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Abstract

:

The growing importance of hydrogen as an energy carrier in a future decarbonised energy system has led to a surge in its production plans. However, the development of infrastructure for hydrogen delivery, particularly in the hard-to-abate sectors, remains a significant challenge. While constructing new pipelines entails substantial investment, repurposing existing pipelines offers a cost-effective approach to jump-starting hydrogen networks. Many European countries and, more recently, other regions are exploring the possibility of utilising their current pipeline infrastructure for hydrogen transport. Despite the recent efforts to enhance the understanding of pipeline compatibility and integrity for hydrogen transportation, including issues such as embrittlement, blend ratios, safety concerns, compressor optimisation, and corrosion in distribution networks, there has been limited or no focus on pipeline expansion options to address the low-energy density of hydrogen blends and associated costs. This study, therefore, aims to explore expansion options for existing natural gas high-pressure pipelines through additional compression or looping. It seeks to analyse the corresponding cost implications to achieve an affordable and sustainable hydrogen economy by investigating the utilisation of existing natural gas pipeline infrastructure for hydrogen transportation as a cost-saving measure. It explores two expansion strategies, namely pipeline looping (also known as pipeline reinforcement) and compression, for repurposing a segment of a 342 km × 36 inch existing pipeline, from the Escravos–Lagos gas pipeline system (ELPS) in Nigeria, for hydrogen transport. Employing the Promax® process simulator tool, the study assesses compliance with the API RP 14E and ASME B31.12 standards for hydrogen and hydrogen–methane blends. Both expansion strategies demonstrate acceptable velocity and pressure drop characteristics for hydrogen blends of up to 40%. Additionally, the increase in hydrogen content leads to heightened compression power requirements until approximately 80% hydrogen in the blends for compression and a corresponding extension in looping length until around 80% hydrogen in the blend for looping. Moreover, the compression option is more economically viable for all investigated proportions of hydrogen blends for the PS1–PS5 segment of the Escravos–Lagos gas pipeline case study. The percentage price differentials between the two expansion strategies reach as high as 495% for a 20% hydrogen proportion in the blend. This study offers valuable insights into the technical and economic implications of repurposing existing natural gas infrastructure for hydrogen transportation.
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1. Introduction


In recent times, the potential use of hydrogen as a player in the future energy mix has been continuously reiterated by major stakeholders in the global energy industry. Some have made plans to transport it in the existing natural gas pipelines through progressive blending with methane in the short term, and eventually, via the flow of pure hydrogen in gas pipelines in the long term [1,2]. For the pipeline types commonly used for natural gas transportation (like the API X52 [3,4,5]), many studies have explored the effective management of hydrogen-induced pipeline embrittlement [3,4,5] as an enabler for the profitability and viability of transporting hydrogen in existing natural gas networks [6,7,8,9]. Sadly, there is a paucity of information and understanding on the capacity expansion requirements of repurposing natural gas pipelines for hydrogen transportation. The challenge for gas operators is that because the energy value of hydrogen is about one-third that of natural gas, delivering hydrogen using existing gas networks requires either a reduction in the energy content delivered or an expansion of the gas network (by compression or looping). These are essential to meet the triple volume increase in hydrogen pipelines required to meet the same energy content from a typical natural gas network [10]. The former option is undesirable, and the latter option begs for a feasibility study or an evaluation of the technical and cost implications of expanding existing natural gas pipelines to meet the volumetric requirements of delivering the same energy value as hydrogen. This paper, therefore, examines the use of two common pipeline expansion schemes—pipeline looping and compression [11]—to ascertain the technical and commercial suitability of expanding an existing 342 km, 36-inch natural gas pipeline network, the PS1–PS5 section of the ELPS, which stretches from the Escravos area, Niger Delta to Lagos, Nigeria, for the transportation of hydrogen and blends of hydrogen and natural gas.




2. Introduction to Pipeline Expansion


Gas delivery through pipelines is achieved through a network design/planning process which takes cognisance of the adequate volumetric flow rate, Q, required to meet the consumers’ energy requirements; the distance between the inlet and delivery point, L; the inlet pressure, P1; the outlet pressure P2; the pipe diameter, D; associated properties of the gas itself, including viscosity, compressibility factor, and temperature, T; and ambient standard conditions for the location, Pb and Tb. These variables are formulated into well-established equations/models that describe the flow process. They include the general flow equation, Weymouth equation, and Panhandle equation, amongst many others. The Modified Panhandle equation is one of the most suitable models for the design of natural gas transportation through pipelines [12]. The Modified Panhandle equation is shown in Equation (1):


  Q = 737 ∗ E         T   b       P   b         1.02   ∗         P   1   2   −   P   2   2     Z T L       0.510   ∗       1     γ   g         0.49011   ∗   D   2.530    



(1)




where



Q = Volume flow rate, scfd—(≈3.2786 × 10−7 m³/s);



E = Pipeline efficiency, E < 1.0;



Pb = Base pressure, psia—(≈6894.76 Pa);



Tb = Base temperature, °R—(≈5/9 K);



P1 = Upstream pressure, psia—(≈6894.76 Pa);



P2 = Downstream pressure, psia—(≈6894.76 Pa);



    γ   g     = Gas gravity (air = 1.00);



T = Average gas flow temperature, °R—(≈5/9 K);



L = Equivalent length of pipe segment, mi—(≈1609.34 m);



Z = Gas compressibility factor, dimensionless;



D = Pipe internal diameter, in—(≈0.0254 m).



A gas network, therefore, connects pipelines and equipment to transport natural gas between designated facilities and locations. Pressure, which is the energy that drives the gas flow in a network, is rarely constant along a pipeline network. Factors such as friction along pipe internals, flow through bends and elbows, changes in flow diameter, and elevations along a network alter the pressure in a network. When the pressure is reduced, it is called head loss [13]. When head losses occur, gas networks may not achieve their objectives such as transporting natural gas to the desired destination at a specified discharge pressure or keeping the flow velocity below contractual or recommended design limits. Gas network expansion is a way to remedy this. It is achieved by adding new assets such as pipes, compressors, and storage facilities to the gas network, to reduce head losses across the network [14,15].



Fundamentally, gas network expansion by pipeline looping works by conserving the pressure in a network across a given distance. A ‘loop’ begins and ends at the same point and thus, has a pressure differential of zero [13]. So, while distance is covered by the network, there is an overall head loss of zero across the loop. In practice, looping is performed by connecting a pipeline section in parallel to (and with) the main gas pipeline. When looped, the section of the main gas pipeline in the loop experiences a reduction in the flow rate of the flow stream. Consequently, the total head loss for overcoming flow is a direct function of the looping length [11,16].



Similarly, gas network expansion by introducing compression stations increases the efficiency of the pipeline network by boosting the energy of flow at desired point(s) along the length of the pipeline or strategic/desired points on the network. A compressor station is a set of facilities and equipment designed to achieve a reduction in head losses in a gas network by performing this task.



Macroeconomic and socioeconomic factors affect the design of pipelines and gas networks. Such factors include an increasing energy demand due to economic growth and industrialisation [17] and the rising clamour for decarburisation of the energy system as part of the overall energy transition campaign. The latter has forced stakeholders in the energy industry to consider blending hydrogen with natural gas or using pure hydrogen as the future energy [18,19,20]. In line with the above, several studies have been undertaken to understand the behaviour of hydrogen and blends of natural gas and hydrogen in natural gas pipelines, including utilizing critical analyses of the technical limits as well as regulatory frameworks across different countries and safety considerations [8,21,22].



Consequently, it has been shown that there is an increased volume requirement for hydrogen transportation to meet the same energy requirements as natural gas because the calorific value of hydrogen is about one-third that of natural gas. Also, due to the high compressibility of hydrogen relative to natural gas, the former requires far less energy to transport; thereby providing a potential for compressor energy savings. Thirdly, the study revealed that transporting hydrogen in natural gas pipelines could create high-velocity profiles such that conventional gas pipelines’ internal erosional velocity limits are exceeded. To remedy this, pipeline expansion using pipe looping and compressor stations [23] was recommended. This work will explore these recommendations and assess their suitability, economics, and applicability to Nigeria’s Escravos–Lagos pipeline.



Like this study, the impact of hydrogen content in natural gas on various technical parameters related to pipeline transport, such as pressure drop, compressor power, and energy storage capacity, has been assessed [24]. Through thermodynamic analysis and CFD simulations, the researchers validated their analytical approach and investigated factors including wall roughness, operating pressure, and pipeline diameter. Results show that while transporting the same energy content as pure natural gas is feasible with hydrogen blends, higher hydrogen concentrations require additional compressor stations and result in decreased transport efficiency over long distances. The study emphasises the need for off-grid storage options due to the reduced line pack with hydrogen. Further research is suggested to analyse hydrogen quality during transport and assess the compatibility of pipeline components with hydrogen [24]. As a complement to their work, this study will also quantify the extent to which hydrogen presence in natural gas streams increases logistical expenses (specifically, compressors and reinforcement pipeline materials) when an expansion of the gas pipeline is desired for it to be repurposed for hydrogen transportation, using the ELPS shown in Figure 4 as the case study.



While our case study is in the Nigerian market, others have examined the potential of repurposing existing natural gas pipelines for hydrogen transport in Europe, with a focus on Finland, amidst increasing clean hydrogen production. Through a literature review and a fatigue life assessment tool development, they evaluated the feasibility and challenges of this approach. Their results suggest that blending hydrogen into the gas grid offers a transitional solution, but significant hurdles exist, including material compatibility and infrastructure costs. Also, they reiterated that while repurposing gas pipelines for 100% hydrogen transportation is possible, unresolved issues like the infrastructure-production scale-up dilemma remain. They also buttressed the fact that further research is needed to validate pipeline compatibility with hydrogen and explore alternative transport options [25].



A good understanding of the regional differences in technical and cost implications of the adoption of gas lines for hydrogen, as well as the regional gas network coverage and usage profiles, such as those reported in Finland, is crucial for the development of tailored strategies for regional and subsequent global transition into a hydrogen economy. In line with the above, this study provides unprecedented insights into the technical and economic implications of an intended repurposing of a segment of the Nigerian Escravos–Lagos natural gas network for hydrogen transportation.



2.1. Pipeline Expansion by Compression


Pipeline compression increases pipeline capacity while shortening the pipeline length required for pressure drop—say, from P1 to P2 in the Modified Panhandle equation (Equation (1)) [26]. When compression is used, Equation (1) gives the gas volumetric flow rate as shown in Equation (2):


  Q = 737 ∗         T   b       P   b         1.02   ∗             P   1   2   −   P   2   2     Z T L       0.510   ∗       1     γ   g         0.49011   ∗   D   2.530     N      



(2)




where   N   is the number of compressors; the other variables are as defined in Equation (1).



The number of compressors required to transport a given volume of gas, therefore, depends on the pipe size, allowable pressure, and environmental factors, among others [12].



In some cases, increasing the inlet pressure as shown in Figure 1 can boost pipeline capacity, thereby avoiding additional compressors, with dotted lines indicating the use of single compressor. This, however, is not the case for most installed pipelines as they have pressure rating restrictions and are usually buried with fixed diameters. For such scenarios, the common option is the installation of additional compressor stations. As shown in Equation (2), additional compressor stations reduce the length required to achieve the desired/allowable pressure drop; allowing additional capacity to be added to the network, as shown in Figure 2. Dotted lines indicate the Maximum Operating Pressure (MOP).



The increasing potential of hydrogen blending and transportation in the existing gas network calls for increased research studies on gas network capacity increment due to the low calorific value of hydrogen compared to natural gas. This study, therefore, partly examines the use of compressor stations for the expansion of existing gas networks for the transportation of hydrogen and blends of hydrogen and methane.




2.2. Pipeline Expansion by Looping


Due to the limitations of pipeline expansion by compression discussed in Section 2.1—the constraint of not increasing pressure beyond allowable and operable values—pipeline looping (also referred to as pipe reinforcement) has continued to gain widespread application in gas transportation [23]. As mentioned previously, pipeline looping involves the splitting of flow with another pipe parallel to the main line, resulting in reduced pressure drop in the original pipe without the need to reduce the volumetric flow rate. For a network/pipeline of uniform size and volumetric flow. Figure 3 provides a schematic for computing the looping length for a desired capacity increase.



The total pressure drop across the pipeline AB (    ∆ P   t o t a l   )   is the sum of the pressure drop across section   A C   (    ∆ P   A C    ) and the pressure drop across CB (    ∆ P   C B    ). This is shown in Equation (3).



Also,     ∆ P   t o t a l     can be expressed in the general form of the low-pressure gas flow equation as shown in Equation (4) [13]:


    ∆ P   t o t a l   =   ∆ P   A C   +   ∆ P   C B    



(3)






    ∆ P   t o t a l   = K L   Q   2    



(4)




where K = resistant factor; L = total pipe length; and Q = pipe flow capacity.



Therefore, for section AC in Figure 3,


    ∆ P   A C   = K l   Q   A C   2    



(5)




where l = reinforcement (or loop) length.



On the other hand, for section CB,


    ∆ P   C B   = K ( L − l )   Q   C B   2    



(6)







Substituting Equations (5) and (6) in Equation (3) results in the following expression:


    K L Q   t o t a l   2   = K l   Q   A C   2   + K ( L − l )   Q   C B   2    











If we input the values of the flow rate for each section as shown in Figure 3, we have



    K L Q   2   = K l   ( 0.5 Y Q )   2   + K ( L − l )   ( Y Q )   2    , where “Y” is the amount by which we intend to increase the pipeline capacity.


  So   that   l =   L (   Y   2   − 1 )   0.75   Y   2      



(7)







Equation (7) gives the general expression for the length of the reinforcement pipe needed to increase the pipeline capacity by a factor of ‘Y’. Therefore, for a 50% capacity increase (where   Y = 1.5  ), the minimum reinforcement length, l, required would be 74% of the original length, L.




2.3. Gas Network Modelling


Gas network modelling can be defined as the simulation of fluid movement and pressure within pipelines, alongside the steps taken to ensure that a gas network can fulfil its designated operational tasks and adhere to the outlined design standards [13]. Gas network modelling can also be used to improve the operations of gas transmission and distribution networks or optimise desired objectives or key performance indicators (KPIs) in the network [27,28]. Conventional gas network models use analytical and numerical tools to solve non-linear pipe flow equations that consist of flow parameters (e.g., flow rate, pressure, temperature, etc.), flow stream properties, and physical network parameters (like elevations and inclinations) [11,29]. In addition to these variables, state-of-the-art gas network models incorporate the gas demand (or load), uncertainty estimations, and seasonal fluctuations in demand in addition to providing the flexibility of incorporating the gas network models and simulation with those of the facilities at the users’ end (such as electric grid models) [30,31,32].



The input parameters of a gas network ensure that the physical parameters of the network are represented. They include pipe parameters (length, diameter, condition, material of pipe construction), load data, source pressure, and operating characteristics of pressure regulation equipment [13]. They are related as shown in the general flow equation for gas flow in circular pipes provided in Equation (8) [23]:


  u = 353.68   p   s         d     d   5       p   1     2   − 6211.1   Q   2   f S L       0.5    



(8)




where   u   is the gas velocity (    1.1574 × 10   − 5     m / s  );     p   s     is the pressure at standard conditions (  P a )  ;     p   1     is the inlet pressure (  P a )  ;   d   is the pipe diameter (  m )  ;   Q   is the volumetric flow rate (    1.1574 × 10   − 5       m   3   / s )  ;   f   is the Fanning friction factor (  d i m e n s i o n l e s s  );   S   is the specific gravity of gas (  d i m e n s i o n l e s s )   and   L   is the pipe length (  m )  .



The fundamental requirement of any gas network analysis model (and of most simulation models) is the close representation of the actual network. To achieve this, it is expedient to use accurate input data and model the input parameters accurately, effectively carry out the load monitoring and pressure surveys, and efficiently use the data from the flow/load monitoring and the pressure surveys [13,33].





3. Study Methodology


This study models a section of an existing 36-inch pipeline network, 342 km in length, from PS1–PS5 of the ELPS, stretching from the Escravos area, Niger Delta, Nigeria, to Lagos. The gas network supplies natural gas to major industrial clusters and power plants along the path and also provides interconnection to flow gas to the northern gas markets, as shown in Figure 4. The current network transports natural gas up to 580 MMSCFD in its free-flow condition (without additional compression). There are, however, plans to introduce and transport hydrogen in the network for power generation and other industrial applications. Therefore, this study will provide an initial feasibility assessment and first-pass decision-making regarding the planned introduction of hydrogen into the Escravos–Lagos gas network.



The natural gas phase used throughout this work, Nigeria’s domestic gas composition which is the gas composition in the ELPS network, has the properties and compositions specified in Table 1 and Table 2, respectively. While the methane (C1) composition ranges from 85% to 95%, the high value of 95% has been chosen to capture the leanest/driest gas composition, for the remaining components, Table 2 presents the maximum composition obtainable in typical natural gas stream. For the purpose of this study, the composition has been adjusted to ensure a total of 100% mole fraction. This is to better capture the interactions between hydrogen and methane with less noise in the experimental results from the effects of heavier hydrocarbon fractions that would characterise a rich gas blend and flow stream.



The gas network analysis tool used is the Promax® 5.0 Process Simulator [34].



The model input parameters are provided in Table 3 for the single-pipe model shown in Figure 5 and the experimental workflow is presented in Figure 6.



3.1. Gas Network Expansion Options Analysis


The study approach utilises the pressure drop, velocity, and reinforcement/compression parameters and considers the cost of the two expansion options to understand the performance and economic implications of adopting the existing natural gas network (Figure 4) for use in hydrogen transportation.



Throughout the analysis, the Esmaeilzadeh–Roshanfekr Equation of States (ER-EOS) was employed for the P–V–T–Z (pressure–volume–temperature–composition) modelling because the ER-EOS is more suitable for modelling lighter hydrocarbons relative to the PR-EOS and the SRK-EOS [35,36], and also, it is more efficient in representing individual property interactions of the two phases in the natural gas and hydrogen blends [23]. The Beggs and Brill multiphase flow model was used for the pressure gradient modelling throughout the study “for its versatility and suitability for gas modelling” [23,37].



The experimental workflow (Figure 6) involves a process simulation and cost analysis. The former entails blending the natural gas stream with 0, 20, 40, 60, 80, and 100% hydrogen, then performing modelling convergence to obtain the material and energy balances. Following this, a comparison of the two expansion options was undertaken considering limiting velocity, pressure loss, compressor power, reinforcement length, and the cost of required compressor stations or loop pipeline length. These are compared to the acceptable range as per API RP 14E while ensuring that the contractual delivery pressure requirement is met.



3.1.1. Gas Network Expansion with Looping/Pipeline Reinforcement


In Section 2.2, a method for expanding gas networks called the “pipeline reinforcement approach” was presented. This method involved adding a new pipe, known as the “reinforcement” or “loop” pipe, parallel to the original pipe to allow for flow splitting. When the flow is divided between the two pipes, the pressure drop decreases in the original pipeline. As the flow is combined again after the loop or reinforcement section, the pressure and velocity profile are reduced by the effect of the preceding loop.



For each simulation run, the inlet pressure is maintained at 60 bar while the pipeline is reinforced from the inlet up to a reinforcement length that will deliver the gas at the contractual delivery pressure while keeping the flow stream velocity below the recommended erosional velocity limit [23] for the flow as per API RP 14E.



The important factors to consider for this scheme are the pipe section flow characteristics and the reinforcement length. Figure 7 shows the process diagram for this option while the analysis of the flow behaviour and effect of the introduction of the reinforcement is provided in Section 4.1.




3.1.2. Gas Network Expansion through Compression


Increasing the capacity of an existing gas network to transport hydrogen can also be achieved through the introduction of compressor stations at strategic points in the network [23]. This scenario analyses the compressional power, cooling utility, and cost associated with the expansion of the existing gas network to transport hydrogen with the expansion option of using compressor stations as shown in Figure 8.



As discussed in Section 2, compressors increase pipeline capacity by reducing the length required to achieve a desired pressure drop. The existing network, as originally designed for natural gas transportation, requires no compression (See Figure 12, Section 4.2). To expand, and subsequently adopt the network for hydrogen transportation, the use of compressor stations is investigated. The compressor station is positioned 150 km from the inlet. The 150 km expansion point was chosen after several preliminary runs, indicating that the estimated maximum internal velocity limit was always exceeded, even with blends with low hydrogen proportions at this length. With the inlet pressure maintained at 60 bar, the experimental runs were performed to select the optimal compressor horsepower that would deliver the gas to the exit at the minimum contractual exit pressure of 17.34 barg at Lagos, such that the velocity profile in the pipeline falls within the recommended range as per API RP 14E. The natural gas phase was progressively blended with hydrogen in increments of 20% up to 100% hydrogen. The results of the analysis from this section are presented in Section 4.2.






4. Results and Discussion


4.1. Pipe Looping/Reinforcement Expansion Option Analysis


4.1.1. Flow Characteristics


The flow behaviour of gases under the reinforcement scheme differs significantly from that under the compression expansion option; the former is characterised by two pressure regimes, as shown in Figure 9.



Although gradual pressure declines were witnessed in both the reinforced and original pipe sections, steeper pressure losses were experienced in the latter due to the volumetric flow increase that resulted from the comingling of the flow from the reinforcement/loop pipes at the end of the loop. As shown in Figure 9, a decline in pressure (or increase in pressure drop) was experienced in the pipeline with increasing pipe length due to the resistance to flow imposed by viscous and frictional drags. Also evident in the flow behaviour is the continuous reduction in the rate of pressure loss along the reinforced and non-reinforced sections of the pipe with increasing hydrogen proportion in the blends. This is because the introduction of hydrogen in the flow stream reduces the density of the flow stream so that lower pressure losses are encountered with increasing hydrogen content relative to the flow of only the natural gas phase.



Furthermore, the introduction of hydrogen in the pipeline created higher pressure regimes in the network relative to the pressure profile for the flow of only the natural gas phase. With only 20% hydrogen in the blend, this was stepped down early at about 80 km, and for higher hydrogen blends, the high pipeline pressure values were sustained even beyond the reinforcement/loop length. This observation underscores the need for modifications in pressure vessels, instrumentations, valves, connections, etc., in existing natural gas networks intended to be repurposed for hydrogen transportation to avoid failures from the increase in pressure that the introduction of hydrogen creates.



Besides the pressure behaviour, another significant flow characteristic to be mindful of is the velocity profile in the network. Figure 10 reveals that the velocity of the flow stream rises gradually within the extent of the loop/reinforcement.



Beyond the 150 km loop, the rate of increase in velocity rose sharply (at different points depending on the amount of hydrogen in the blend) and then steadied at a higher rate than that of the reinforcement section. This trend is noticed in the blends with 20–100% hydrogen content but not in the natural gas stream without hydrogen. This is due to the excessive pressure loss and the consequent density changes in the non-reinforced section of the pipeline relative to the first 150 km reinforced section. It shows that the original pipeline design would not require reinforcement for pure natural gas flow.



In other words, the natural gas stream (with 0% hydrogen) in the pipeline region without reinforcement follows a usual trend of increasing velocity in a near-straight-line pattern with a positive slope. Blends with increasing hydrogen contents from 20, 40, 60, 80, to 100% followed a similar pattern in the reinforced pipe section up to 90 km, 150 km, 180 km, 210 km, and 150 km length of the pipeline, respectively. Following this, a sudden rise in velocity is witnessed for every hydrogen–natural gas blend. The 100% hydrogen curve is characterised by a higher rise in the flow stream velocity in the non-reinforced section because of the significant density difference between the blends and the pure hydrogen system.




4.1.2. Reinforcement (or Loop Pipe) Length


The distinctive parameter during pipeline reinforcement is the reinforcement length. According to Equation (7), increasing the pipeline capacity by a factor of ‘Y’ increases the value of reinforcement length l, where L is the original length of the pipeline. This is valid only for a uniform-density gas such as natural gas and will differ when natural gas and hydrogen blends are considered.



In this study, the required length to achieve an equivalent pressure drop for different hydrogen blends was studied and is presented in Figure 11.



The required reinforcement length was the least for the 20% hydrogen blend. This can be explained by the closeness of natural gas and 20% hydrogen blends in terms of their energy contents and the Wobbe indices. As the hydrogen composition continues to increase in the blends, significant capacity changes (needed to meet the energy output requirements of the network) necessitate longer pipe lengths to meet the pressure drop requirements in the reinforced section. This persisted up to 80% hydrogen in the blends. However, at 100% hydrogen, its low density and high compressibility characteristics caused lesser pressure loss and an eventual decrease in the reinforcement length required despite the increasing capacity constraint.





4.2. Gas Network Expansion with Compression Option


4.2.1. Flow Characteristics


Like the looping/reinforcement option discussed earlier, the pressure profile of the flow stream under this expansion scheme shown in Figure 12 reveals that no additional compression station is required for the original network to transport natural gas. However, as the hydrogen proportion increases in the blends from 20%, the pressure loss increases, necessitating additional compressor power to meet the arrival/outlet pressure requirement. The maximum pressure loss was seen at 60% and 80% hydrogen blends due to the combination of increased capacity and high compressibility factor for hydrogen at such blends [23]. Like the reinforcement option, at 100% hydrogen flow, the low density and high compressibility characteristics of the flow stream caused lesser pressure losses (and consequent higher pressure drops) relative to the 60% and 80% hydrogen cases despite a higher capacity requirement.



Similar trends can be observed by the velocity plots across the network, with natural gas experiencing the lowest (and near-linear) velocity increase across the length of the pipeline, as shown in Figure 13. As the composition of hydrogen increases up to (and beyond) 20%, velocity continues to increase due to the reduction in the density of the flow stream. With the introduction of compression, the flow velocity is boosted again such that the fluid reaches the desired outlet with a velocity value that does not exceed the acceptable range as per the API RP 14E standard.




4.2.2. Estimating Compressors’ Horsepower for Pipeline Expansion via Compressor Stations


Values of the compressor horsepower (hp) needed to expand existing gas networks by the installation of compressor stations were also obtained for different blends of hydrogen and natural gas. The results (Figure 14) show a similar trend with the length of loop pipes needed for pipeline expansion by looping (Figure 11). That is, the higher the proportion of hydrogen in the blend/flow stream, the higher the hp of compressors that are needed to maintain the desired pressure drop through the simulation run (or gas delivery). Although the smaller hydrogen molecules should lighten up the flow stream and require lesser compressors with increasing hydrogen proportion, this is not the case. That is because the introduction of hydrogen reduces the energy content of the flow stream and more volumetric flow is needed to compensate for that. This increase caused an overall increase in the pressure loss of the system that necessitated higher compressor ratings with increasing hydrogen proportions in the blend. While over 45,000 hp compressors are needed for the 80:20% methane–hydrogen blend, the compressor hp needed for pure hydrogen is slightly below that because pure hydrogen offers less resistance to flow (frictional and viscous drags) than blends of hydrogen and methane owing to its low density and high compressibility combination. This is consistent with the results of similar investigations whereby the estimate of the number of compressor stations required for the pipeline transportation of varying blends of methane and hydrogen is over 6000 km [24].





4.3. Cost Analysis


4.3.1. Cost of Natural Gas Pipeline Expansion Projects


The cost of pipelines and compressor stations contributes the most to a typical pipeline project’s expense [12]. It is, therefore, crucial to analyse and compare the costs of expanding an existing network since the purchase and installation of additional pipelines and compressor stations constitute the major operations in pipeline expansion projects by looping and the use of compressor stations, respectively. Since the cost of this equipment is based on several variables, including quotations from vendors, the location of the project, the prevailing economic indices, etc., it is difficult to put a price tag on the cost of looping or compressor stations. However, for this cost analysis, the authors referred to two expedient pipeline looping projects from the US Energy Administration Agency’s inventory of US gas pipeline expansion projects: the 2022 Big Bend Natural Gas Loop Extension project in Florida and the 2021 Columbia Gas Northern Loop Project. From these projects, the average cost of gas pipeline expansion by looping was calculated at USD 5,170,000 per kilometre of reinforcement length [38].



In the same fashion, an acceptable cost of pipeline expansion with compressor stations can be roughly estimated from the Transcontinental Gas Pipeline Southeast Energy Corridor Project—a USD 155 million expansion project involving 3.22 km of looping and an 11,110 hp compressor station installation [38]. If the cost of the reinforcement section (USD 16.65 million, using the estimate from the last paragraph) is subtracted from the project cost, then the cost of the compressor station can be approximated to USD 12,453 per hp.



Estimating the Cost of Pipeline Expansion by Looping for the Escravos–Lagos, Nigeria, Pipeline:



The estimate of the pipeline looping project from Section 4.3.1 can be divided into material, labour, right-of-way (ROW), and miscellaneous expenses in the following proportions [39]:



Given cost in the US: USD 5,170,000 per km of loop/reinforcement.



	
Material cost: USD 1,706,100 per km (33%);



	
Labor cost: USD 2,533,300 per km (49%);



	
Right of way cost: USD 310,200 per km (6%);



	
Miscellaneous cost: USD 620,400 per km (12%).






To estimate the cost of pipeline reinforcement for our case study, the Escravos–Lagos pipeline, the following adjustments are made to more closely reflect the Nigerian market.



	
Adjustment 1: Material costs






It is assumed that material costs in Nigeria are higher than in the US due to the need to import pipelines and associated materials. According to the United Nations COMTRADE database on international trade, Nigeria’s imports of iron and steel were USD 930.41 million in 2021 [40]. Also, The Guardian reported in 2018 that Nigeria still imports an estimated USD 3.3 billion worth of steel and associated derivatives annually [41]. Furthermore, Nigeria’s imports of items made from iron or steel increased by 22.3% in 2021 according to the World’s Top Exports [41]. Since Nigeria relies heavily on imported pipeline construction materials due to the limited availability of locally sourced materials, import duties and transportation costs can significantly increase the cost of pipeline construction materials in Nigeria. Therefore, material costs for pipeline looping projects in Nigeria can be 50–100% higher than in the US. For this estimate, we will assume a 75% increase in material costs.



So, adjusted material cost: USD 1,706,100.00 × 1.75 = USD 2,985,675.00 per km.



	
Adjustment 2: Labour costs






While labour costs in Nigeria are generally lower than in the US, skilled labour required for pipeline construction may be more expensive due to the engagement of expatriates and the frequent farming out of such projects to (usually) foreign companies. For this estimate, therefore, we will assume a 25% increase in labour costs.



So, adjusted labour cost: USD 2,533,300 × 1.25 = USD 3,166,625 per km.



	
Adjustment 3: Right-of-way-costs






Right-of-way costs may vary depending on the specific location and conditions of the project. Nonetheless, for this estimate, the authors will assume a 50% increase in right-of-way costs. The cost of obtaining the right of way for pipeline construction in Nigeria is assumed to be higher than in the US due to the complexity of the land acquisition process and the need to compensate various stakeholders in the former.



Hence, adjusted right-of-way cost: USD 310,200 × 1.5 = USD 465,300 per km.



	
Adjustment 4: Miscellaneous costs






Miscellaneous costs may include expenses such as permits, taxes, and insurance. These costs may vary depending on the specific conditions of the project. For this estimate, we will assume a 25% increase in miscellaneous costs relative to the US situation.



So, adjusted miscellaneous cost: USD 620,400 × 1.25 = USD 775,500 per km.



Below is the total estimated cost of pipeline expansion by looping in Nigeria, adjusted from the US market:



Adjusted material cost: USD 2,985,675 per km.



Adjusted labour cost: USD 3,166,625 per km.



Adjusted right-of-way cost: USD 465,300 per km.



Adjusted miscellaneous cost: USD 775,500 per km.



Total estimated cost in Nigeria (without contingency): USD 7,393,100.00 per km.



	
Contingency






As with any construction project, it is important to add a contingency to the estimated cost to account for unexpected expenses. For this estimate, we will add a 10% contingency.



Therefore, the total estimated cost of pipeline expansion by looping in Nigeria, adjusted from the US market (including contingency) is USD 8,132,410.00 per km.



Estimating the Cost of Pipeline Expansion with Compressor Stations for the Escravos–Lagos, Nigeria, Pipeline:



In a similar fashion to the analysis of the last section, the estimate of pipeline expansion by compression from Section 4.3.1 of USD 12,453 per hp of compressor power can be divided into the material, labour, right-of-way (ROW), and miscellaneous expenses in this proportion [39]: (i) labour: 31%; (ii) right of way: 1%; (iii) materials: 51%; and (iv) miscellaneous: 17%



	
Adjustments for Nigeria






	
Labour: 31% higher due to expatriate engagement and contracting to international firms.



	
Right of way: 50% higher due to the complexity of the land acquisition process and the need to compensate various stakeholders.



	
Materials: 25% higher due to Nigeria importing most of its materials.



	
Miscellaneous: 10% higher due to additional costs associated with doing business in Nigeria.






	
Calculations







Labour cost = 0.31 × 1.31 × USD 12,453 = USD 5057.16 per hp










Right of way cost = 0.01 × 1.5 × USD 12,453 = USD 186.80 per hp










Materials cost = 0.51 × 1.25 × USD 12,453 = USD 7938.79 per hp










Miscellaneous cost = 0.17 × 1.1 × USD 12,453 = USD 2328.71 per hp









Total cost per hp of compressor power in Nigeria:


USD 5057.16 + USD 186.80 + USD 7938.79 + USD 2328.71 = USD 15,511.46











Adding the 10% contingency cost to the total cost per hp of compressor power in Nigeria gives the following:



Total cost per hp of compressor power in Nigeria with contingency cost:


USD 15,511.46 × 1.1 = USD 17,062.60











Therefore, it would cost approximately USD 17,062.60 per hp of compressor power to expand a gas pipeline with a compressor station in Nigeria with a 10% contingency cost.



Please note that this is only a general estimate, and the actual cost may vary depending on the specific prevailing conditions of the intended expansion of the Escravos project. While these cost estimates are adequate for the analysis intended in this section of the paper (i.e., to compare the cost of gas network expansion by looping versus by compression to repurpose them for hydrogen transportation, especially for the Escravos–Lagos pipeline network), it is important to conduct a detailed analysis of the project requirements and costs to generate a more accurate estimate.




4.3.2. Cost Comparison of Natural Gas Pipeline Expansion Options for Hydrogen Transportation


From Figure 11, the adequate length of reinforcement pipes needed for the desired capacity expansions for hydrogen flow in existing natural gas pipelines is provided. Similarly, Figure 14 shows the compressor ratings (in horsepower) that would serve the same purpose if the gas network expansion were to be with the use of compressor stations. Using the estimates of the costs of expansion by looping and compressions in the previous section (i.e., USD 8,132,410 per kilometre of reinforcement pipe and USD 17,062.60 per hp of the compressor station, respectively), the costs of the two expansion options for different hydrogen proportions in the blend are estimated and shown in Figure 15. For all proportions of hydrogen in the blend, the cost of expanding the Escravos–Lagos gas pipeline to suit its usage for hydrogen transportation by looping far exceeds the cost of achieving the same objective with the use of compressor stations. The percentage differences in the cost range from as high as 494% for 20% H2 in the flow stream to 64% in the flow of only hydrogen.



The Table 4 below summarises the cost implications of the two expansion options discussed.





4.4. Study Limitations


While the above results offer significant insights into repurposing natural gas infrastructure for hydrogen transportation, it is essential to acknowledge certain limitations inherent in this work. These limitations encompass assumptions made during modelling, potential sources of bias, and uncertainties in the results. By critically examining them, we can gain a more nuanced understanding of the study’s findings and their implications for hydrogen transportation infrastructure development. They include the following:




	
Adoption of Static Operating Conditions: The modelling approach utilised static conditions for pipeline operation, such as constant inlet pressure and temperature. In reality, operating conditions may vary dynamically due to factors like fluctuating demand and maintenance activities. Failure to account for these dynamic conditions could introduce errors in the application of this study’s results and recommendations. For instance, in the performance of compressor stations.



	
Use of Uniform, Simple Pipeline Geometry: In Section 3, a simplified pipeline geometry of the ELPS, represented by a single-pipe model with uniform properties throughout its length is presented (Figure 5). However, real-world pipeline networks may feature varying diameters, bends, junctions, and other complexities that can affect flow dynamics and pressure distribution. By using this simplified model, the study overlooks some important factors that could influence the behaviour of methane and hydrogen blends in the pipeline, potentially leading to inaccuracies in the results. Failure to account for these variations could introduce biases and uncertainties, particularly when extrapolating findings to other real-world scenarios with more complex pipeline geometries.



	
Composition of Natural Gas and Hydrogen Blends: The study utilises a lean/dry gas sample of Nigeria’s domestic gas for the Escravos–Lagos gas network, with methane comprising 95% of the gas. While this simplifies the modelling process, it may not accurately reflect the composition of natural gas in other regions where similar repurposing efforts might be considered. Variations in natural gas composition could affect the behaviour of hydrogen blends in the pipeline, leading to uncertainties in the results. Similarly, the study examines the impact of different proportions of hydrogen in the blend, ranging from 0% to 100%. However, the actual blend composition used in practical applications may vary depending on factors such as production methods, hydrogen source, purity requirements, and regulatory standards. The study’s findings, therefore, do not fully capture the effects of real-world variations in hydrogen blend composition.



	
Limited Consideration of Cost Implications: While the economic analysis compares the cost of pipeline looping and compressor stations for expanding the existing network, it does not account for all potential costs and considerations associated with each option. For example, we have made gross simplifications in the indices considered and overlooked maintenance costs, operational efficiency, and environmental impact, which could significantly influence the overall cost-effectiveness of each expansion option.








In a nutshell, this study provides an initial feasibility assessment and first-pass decision-making regarding the planned introduction of hydrogen into the Escravos–Lagos gas network. However, it may not address all potential technical, economic, and regulatory challenges associated with repurposing existing pipeline infrastructure for hydrogen transportation. Further research and analysis may be needed to fully understand the implications and feasibility of such endeavours, potentially introducing uncertainties in the applicability of the results of this study to broader contexts and using project-specific parameters in the application of its recommendations to individual projects.





5. Conclusions


Key technical and economic implications of repurposing existing natural gas infrastructure have been investigated in this study. Specifically, the two prominent natural gas expansion approaches—pipeline looping and compressor stations—were technically analysed and compared economically. The need to study and understand the pipeline expansion options is born from the fact that an increased volumetric flow rate of hydrogen gas is required for hydrogen to deliver the same energy value as natural gas considering that the energy value of the former is one-third of the energy value of natural gas. The following points can be deduced from the study:




	
The introduction of hydrogen in a natural gas flow stream increases the pressure of the system due to the increased expansion that the lighter hydrogen gas causes when blended with natural gas. It is therefore important to consider making changes to fittings, connection, pressure gauges, etc., to accommodate these changes when adopting a natural gas network for hydrogen processing and transportation.



	
The use of pipeline looping and compressor station options effectively kept flow parameters within recommended and safe values/ranges. For the Escravos–Lagos natural gas pipeline studied, expanding the network via these options resulted in lowering the erosional velocity profiles of the flow stream such that, besides the flow of pure hydrogen, the internal velocity value was maintained below the 20 m/s estimated for the maximum erosional velocity limit, as per the API 14E RP, across the entire 340 km length of the pipeline.



	
Generally, the amount of compression or extent of looping that is needed is in direct proportionality with the fraction of hydrogen in the blend. The higher the percentage of hydrogen in the blend, the higher the ratings of the compressor station that would be needed (for pipeline expansion with compressor station option), and the higher the pipe length that would be needed for pipe looping.



	
The economic analysis shows that the use of compressor stations is more economical for pipeline expansion relative to pipe looping for all proportions of hydrogen in the natural gas blend. For the Escravos—Pipeline network, Figure 15 shows that the difference can be as high as a 495% increase in the cost of pipeline network expansion by looping that is required to repurpose the gas network over the cost of using compressor stations, for the flow of 20% hydrogen in the flow stream.



	
While this study offers valuable insights into repurposing existing natural gas infrastructure for hydrogen transportation, its findings should be interpreted with caution and implemented alongside the analysis of other individual project-specific factors, considering the limitations, assumptions, potential biases, and uncertainties inherent in the methodology and analysis approach of this study.



	
This study provides a way forward for cheaper energy prices in the future. By helping to reduce the capital expenditures that would be otherwise incurred in building new infrastructure for hydrogen, it contributes to the achievement of net zero emissions while helping to guarantee future energy security.
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Abbreviations




	API
	American Petroleum Institute



	ASME
	American Society of Mechanical Engineers



	CFD
	Computational Fluid Dynamics



	CH4-H2
	Methane–Hydrogen Blend



	COMTRADE
	United Nations Commodity Trade Statistics Database



	ELPS
	Escravos–Lagos Pipeline System



	ER–EOS
	Esmaeilzadeh–Roshanfekr Equation of States



	f
	Fanning Friction Factor



	HP
	Horsepower



	KPI
	Key Performance Indicators



	m/h
	Meters per Hour



	m3/h
	Cubic Meters per Hour



	mi
	Miles



	MMSCFD
	Million Standard Cubic Feet per Day



	Pa
	Pascals (unit of pressure)



	PR-EOS
	Peng–Robinson Equation of State



	PS1–PS5
	Pump Stations 1 to 5



	psia
	Pounds per Square Inch Absolute



	P–V–T–Z
	Pressure–Volume–Temperature–Composition



	ROW
	Right-of-Way



	RP
	Recommended Practice



	S
	Specific Gravity of Gas



	SRK-EOS
	Soave–Redlich–Kwong Equation of State



	US
	United States
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Figure 1. Pipeline expansion through inlet pressure increase [12]. 






Figure 1. Pipeline expansion through inlet pressure increase [12].
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Figure 2. An illustration of compressor spacings in pipeline capacity increment (maximum operating pressure—MOP) [12]. 
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Figure 3. Pipeline looping schematic for flow increase. 
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Figure 4. Escravos–Lagos pipeline network route on Southwestern Nigerian map. 
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Figure 5. Existing pipeline single-pipe model diagram (* denoting a feed stream). 
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Figure 6. Experimental workflow. 
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Figure 7. Process diagram of pipeline expansion with looping/pipe reinforcement (* denoting a feed stream). 
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Figure 8. Process diagram for gas network expansion through compression (* denoting a feed stream and -3- refers to the stream after heat exchanger XCHG-100). 
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Figure 9. Pressure profile of the reinforced pipeline. 
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Figure 10. Velocity behaviour in the reinforced and non-reinforced section. 
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Figure 11. Required reinforcement length for equivalent and desired pressure drop. 






Figure 11. Required reinforcement length for equivalent and desired pressure drop.



[image: Gases 04 00005 g011]







[image: Gases 04 00005 g012] 





Figure 12. Compression option pressure profile. 
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Figure 13. Gas velocities for compression option. 
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Figure 14. Number of compressor stations required for equivalent and desired pressure drop. 
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Figure 15. Comparison of pipeline expansion costs by looping versus compression. 
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Table 1. Properties of natural gas and hydrogen at 100 bar and 303 K.
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	Property
	Methane
	Hydrogen





	Molecular weight (g/mol)
	   16.0425   
	   2.0159   



	Density (kg/m3)
	   74.6208   
	   8 ×   10   − 3     



	Specific gravity
	   5.539 ×   10   − 1     
	   6.96 ×   10   − 2     



	Dynamic viscosity (Pa·s)
	   1.3955 ×   10   − 5     
	   9.168 ×   10   − 6     



	Kinematic viscosity (m2/s)
	   1.8702 ×   10   − 7     
	   1.15 ×   10   − 3     



	Gross heating value (MJ/m3)
	   37.6315   
	   12.0793   



	Thermal conductivity (W/(m·K))
	   4.48 ×   10   − 2     
	   1.561 ×   10   − 1     










 





Table 2. Components of the natural gas phase.
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	Component
	Mole Fraction (%)





	Methane (C1)
	95



	Ethane (C2)
	10



	Propane (C3)
	8



	Butane + Paraffin (C4+)
	5



	Nitrogen (N2)
	0.03



	Carbon Dioxide (CO2)
	0.04










 





Table 3. Model input parameters.
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	Input Variable
	Value
	Unit





	Equivalent pipe length
	342
	km



	Nominal pipe size, NPS
	36
	inch



	Pipe wall thickness
	0.25
	inch



	Maximum allowable operating pressure, MAOP (inlet)
	70
	bar (g)



	Outlet pressure
	17.34
	bar (g)



	Gas-specific heat ratio
	1.4
	NA



	Standard temperature
	15.5
	°C



	Atmospheric pressure
	1.01325
	bar



	Number of the length of pipe increment
	200
	NA



	The material for pipe construction
	Carbon steel
	NA



	Inclination angle
	0
	Degrees



	Inlet pressure
	60
	bar (g)










 





Table 4. Comparison of the costs of gas pipeline expansion options for different methane–hydrogen blends.
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	CH4-H2 Blend (%H2)
	Required Loop Pipe Length (km)
	Required Compressor Power (hp)
	Unit Cost of Looping (USD/km)
	Unit Cost of Compression (USD/hp)





	20
	90
	7223
	732
	123



	40
	150
	16,637
	1220
	284



	60
	180
	26,373
	1464
	450



	80
	210
	46,012
	1708
	785



	100
	150
	43,578
	1220
	744
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