ �1 − 𝑛𝑛𝑧𝑧,𝑗𝑗,𝑒𝑒�  (37c) 

                                                         ∀𝑖𝑖 ∈ 𝐼𝐼suc,∀𝑗𝑗 ∈ 𝐼𝐼dis,∀𝑒𝑒 ∈ 𝐸𝐸 | 𝑖𝑖 ≠ 𝑗𝑗   

and a condition is added to guarantee that only one segment is active at a time 

∑ 𝑛𝑛𝑧𝑧,𝑖𝑖,𝑗𝑗,𝑒𝑒 = 1 𝑧𝑧      ∀𝑖𝑖 ∈ 𝐼𝐼suc,∀𝑗𝑗 ∈ 𝐼𝐼dis,∀𝑒𝑒 ∈ 𝐸𝐸 | 𝑖𝑖 ≠ 𝑗𝑗  (37d) 

The compression power needed is calculated as 
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𝑃𝑃comp,𝑖𝑖,𝑒𝑒 = 𝑡𝑡𝑒𝑒 𝑐𝑐𝑝𝑝 𝑚𝑚𝑖𝑖,𝑗𝑗,𝑒𝑒(𝑇𝑇𝑖𝑖,𝑒𝑒 − 𝑇𝑇amb,𝑒𝑒)                                 (38)  

∀𝑖𝑖 ∈ 𝐼𝐼suc,∀𝑗𝑗 ∈ 𝐼𝐼dis,∀𝑒𝑒 ∈ 𝐸𝐸 | 𝑖𝑖 ≠ 𝑗𝑗   

The approximation with 5 x 5 corner points and 4 x 4 segments provides quite 

accurate results, but the errors in the corner points of the segments are slightly 

higher.  

The linearized MILP model presented in Paper III was optimized with the help of 

AIMMS software using the Gurobi 6.4 solver. The MILP solution was compared 

with the results of the MINLP model and the agreement was deemed as good.  

4.3.3 Linearized model Case study 

The number of the nodes was lowered to 17. The gas source was in the node 1 and 

LNG gas injection was allowed from node 17 (𝑆𝑆17 = 20 kg/s). The network 

structure is depicted in Figure 19. The pressures were limited between 30 bar and 

54 bar. Like in the previous paper, the investment costs for the pipes were grossly 

estimated.  The interest rate for the discounting of the investment cost was 𝑢𝑢 =

0.05 and the investment time was 𝐾𝐾 = 30 years. Possible pipe diameters are as in 

the previous case 0.5 m (𝑟𝑟 =  I, II), 0.6 m (𝑟𝑟 = II, III), 0.7 m (𝑟𝑟 = VI, V), and 0.8 

m (𝑟𝑟 = VII, VIII). The maximum length of a connection between two nodes is 170 

km., and the price of the gas supplied from node 1 was kept constant (𝑣𝑣NG =

20 €/MWh).   
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Figure 19 MILP and MINL networks structure: compressors, existing and potential 
connections  

The price of the alternative fuel and the price of  LNG were varied to study the 

influence of the fuel price on the network structure and to compare the results 

with those of Paper II. The higher heating values and other properties were given 

for all the fuels. The alternative fuel price was varied from 11 €/MWh to 29 

€/MWh, and the LNG price from 9 €/MWh to 33 €/MWh, with steps of 3 €/MWh. 

The demand was varied between three periods with different average 

temperatures to consider the effect of seasonal changes. As in the previous case, 

the cost of the alternative fuel infrastructure is excluded from the objective 

function. The objective function comprises of the operational costs (fuel, energy 

needed for compression) and of the investment costs (pipe sections). Other 

investment costs are neglected in this study.  Linearization with five segments was 

found to be suitable to tackle this problem. Figure 20 illustrates the results of the 

49 scenarios studied.  
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Like in the results presented in Paper II, if the alternative fuel prices are low, it is 

not necessary to build new connections (blue circles). The demand in the 

unconnected nodes can be satisfied by the supply of alternative fuel. With an 

increasing alternative fuel price, the supply of LNG to substitute the alternative 

fuel in node 17 becomes more attractive (blue circles with dots). New connections 

are established as the alternative fuel price increases and regasified LNG is 

distributed along the network when the LNG price is lower than the alternative 

fuel price.  

 

Figure 20 Resulting network configurations for scenarios with variating alternative 
and LNG fuel price. New pipe connections (see Figure 19) are denoted by the colored 
circles, and a black dot in the middle of the circle denotes that LNG is supplied from 
node 17.  
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Yet, node 16 remains unconnected and is supplied by alternative fuel (red dots). 

When the LNG price becomes comparable to the price of natural gas supplied 

from node 1 and the alternative fuel price remains on a high level, a connection 

between nodes 16 and 17 is built and regasified LNG is supplied instead of the 

alternative fuel to the previously unconnected node (grey circles).  

Orange circles represent the connections between nodes 15, 16 and 17, which 

occur when the alternative fuel price is highest. Despite the higher price of 

alternative fuel, it is still distributed during the cold period to balance the demand 

in all of the previously mentioned cases. All of the changes in the network 

configurations also bring about a change in the compression need. This, together 

with the increasing fuel price and investment costs, leads to higher total costs. 

Optimization of the linearized MILP model presented in Paper III guarantees a 

robust solution of the complex gas distribution problem. A globally optimal 

solution is repeatable and this can prevent wrong decisions based on the non-

converging or prematurely interrupted solutions. The linearization was found to 

preserve all the important aspects of the non-linear model (flows direction, 

compression, changes of the fuels and delivery conditions) with good accuracy. 

Still, the computational demands become larger along with the binary variables 

added.  

4.4 Optimization of regional gas distribution (Papers IV and V) 

The main idea of the linearized MILP model is to make the optimization robust, 

guarantee a global minimum of the objective function and to apply it to optimize 

also other gas distribution problems, such as regional gas supply tasks. Regional 

gas distribution is not limited to the pipeline supply, but other ways of distribution 
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are also possible. Recently, several LNG port projects are considered or under way 

along the Finnish coastline. From these ports with LNG storages, the gas can be 

distributed locally by a pipeline after regasification and by using trucks to deliver 

the gas to remote customers. Depending on the customer’s demand, also smaller 

local storages could be built, where a small pipeline can supply the gas to the 

neighboring customers if the capacity of the storage suffices. Naturally, also 

fluctuations in the conditions and seasonal supply and demand have to be taken 

into account an optimal regional distribution network is designed. The size of the 

network and the means of transportation can also change over time. New 

suppliers can be integrated into the network, upgraded biogas can be injected and 

CNG can be distributed to customers that require smaller gas quantities in gas 

cylinders. If many different potential sources of gas are available the energy 

independence of the region is enhanced.  In the future, such regional distribution 

networks including pipelines may serve as a storage for a synthetic natural gas 

produced from the energy surplus in renewable resources. In formulating the 

problem mathematically, it is justified to allow for alternative supply of fuel(s) 

from other regions to describe the cases where there is a lack of local gas to satisfy 

the energy demands of the customers, or if the price of the locally available fuel is 

too high.  

The task tackled in Papers IV and Paper V is to find an optimal supply network 

consisting of pipes of various dimensions and lengths, compressors, regasification 

stations, storages, trucks and other elements necessary to distribute the gas to the 

customers. The objective function is the overall cost, including investment and 

operation costs. The investment costs include the cost of the new pipe sections, 

cost of the LNG truck loading facility and the LNG storages built at the customer’s 
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site. The operational costs include the cost for the fuel delivered, cost of energy 

needed for gas compression and the cost of the LNG truck transportation. In the 

case described in paper V, the cost of the CNG filling station and the CNG 

containers are added to the investment costs and the cost for the CNG truck 

transportation to the operational costs. The unit cost for truck transportation was 

estimated based on the prices for other types of transportation in Finland. The 

model can identify the optimal combination of a truck and pipeline distribution 

in a regional distribution network, considering its operation during multiple 

discrete periods. The model in Paper IV concentrates on the combination of gas 

distribution by pipeline and LNG by a truck, while the model of Paper V also 

considers the possibility to distribute CNG in special containers. The model can 

find an optimal solution for virgin supply chains and suggest improvements of 

already existing regional distribution networks.  Figure 21 graphically illustrates 

the task tackled by the model.  

 

Figure 21 Pipeline and truck gas distribution in a local network 



62 
 

4.4.1 MILP regional model 

In case the gas is transported from a local LNG port by a pipe, the gas has to be re-

gasified and compressed before it is introduced into the local pipeline. If this is the 

case, a binary variable for the installation of a gasification unit must be activated 

so that an investment cost for the gasification is added to the objective function. 

Naturally, the gasification capacity may be restricted. 

In some cases, it is not economically or technically feasible to supply the gas by 

pipeline. Instead, the gas can be supplied to the customers by trucks distributing 

either LNG or CNG in special containers. In addition, it is also possible that a 

supplier outside the region distributes the gas, e.g., in case of scarcity or high price 

of the local gas. For these alternatives, binary (“decision”) variables must be 

included in the model. For the distribution by pipeline, there is a binary variable 

𝑦𝑦𝑖𝑖,𝑗𝑗,𝑟𝑟 indicating the existence of a pipeline of type 𝑟𝑟 from node 𝑖𝑖 to node 𝑗𝑗. To 

express whether LNG from local port or alternative fuel from a source outside the 

region is used, binary variables are activated, 𝑓𝑓𝑖𝑖,LNG, and 𝑓𝑓𝑖𝑖,ALT. In the model these 

two can be activated simultaneously, indicating a truck supply from both sources 

to a node. However, since the alternative fuel is assumed to be LNG from the 

remote source, it is not logical to allow for a simultaneous delivery of CNG or gas 

by a pipe to the same customer since this would require investment in multiple 

gas handling infrastructure at the customer. Therefore, the constraint  

𝑦𝑦𝑖𝑖,𝑗𝑗,𝑟𝑟 + 1
2
𝑓𝑓𝑖𝑖,LNG + 1

2
𝑓𝑓𝑖𝑖,ALT + 𝑓𝑓𝑖𝑖,CNG ≤ 1 (39) 

is introduced. The amount of gas in the form of LNG or CNG supplied by a truck 

is then 

𝑚𝑚𝑖𝑖
truck =  𝐿𝐿ALT + 𝐿𝐿LNG + 𝐿𝐿CNG  (40) 
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Different costs are associated with gas distribution by truck than by pipe. Costs 

reflecting the distance travelled to the customers and the time needed for filling 

the trucks and unloading the gas at the customer´s node have to be taken into 

account. Furthermore, the trucks distributing LNG differ from trucks supplying 

containers filled with CNG with respect to both capacity and cost. The number of 

transports by truck to a customer is given by the customer’s energy demand, and 

the maximum capacity of the truck. This number is then multiplied by the hourly 

cost of transportation (considering the tanking and unloading at the delivery 

node) and the cost of transportation associated with the distance travelled.  

The equipment needed for the LNG truck transportation at the supplier’s side are 

loading lines, where LNG is loaded on the trucks. The number of such lines should 

be adequate to load enough trucks with LNG to satisfy the customers. In reality, 

the number is limited not only by their cost and the maximum number of trucks 

that they can fill during the day but also by their space demand. The investment 

cost for the LNG loading lines is the final number of loading lines multiplied by 

their unit cost.  

If a customer is supplied by LNG, it is necessary to have a storage of an adequate 

size at the customer’s site. The model makes no difference between the local and 

the alternative LNG from the remote port in this respect. As these storages are 

selected from a set of given sizes, it is possible to install multiple smaller storages 

at the node if needed. An integer variable, denoted here by 𝜅𝜅𝑖𝑖,𝜄𝜄, expresses the 

number the storages of type 𝜄𝜄 installed at the customer’s node  

∑ 𝜅𝜅𝑖𝑖,𝜄𝜄 ≥𝜄𝜄  1
2
𝑓𝑓𝑖𝑖,LNG + 1

2
𝑓𝑓𝑖𝑖,ALT (41) 
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Each storage type has a storage capacity, 𝑈𝑈𝜄𝜄stor . To enhance the security of the 

supply chain, the storage capacity is dimensioned to cover the local demand   for 

a specified time period, 𝑞𝑞. It is also possible to supply neighboring customers from 

the same storage by a small pipeline. In such cases, the capacity of the storage 

should be large enough to cover also the neighbors’ demand.  

The cost for the storages installed at the customer node depends on the number 

of storages, their type and the unit costs of the storages.  

The investment cost for the equipment needed for the CNG distribution is also 

accounted for. A special CNG tanking station is needed in the LNG port to fill the 

containers distributing the CNG. The number of containers it can fill per day 

limits the capacity of such a CNG tanking station. The cost of the CNG tanking 

station is included in the total investment cost. A full CNG container is delivered 

to the customer and exchanged with an empty one. It is necessary to invest in a 

container for each customer supplied with CNG. Additionally, to use the time for 

the CNG container tanking and transporting efficiently, two extra containers are 

used in the system: one can be at the CNG tanking station while the other is being 

transported to or from the customer. The cost for the total number of CNG 

containers needed in the system is their unit cost multiplied by their number.  A 

customer using CNG must have a CNG filling station to be able to use the gas in 

the container, yielding an extra cost. 

The operation costs are the sum of the cost of the compression of the gas 

distributed by a pipe, 𝐶𝐶comp,𝑖𝑖, and the costs for the truck distribution, 𝐶𝐶truck,𝑖𝑖.  

𝐶𝐶oper = ∑ �𝐶𝐶comp,𝑖𝑖 + 𝐶𝐶truck,𝑖𝑖�𝑖𝑖  (42) 
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The investment costs can, for the sake of simplicity, be divided into the cost 

associated with pipeline distribution, LNG truck distribution and CNG truck 

distribution. The pipeline distribution contributes with the cost of the pipe 

connections, 𝐶𝐶pipe, and the cost of the re-gasification unit, 𝐶𝐶gasif. Such costs also 

arise if smaller local storages are used to supply gas to neighboring nodes. The 

storages installed at the customer’s site, 𝐶𝐶stor,𝑖𝑖, and the LNG loading lines in case 

of truck delivery, 𝐶𝐶load, are part of the overall LNG investment costs.  

To make the operation and investment costs comparable, the investment cost of 

the components is discounted over a number of years to consider their respective 

lifetime, 𝐾𝐾, with an interest rate 𝑢𝑢 We now have for the pipeline investment costs 

𝐶𝐶invest
pipe = 𝐶𝐶pipe

(1+𝑢𝑢)−𝐾𝐾pipe
 (43) 

and for the LNG distribution investment costs 

𝐶𝐶investLNG = 𝐶𝐶load
(1+𝑢𝑢)−𝐾𝐾load + ∑ 𝐶𝐶stor,𝑖𝑖𝑖𝑖

(1+𝑢𝑢)−𝐾𝐾stor +
∑ 𝐶𝐶gasif,𝑖𝑖𝑖𝑖

(1+𝑢𝑢)−𝐾𝐾gasif
  (44) 

If CNG is distributed to the customers, the costs for the CNG tanking station, 

𝐶𝐶tank, the containers, 𝐶𝐶cont, and the CNG filling station at the customer, 𝐶𝐶fill,  are 

added to the investment cost. The costs are discounted in a similar way as for the 

other investment costs  

𝐶𝐶investCNG = 𝐶𝐶tank
(1+𝑢𝑢)−𝐾𝐾tank + 𝐶𝐶cont

(1+𝑢𝑢)−𝐾𝐾cont + 𝐶𝐶fill
(1+𝑢𝑢)−𝐾𝐾fill (45) 

The objective function of the MILP model developed in Paper IV and Paper V is 

a minimization of the overall costs, including the fuel cost, 𝐶𝐶fuel, which is the sum 

of the costs of LNG, CNG, alternative fuel and biogas. This yields the objective 

function 
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𝐶𝐶tot = 𝐶𝐶fuel + 𝐶𝐶oper + 𝐶𝐶invest
pipe + 𝐶𝐶investLNG + 𝐶𝐶investCNG  (46) 

which is minimized subject to the constraints. The model was optimized with the 

help of the AIMMS software 135 implementing the Gurobi 7.5 solver 141, which can 

be used to efficiently solve MILP problems.  

In order to select representative periods characterizing the different operation 

states of the system, the k-medoids clustering is used 142. This method makes it 

possible to reduce the number of periods by identifying typical ones in a larger 

data set consisting of the gas consumption and the temperature profile during a 

given day. Kaufman and Rousseeuw describes this data clustering method in more 

detail 143.  

The k-medoid algorithm calculates the distance between a centrally located point 

in a given cluster 𝑘𝑘 and other data points and minimizes this distance until there 

is no improvement. In this way, a point, called a centroid, which has the minimum 

total distance to all the other points in the cluster, is identified.  Figure 22 

illustrates the centroids within twelve clusters of data representing the energy 

demand and outside temperature for the regional gas supply problem studied in 

Paper IV.  
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Figure 22 Centroids (circles) and twelve clusters in the temperature and energy 
demand. 

4.4.2 Regional MILP case study 

The use of the MILP model is here illustrated by a single-period optimization of 

the regional gas distribution network in the Vasa region in western Finland. The 

investment costs of the equipment and the fuel price of the gas distributed in the 

network were found to have a large influence on the resulting optimal supply 

chain, and the roles of these two elements on the results are complex. It should be 

noted that the investment costs for the pipes, storages and containers had to be 

grossly estimated due to the lack of publicly available data.  

Besides LNG from the local port in Vasa and from the farther port in Pori, the 

model also considers the possibility to distribute CNG from the local port and 

upgraded biogas from a local biogas production unit. There is a larger number of 

customers scattered over the area with different demands. The suppliers and the 
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customers with their energy demands are depicted in Figure 23. The alternative 

fuel is in this case LNG supplied from a distant port to the customers by trucks. 

The cost of the alternative LNG was assumed to be given “at the gate”. The cost 

for the infrastructure at the remote LNG supplier was not considered. 

 

Figure 23 Supply nodes and customer nodes in the study of the regional gas supply 
chain in Vasa (Background map source: © OpenStreetMap contributors). 

In the following example, where the fuel price for each fuel type is kept the same 

(86.4 €/MWh), the cost minimization results in a supply chain with two separate 

pipeline networks - one supplying regasified LNG and the other one upgraded 

biogas -  and CNG delivered in containers to the remote small consumers. In this 

way, there is no need to construct expensive LNG storages at the customers’ sites. 

The resulting network is illustrated in Figure 24.  



69 
 

 

Figure 24 Optimal supply network structure with fuel demand and origin reported 
in the boxed and by their colours.  

By perturbing the investment prices and the fuel prices, it is possible to identify 

when it will be feasible to build different supply chains with LNG deliveries from 

the remote port or to construct storages for LNG from the local port. The 

sensitivity analysis also showed that the number of pipes and their dimensions 

may change. In some cases, especially for high prices of the locally available fuel, 

the energy demand was found to be fully covered by LNG from the remote port, 

and in the case of a very high demand, the alternative fuel must be used to satisfy 

the demands of the customers.  
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The sensitivity analysis using the MILP model also provides information about 

the robustness of the solutions. It allows for identifying changes that have a 

decisive effect on the gas distribution network, which can be used, e.g., to plan 

future expansion of it. As fuel price fluctuations may cause changes in the supply 

and demand, the model can also study the sensitivity to such changes. This 

demonstrates that the model developed is a flexible tool for assessing alternative 

solutions for local gas supply chains. 

4.5 Conclusion 

Chapter 4 summarizes the optimization models and the main findings, which are 

presented in Papers I-V in the appendices of this thesis. The papers give more 

details and present more extensive results. 

The NLP model in Paper I provides a possibility to optimize the flow in an already 

established pipeline of given size, connecting known supplying and consuming 

nodes. It allows for changing the flow direction and provides information about 

the daily flows, pressure and compression needs of the existing transmission 

pipeline. However, it cannot be used to find the optimal pipeline diameter or 

connection between the nodes.  

The binary and integer variables included in the MINLP model of Paper II make 

it possible to find an optimal solution to problems with potential connections and 

unknown pipe diameters. The model also determines the optimal flows and 

pressures in a transmission pipeline. In Paper II, this model is illustrated on a 

multi-period problem with seasonal changes in the gas demand.  
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The MINLP formulation has besides its benefits also limitations. The non-linear 

constraints make it difficult to find the global optimum and convergence may be 

slow. The use of integers and binary variables further increases the complexity of 

the model. In order to preserve the original features of the model, the non-linear 

equations describing the pressure drop and the gas compression were linearized 

and incorporated in an MILP model. The performance of the linearized model is 

illustrated in Paper III on a multi-period optimization of a large transmission 

pipeline and the results are compared to the results obtained with the MINLP 

model.   

The linearized MILP model was reformulated in Paper IV to study the optimal 

distribution of gas on a smaller scale. The regional gas distribution problem 

studied includes the possibility to distribute the gas from a local LNG storage 

traditionally by pipeline after regasification. Furthermore, if it is feasible, LNG can 

be distributed to the customer by trucks. The gas can be also supplied from a local 

biogas production unit. This model can find an optimal synergy of gas distribution 

from different sources and transportation modes on a regional level.  

The final case study in Paper V uses the linearized MILP model for a different 

region. The gas can be distributed from a LNG storage after regasification through 

a pipeline; it can be compressed and distributed as CNG in special containers or 

loaded on designated LNG trucks and delivered to smaller LNG storages. 

Furthermore, the demand for gas can be partially covered through the local 

production and injection of upgraded biogas into the pipeline network.  

All of the above-mentioned models are flexible. New customers and suppliers can 

be added, the fuel types and the means of transportation can be modified and the 
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investment and operational costs adapted based on the current needs and changes. 

The cases serve to illustrate how the optimization models perform and how they 

can be flexibly adapted to optimize new gas supply chains.  
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5. Conclusions and Future Work Ideas 

The main objective of this thesis was to study and develop models for the 

optimization of gas distribution networks. The optimal network operation and 

structure can be found with the NLP, MINLP and MILP models developed and 

presented in this thesis.  

The deterministic models developed have been used to study and optimize 

national and regional gas distribution networks under future scenarios, focusing 

on possible future expansions of the gas pipeline network and the optimal 

combination of gas deliveries in the supply chain. The models are flexible and can 

be easily adapted to new cases. New elements, such as new gas sources or demand 

points can be added and the conditions for the supply (temperature, fuel prices or 

equipment investment costs) can be readily changed. However, the assumptions 

behind the formulations and the limitations of the models should be kept in mind 

when a problem is tackled. The NLP model can optimize the daily flows and gas 

compressions in an existing network to minimize the energy needed for 

compression. Extensions of the network can be studied by adding connections and 

testing the effect of the new connection on the costs and gas delivery. In the 

MINLP model, it is possible find optimal pipeline extensions. The addition of 

binary and integer variables to the model takes its toll in the increased 

computational demands and solution time. With each new supply or demand 

point, several new constraints are added to the model, which slows down the 

solution. When period of one year was considered, the consideration of every day 

lead to prohibitive solution time, so a method was developed to cluster the 

observations, solving a modified multi-period problem with data based on the 
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cluster centers instead. Linearization of the MINLP model focused on finding a 

MILP model that would preserve the important non-linear features of the MINLP 

model with a good accuracy. If we want to increase the accuracy of the 

linearization, the additional binary variables make the resulting model more 

complex and the solution time becomes longer. In the linearization, a compromise 

was made and a good accuracy was achieved with a reasonable number of added 

binary variables. The MILP model was applied to the optimization of regional gas 

distribution networks where LNG from two sources and biogas was available. The 

results of a sensitivity analysis revealed how different factors, such as the fuel 

prices and investment costs, affected the optimal gas supply chain.  

The objective of the models developed was to minimize the energy needed for gas 

compression (MILP model, Paper I) and operation and investment costs (MINLP, 

MILP model, Papers II-V). The NLP model was used to study  optimization of the 

operation of the Finnish natural gas transmission network (Paper I), yielding mass 

flows, flow directions, pressures in the nodes and the compression needed to 

supply gas to the customers. The effect of new suppliers and customers on the 

network operation was studied by adding them and the pre-defined connections 

to the model. Using MINLP and linearized MILP models (Paper II and III) it is 

possible to simultaneously determine the optimal operation and possible 

extensions of the Finnish transmission network to large new customers and 

suppliers. The price of the gas delivered by pipeline to the customers and the price 

of the “competing” alternative fuel had an influence on the resulting network 

structure. Gas was delivered by pipe to the customer only when it was 

economically feasible  and technically possible. The linearized model was after 

further development applied to optimize small regional gas distribution networks 
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(Paper IV and V) where also gas deliveries by truck were allowed. Case study 

networks in two Finnish cities (Pori and Vasa) were studied to find the optimal 

structure and operation of the gas supply chain under different circumstances and 

conditions. More accurate information about the supplies, demands and of the 

true costs of the network elements would increase the accuracy of the solutions. 

Naturally, it is complicated to consider factors such as future developments in the 

supply, demand and costs, as they depend on the international situation and on 

possible political decisions, such as government support or new taxes. 

The flexibility of the model makes a future reformulation of the objective function 

straightforward. It would be possible to optimize the distribution network, e.g., by 

minimizing the environmental impacts or the risks of methane release.  Another 

possibility is to extend the model to multi-objective formulations, but this would 

require more reformulation of the search strategy.  

Optimization is a useful tool for finding an efficient solution of a given problem 

and providing the basis for a decision-making process. However, it is important 

to bear in mind that the optimal solution found depends strongly on the way in 

which the problem has been posed, e.g., how the objective function was expressed 

and the constraints that were included (and those that were not).  

Natural gas is a fossil fuel, and even though its CO2 emissions are clearly lower 

than for coal and oil, the advantages and disadvantages of using natural gas have 

recently been debated actively. Still, the potential of replacing natural gas by 

biogas, and to use already existing infrastructure for storage and transport of 

synthetic fuels (e.g., SNG) based on renewable resources are obvious ways to 

decrease the environmental impact of energy use. Political decisions about the 
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future use and distribution of gas should be made wisely. Optimization is an 

excellent tool to provide information to support such decisions.  
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