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Chapter 6

Costs of Transporting Electrical and Chemical Energy

6.1 Introduction

The transport of energy is an integral component of the global energy economy.
Primary and secondary energy supplies are typically transported for long distances by
merchant ships (tankers and cargo vessels), pipelines, or electrical wires. Fossil
hydrocarbons are the predominant energy supplies that are used and transported today,
however, transport of energy from renewable sources, including hydrogen and redox-
flow electrolytes, may become increasingly important in the future.

Oil, natural gas, and coal are the primary sources for 80% of the world’s energy.'
Oil and gas are always moved in part through pipelines, with large fractions transported
over long distances by tankers and/or rail. Coal is moved in railcars and by ship.

Pipelines account for a major percentage of both domestic and international
energy transport, and are used to supply gases (e.g. natural gas) and liquids (e.g. oil). In
2013, approximately 8.5 billion barrels of crude oil were transported across 160,000
miles of oil pipeline in the United States,” > and over 744 million cubic feet of natural gas
were transported in over 300,000 miles of natural gas pipelines.”* Tankers are also used
to transport oil and, increasingly, to transport liquefied natural gas (LNG). In 2005, over

60% of all petroleum consumed was transported in tankers.’ Pipelines are used to
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transport fuels over land and tankers over water, so the two methods are often to
supplement each other.

Electrical energy is transported from generation to load using conducting
transmission wires. Over 4 trillion kilowatthours of electricity is annually generated and
transmitted in the United States.® High voltage alternating current (AC) is used for the
majority of long distance electricity transmission. High voltage direct current (HVDC)
has efficiency advantages and has long been proposed as a potentially economically
competitive mode of transmission.” Transmission lines are generally supported by tall
above ground supports and occasionally are placed underground, where they are less
affected by weather but incur additional costs.®

Strong interest in renewable energy has led to several proposed future energy
transportation scenarios, including 100% grid electrification’ and widespread installation

10, 11

of hydrogen pipelines. When considering future energy infrastructure alternatives, it
is important to include their differing energy transportation costs. Herein we summarize
and compare the estimated costs for building and transporting different energy sources
across new infrastructure. Costs are compared on a dollar per unit power per unit

distance basis, and on a dollar per unit of energy per unit distance basis, using expected

operating lifetimes.
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6.2 Costs of Energy Transport

6.2.1 Oil Pipelines

Oil that is transported over land primarily moves through 24” to 48” diameter
pipelines.'? The project cost of constructing an oil pipeline, as estimated by averaging the
construction cost of large numbers of pipelines, is approximately 61 $/ft’, with an
operating lifetime of 40 years.'”> The capital cost breakdown (Figure 6.1) shows, on
average, an even split between material and labor costs, irrespective of pipeline diameter
and length.'? It is important to note that these breakdowns are averages and have high
variability between projects. The cost of transporting oil in pipelines can therefore be
estimated using the energy density of oil, 38.5 GJ/m’." (Table 6.1). Costs were
calculated for fluid velocities ranging from 1- 3 m/s, which correspond to average
pipeline velocities. The capital cost was assumed to account for 38%'* of the total cost of
transporting the oil, with the majority of the remaining costs associated with corrosion
and pipeline maintenance. This total cost estimate for transporting oil in pipelines is

comparable to published values."> '°



4

Figure 6.1: Capital cost breakdown for oil pipelines
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Cost of Iﬂ Energy Energy Capital [Total
pipeline ffluid density [Flow [flow Cost Cost Cost
[Pipe (million \velocity jof oil  [rate rate ($/km ($/1000 (($/1000
Diameter (in) [$/mile) (m/s) (G)/m3) [(m3/s) |(GW) |kW) |ifetime (years) [km-GJ) |km-GJ)
36| 2.3 1.00f 38.50 0.66{ 25.28 0.06 40 0.04) 0.12)
36 2.3 2.00] 38.50] 1.31] 50.56 0.03 40 0.02 0.06)
36| 2.3 3.00] 38.50] 1.97| 75.83 0.02 40 0.01 0.04|

Table 6.1: Cost of transporting oil in pipelines
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6.2.2 Natural Gas Pipelines

Most natural gas is transported in pipelines. Long-distance natural gas pipelines
are usually maintained at high pressures (~65-90 bar)'""'” with fluid velocities of ~10
m/s."® Natural gas is predominately methane, which is reasonably treated as an ideal gas
with an energy density of approximately 47 MJ/kg."” The costs of construction and use
of natural gas pipelines were estimated from three separate reports'™ ' ?° (Table 6.2).
The capital cost of natural gas pipelines has similar a cost breakdown to that of oil
pipelines.”’ By analogy to oil pipelines, assuming that the capital cost accounts for 38%
of the total cost, and assuming a lifetime of 40 years, the total cost per unit distance for
transport of gas through pipelines is similar, but higher, than the cost for oil pipelines.

. . 22
These cost estimates are also comparable to previous reports.

Cost of Heat of Capital
pipeline  [Fluid Combusti| Cost Cost Total Cost
Pipe diameter [((million |velocity [Pressure [on ($/km | Lifetime [($/1000 {($/1000
(in) $/mile)  |(m/s) (bar) (MJ/kg) kW) (years) [km-GJ) |km-GJ)
20 1.44 10 65 47 0.22 25 0.28 0.75
36 291 10 65 47 0.14 25 0.18 0.47
20 1.44 10 90, 47 0.16 25 0.21 0.54
36 2.91 10 90 47 0.10 25 0.13 0.34

Table 6.2: Cost of transporting natural gas by pipeline
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6.2.3 Hydrogen Pipelines

Hydrogen pipelines are used primarily to transport hydrogen as a chemical
feedstock for commercial operations. To estimate of the cost of constructing long-
distance hydrogen pipelines for energy purposes, the cost was assumed to be similar to
that of commercially installed natural gas pipelines. This is an optimistic assumption as
the transportation of hydrogen would likely require more expensive steel due to hydrogen
embrittlement.'” The hydrogen pressure was assumed to be ~10-30 bar” and the fluid
velocity was assumed to be approximately 15 m/s."' Hydrogen is assumed to behave as
an ideal gas with an energy density of 120 MJ/kg."” Both the capital and total costs of
transporting energy via hydrogen in pipelines are estimated to be an order of magnitude
greater than natural gas (Table 6.3), primarily due to the lower heat of combustion per

mole as well as the lower pressures utilized in hydrogen pipelines.

Cost of Heat of ICapital
pipeline  |Fluid Combusti| Cost ICost Total Cost
Pipe diameter |(million |velocity [Pressure [on ($/km | Lifetime |($/1000 (($/1000
(in) S$/mile) (m/s) (bar) (MJ/kg) kw) (years) |km-GJ)  km-GJ)
20 1.44 15 15 120 2.02 25 2.57 6.75
36 2.91 15 15 120 1.27 25 1.61 4.24
20, 1.44 15 30, 120 1.01 25 1.28 3.38
36 2.91 15 30 120 0.63 25 0.80 2.11

Table 6.3: Cost of transporting hydrogen in pipelines
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6.2.4 Pipelines for Alternative Chemicals

In addition to transporting oil, large diameter pipelines may also be utilized for
transporting chemical energy in the form of redox flow battery electrolytes or liquid
organic hydrogen carriers (LOHC). The cost of transporting several redox flow systems
and LOHCs can be estimated using their energy densities, which are typically much
lower than the energy density of 0il.>**” The costs of these pipelines were calculated by
assuming similar diameters, materials, and fluid velocities to oil pipelines. Table 6.4
shows the capital costs of transporting alternative chemicals in pipelines. The cost of
transporting redox flow electrolytes is several orders of magnitude greater than for oil,
due to the relatively low energy density. LOHCs benefit from significantly higher energy

density than redox flow electrolytes, resulting in much lower costs of transportation.
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Cost of Energy Capital [Total
Pipe pipeline (fluid ensity of |Cost Cost Cost
Diameter [(million |velocity |electrolyte(($/km Lifetime |($/1000 [($/1000
(in) $/mile) {(m/s) [(G)/m3) kW) (years) km-GJ) |km-GJ)
\Vanadium Flow 36| 2.28 1 0.09] 23.94 40 18.91 49.77
\Vanadium Flow 36| 2.28 2 0.09; 11.97 40 9.46] 24.89
High density Vanadium Flow 36 2.28 1 0.15 14.60 40 11.53 30.35
High density Vanadium Flow 36 2.28 2] 0.15] 7.30 40 5.77 15.17
Zinc-polyiodide 36 2.28 1 0.6 3.59 40 2.84 7.47
Zinc-polyiodide 36 2.28 2 0.6 1.80 40 1.42 3.73
Zinc-bromide 36 2.28 1 0.25] 8.55 40 6.75 17.78
Zinc-bromide 36 2.28 2] 0.25] 4.28 40 3.38 8.89
Dodecahydro-N-
lethylcarbazole/N-ethylcarbazole 36 2.28 1 7.24 0.30 40 0.24 0.63
Eodecahydro-N-
thylcarbazole/N-ethylcarbazole 36 2.28 2 7.24 0.15 40 0.12 0.31
Decalin/naphthalene 36 2.28 1 6.82 0.32 40 0.25 0.67
Decalin/naphthalene 36 2.28 2| 6.82 0.16 40 0.13 0.33

Table 6.4: Cost of transporting energy as redox flow battery electrolyte by pipeline

6.2.5 Oil Tankers

Oil is generally transported long distances over water in tankers that vary in
carrying capacity from small 45 dry weight ton (DWT) ships to very large crude carriers
(VLCC) with capacities of ~160-320 DWT. VLCC’s account for the majority of crude oil
shipments across the globe.”® The average lifetime of a tanker is estimated to be 25
years,” the average speed was assumed to be ~10 knots™ and the utilization percentage
(fraction of time that the tanker carries cargo) was assumed to be 40%. Table 6.5
summarizes the cost of energy transport as oil in tankers. While tankers vary quite
significantly in size and cost, their capital costs are relatively similar and rather small (an
order of magnitude less than the capital cost of oil pipelines).’’ The total cost of oil

15,32

transportation was estimated by averaging the cost of several tanker route rates, and
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was found to be comparable to that of oil pipeline transportation, implying that the

variable costs constitute a very large portion of the total costs. The greater variable costs

are likely due to high maintenance and personnel cost.

Capital

Cost of capacity |barrel of oillaverage Cost Total Cost

tanker (million  |equivalent |speed Cost ($/km |Lifetime  [($/1000  |($/1000
Name (million $) |bbl) (GJ/bbl)  |(knots) kW) (years) km-GJ) km-GlJ)
Panamax 30 0.54 6.1 10 0.004 30 0.006 0.04
Aframax 49 0.69 6.1 10 0.006 30 0.007 0.06
Suezmax 52 1.26 6.1 10 0.003 30 0.004 0.03
VLCC 94 1.96 6.1 10 0.004 30 0.005 0.04

Table 6.5: Cost of transporting oil by tanker

6.2.6 Liquefied Natural Gas Tankers

While tankers typically transport liquid crude oil and its refined products, ships

(and trains) capable of carrying liquefied natural gas (LNG) are increasingly used, taking

advantage of abundant and relatively low-cost natural gas. Several unique challenges

make energy transportation as LNG more expensive than for oil in tankers, including the

need for dedicated ports as well as highly trained personnel who are capable of handling

the highly flammable liquefied natural gas. The costs were calculated by assuming that

LNG tankers, relative to oil tankers, had similar lifetimes, speeds, utilization percentages,
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and ratio of capital cost to total cost. Additionally, a 30% loss of LNG was assumed
during the liquefaction. The cost of LNG tankers was estimated from published data.*'**

The total cost of energy transport as LNG in ships was found to be nearly equivalent to

that of natural gas transmission in pipelines. This estimate is consistent with available

data on the cost of LNG tanker transportation.”* **
Cost of capacity barrel of oil [average Capital Cost [Total Cost
tanker (thousand [equivalent |speed Cost ($/km |[Lifetime ($/1000 km- |($/1000 km-
(million §) [m3) (GJ/m3) (knots) kW) (years) GJ) GJ)
71 75 22 10, 0.004 30 0.03 0.26
179 125 22 10 0.006 30 0.05 0.4

Table 6.6: Transportation costs for liquefied natural gas (LNG) by tanker

6.2.7 Electrical Transmission Lines

High-voltage transmission lines are the backbone of the electrical energy grid,
with more than 450,000 miles of domestic high-voltage transmission lines.”> The cost of
moving energy as electricity in transmission lines was estimated from reports analyzing
the project cost of different types of power lines (Table 6.7).” * ***® The total cost of
energy transmission via electrical wires was found to be approximately an order of
magnitude more expensive than the total cost of energy transmission via oil pipelines.
The breakdown of capital cost for electrical transmission lines is estimated in Figure

6.2.” The cost of electricity transmission can be substantially higher if substations are
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needed, and right-of-way costs have the potential to further markedly increase the cost of
electricity transmission, with some recent transmission lines having full project costs that

are as much as a factor of ten higher than the costs in Table 6.7.%*

Figure 6.2: Capital cost breakdown for electrical transmission lines
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Cost of
transmission Capital Cost [Total Cost
Power Current [line (million |Cost ($/km |Lifetime ($/1000 km- |($/1000 km-

Type (MW) (A) $/mile) kW) (years) GJ) GJ)
230 kV single 400 1.74 1.44 3.60 40 1.77 3.53
230 kV double 800 3.48 2.30] 2.88] 40 141 2.83
345 kV single 750 2.17 2.02 2.69 40 1.32 2.64
345 kV double 1500 4.35 3.23 2.15 40 1.06 2.11
400 kV double 3190 8 4.65 1.46] 40 0.72 1.43
400 kV double 6380 16| 8.45 1.32 40 0.65 1.30
400 kV double 6930 17.33 8.45 1.22 40 0.60 1.20
500 kV Single 1500 3 1.92] 1.19 40 0.94 1.88
500 kV double 3000 6 1.54 0.95] 40 0.75 1.51
500 kV HVDC 3000 6 0.77 0.48 40 0.38 0.75
600 kV HVDC 3000 5 0.81] 0.50 40 0.40 0.79

Table 6.7: Estimated cost of transporting electricity

6.3 Overall Comparison, Comment and Conclusion

Figure 6.3 compares the estimated costs of transporting energy resources in

different forms. The costs are a combination of many factors, including the end-station

costs, maintenance costs and the cost of building and operating the transport system. The

cost of transporting energy per unit distance varies by over two orders of magnitude

depending on the energy carrier and the method of transportation. Due to their high

energy densities, oil and natural gas have an inherent advantage in comparison to

alternative transportable fuels such as redox flow battery electrolytes or hydrogen.
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Figure 6.3: Summary of the cost of transportation energy resources in different forms.



115

6.4 References

1. Key World Energy Statistics, International Energy Agency, 2015.

2. U.S. Liquids Pipeline Usage & Mileage Report, Association of Oil Pipelines,
2014.

3. B. o. T. Statistics, National Transportation Statistics, U.S. Department of
Transportation, 2016.

4. U. S. E. I. Administration, Natural Gas Annual, U.S. Department of Energy,
2014.

5. J.-P. Rodrigue, The Geography of Transport Systems, New York: Routledge,
2013.

6. U. S. E. I. Administration, Electric Power Annual, U.S. Department of Energy,
2016.

7. R. Pletka, J. Khangura, A. Rawlins, E. Waldren and D. Wilson, Capital Costs for
Transmission and Substations, Black & Veatch, 2014.

8. P. Brinckerhoff, Electricity Transmission Costing Study, 2012.

9. M. Z. Jacobson, M. A. Delucchi, G. Bazouin, Z. A. F. Bauer, C. C. Heavey, E.
Fisher, S. B. Morris, D. J. Y. Piekutowski, T. A. Vencill and T. W. Yeskoo, Energy &
Environmental Science, 2015, 8, 2093-2117.

10.  W. Leighty, J. Holloway, R. Merer, B. Somerday, C. S. Marchi, G. Keith and D.

White, presented in part at the 16th World Hydrogen Energy Conference, Lyon 2006.



116

11. S. Baufumé, F. Griiger, T. Grube, D. Krieg, J. Linssen, M. Weber, J.-F. Hake and
D. Stolten, International Journal of Hydrogen Energy, 2013, 38, 3813-3829.

12. Z. Rui, P. A. Metz, D. B. Reynolds, G. Chen and X. Zhou, International Journal
of Oil, Gas and Coal Technology, 2011, 4, 244-263.

13.  R. Toossi, Energy and the Environment: Resources, Technologies, and Impacts,
Verve Publishers, 2009.

14.  D. Webster, presented in part at the National Association of Pipe Coating
Applicators, 2010.

15. A. S. Erickson and G. B. Collins, Naval War College Review, 2010, 63, 88-111.

16. A. o. O. Pipelines, http://www.aopl.org/pipeline-basics/about-pipelines/, Accessed

August, 2016.

17. S. M. Folga, Natural Gas Pipeline Technology Overview, Argonne National
Laboratory, 2007.

18.  P. M. Coelho and C. Pinho, Journal of the Brazilian Society of Mechanical
Sciences and Engineering, 2007, 29, 262-273.

19.  B. Boundy, S. W. Diegel, L. Wright and S. C. Davis, Biomass Energy Data Book:
Edition 4, Oak Ridge National Laboratory, 2011.

20. W. A. Amos, Cost of Storing and Transporting Hydrogen, National Renewable
Energy Laboratory, 1998.

21. S. Natella, R. Deverell, D. Hewitt, S. Revielle, H. Tse, A. Kuske, M. Garvey, J.
Edwards, R. Kersely, J. Stuart, M. Rana, A. Jayaram, E. Westlake, K. Iorio and A. Shaw,

The shale revolution, Credit Suisse, 2012.



117

22.  R. G. Schwimmbeck, presented in part at the 3rd Pipeline Conference, 2008.

23. H. Y. Zhao, S. T. Oyama and E. D. Naeemi, Catalysis Today, 2010, 149, 172-184.
24, M. Amende, C. Gleichweit, K. Werner, S. Schernich, W. Zhao, M. P. A. Lorenz,
O. Hofert, C. Papp, M. Koch, P. Wasserscheid, M. Laurin, H.-P. Steinriick and J. Libuda,
ACS Catalysis, 2014, 4, 657-665.

25. P. Boer and J. Raadschelders, Flow Batteries, Leonardo Energy, 2007.

26. L. Li, S. Kim, W. Wang, M. Vijayakumar, Z. Nie, B. Chen, J. Zhang, G. Xia, J.
Hu, G. Graff, J. Liu and Z. Yang, Advanced Energy Materials, 2011, 1, 394-400.

27. B. Li, Z. Nie, M. Vijayakumar, G. Li, J. Liu, V. Sprenkle and W. Wang, Nat
Commun, 2015, 6.

28. T. M. Hamilton, Oil tanker sizes range from general purpose to ultra-large crude
carriers on AFRA scale ....

29.  The Average Age of Demolished Crude Oil Tankers Hits 21 — Not Much Room
Left For Demolition Balancing The Market, Baltic and International Maritime Council,
2012.

30. 1. Arnsdorfand A. Nightingale, Bloomberg, 2011.

31. U. secretariat, Review of Maritime Transport, United Nations, 2006.

32. M. Jha and N. Christie, in Bloomberg, 2015.

33. D. Maxwell and Z. Zhu, Energy Economics, 2011, 33, 217-226.

34. S. Cornot-Gandolphe, IEA (2005): Energy Prices and Taxes, Quarterly Statistics.
First Quarter, 2005.

35. Transmission & Distribution Infrastructure, Harris Williams & Co., 2014.



118

36. K. Inc, Life-Cycle 2012: Connecticut Siting Council Investigation into the Life-
cycle Costs of Electric Transmission Lines, Connecticut Siting Council, 2012.

37. M. H. Brown and R. P. Sedano, Electricity Transmission: A Primer, National
Council on Electricity Policy, 2004.

38. Transmission Projects: At a Glance, Edison Electric Institute, 2015.

39. A. E. Power, Transmission Facts, 2013.



