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1. Tables 

 

Table S1. BET model components: capital, operating and externality costs. 
 Capital Cost Operating Cost 

Power 

plant 

The capital cost of power plant increases with 
power plant capacity.  The power plant capacity 
differs since there is electricity loss in 
transmission that must be made-up to deliver the 
desired amount of electricity to the customer.  
The amount of extra power plant capacity 
depends on the efficiency of the electric energy 
transmission system ηTR which consists of fixed 
ηTRfix and variable ηTRvar parts with regard to the 
energy transport distance. The fixed part is 
measured in percent and includes either electric 
losses in converter and transformer stations or 
losses of primary energy resources during 
loading/unloading of rolling-stock at both ends 
of the energy transport route. The variable part 
is measured in percent per 1000 km of the 
energy transport route and includes electric 
losses in conductors, coal lost due to car 
shaking, gas taken from a pipeline to run 
compressors, etc.  

Fuel and pollution control costs are 
proportional to generation ($/MWh). 
Maintenance costs including labor 
are related to plant capacity ($/MW) 
and to a secondary extent operating 
hours ($/MWh). The price of fuel is 
volatile, e.g. natural gas prices have 
been varying in the range 0.15-0.45$ 
per m3 in the USA in 2004-2008 (1). 
While in the same time, coal prices 
have been demonstrating a better 
stability staying around 10-20$ per 
ton of sub-bituminous western coal 
(2). 
 

Energy 

transport 

infra-

structure 

Electricity transmission: cost of converter and 
transformer stations at both ends of the energy 
transport route, as well as the transmission line 
and ancillary equipment, such as capacitor banks 
for voltage support.   
Fuel transport: cost of the loading/unloading 
facilities, the track or pipeline, and ancillary 
facilities such as pumps on a pipeline.  In both 
cases the sending end facility has a higher rating 
due to the energy transport losses.  

Cost of electric losses in converter/ 
transformer stations and conductors 
or the lost primary energy resources 
during loading and unloading of 
rolling-stock and during 
transportation plus maintenance cost. 

Rolling-

stock 

The capital cost of rolling-stock can be a 
significant part of the total capital cost for 
railroad or barge transport. Higher speed and 
shorter loading/unloading times increase the 
productivity of the freight vehicles. However, 
greater speed leads to higher fuel consumption 
and more expensive infrastructure. We did not 
optimize these parameters and used typical 
publicly available parametric data (3-5). 

Cost of rolling stock maintenance 
and fuel. On the average, water 
carriers consume 6.8 liters and rail 
transport 6.4 liters of diesel fuel per 
ton of primary energy resources 
moved over 1000 km (6). Because of 
the high market price volatility, 
transportation companies, and 
especially railroad companies, have 
introduced a fuel price escalator (7).  
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Table S2. Key bulk energy transport model assumptions. 
Parameter Model Input Value, Assumptions, andReferences 

Air pollution  Pollutants emitted by combustion of primary energy resources at 
the power plant, by rolling-stock engines, as well as pollutants 
related to combustion of extra primary energy resources to cover 
electric transmission losses 

CO2 emission Has a global effect on the environment, TAX_CO2 does not 
depend on the geographic location of a power plant and transport 
infrastructure 

NOx, SO2 emission Have more regional than global environmental impact. 
Therefore, we have introduced different air emission tax levels in 
the regions relatively close to the densely populated areas (DPA) 
associated with large electric load centers and in the remote 
regions with a sparse population 

Extension of the default RoW 
corridor 

Corresponds to the cost of extending the default RoW corridor 
(purchasing more land and moving buildings and other structures 
outside of the extension) will be added to the total cost in case of 
acceptance of stricter regulations only applied to densely 
populated areas (DPA). we assumed that sparsely populated areas 
are not affected by new regulations. In addition we assumed that 
the expansion of the RoW corridor is a costly but possible 
regulatory option 

The width of the RoW Is defined by the width needed to fulfill audible noise, visual 
effect or EMF standards 

We focus on existing and near-
future technologies 

5 years horizon technologies. 

 
Table S3. Test case assumptions for all energy transport options. 

Energy transport distance (from a location of 
primary resources and electric load center) 

BET_D km 1600 

Power delivered to the load center BET_P MW 1000 

Capital recovery factor CRF  0.073 

Discount rate dRate % 6 

Life cycle of the project, years T years 30 

Coal - - 
Powder river basin (PRB) 

subbituminous coal, 15 $/ton, 20 MJ/kg 

Power plant availability PP_a % 85 (7446 hours) 

Estimated land price in the densely populated 
area 

TAX_RoW $/m2 500 

Percentage of densely populated part of 
transport route 

DPA % 5 

CO2 emission tax TAX_CO2 $/tonCO2 0-1500 

Standard defines new values of tolerable noise, 
visual and EMF impacts 

- 
noise 

visual impact 
EMF 

50 dB 
0.25 p.u. 

0.4 µT 
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Table S4. Test case assumptions for each energy transport options. 

  
 

Pipeline (coal 
gasification) 

HVDC 
OHL 

600 kV 

HVAC 
OHL 

750 kV 

HVDC 
UG 

500 kV 
Rail 

Total capital cost 
factor of power 
plant 

PP_CC $/kW 3500 2900 

Power plant 
efficiency 

ηPP % 42 39 

Total capital cost 
factor of energy 
transport 
infrastructure 
 

TR_CC 
M$ per MW/ 
M$ per km 

0.05/ 
2 

0.21/ 
2 

0.13/ 
2.5 

0.19/ 
4.5 

0.05/ 
2 (fraction of 

15%) 

Transport system 
efficiency 

ηTRfix/ 
ηTRvar 

% / 
% per 1000 km 

0.05/ 
6 

1.4/ 
2.5 

0.4/ 
4 

1.4/ 
4 

0.05/ 
0.1 

CO2 capturing 
capabilities 

CAP_CO2 % 
0-80 (both 

gasifier and 
CCGT) 

0-80 (coal fired power plant) 
0-80 (coal fired 
power plant), 0 
(rolling stock) 

Total capital cost 
factor of power 
plant (CCS 80%) 

CC_PPccs $/kW 4500 5300 

Power plant 
efficiency (CCS 
80%) 

ηPPccs % 32 29 

 
Table S5. Minimum percentage or land price of densely populated area (DPA) needed 
to economically justify underground HVDC vs. other bulk energy transport options to 
transport 1000 MW over 1600 km. 

Underground HVDC 500 kV is justified vs. 

Minimum percentage 
of DPA (land price is 

fixed at $500/m2) 

Minimum land price 
$/m2 in DPA 

(percentage of DPA 
is fixed at 5%) 

Rail 
when audible noise level is fixed at 50 dB 

2.25 225 

HVAC OHL 750 kV 
when EMF level is fixed at 0.4 µT 

4.25 425 

HVAC OHL 750 kV  
when visual impact level is fixed at 0.25 

2.15 215 

HVDC OHL 600 kV 
when visual impact level is fixed at 0.25 

4.25 425 
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2. Figures 

 

 
 

Figure S1. Required extension of the default RoW corridor due to increased noise, EMF 
and visual impact regulations. 

 
 
Figure S2 shows a summary of annual costs to the utility for different energy 

transport options in the BAU case. Annualized capital cost consists of power plant, 
transport infrastructure and rolling-stock capital costs. Annual operating cost includes 
both maintenance cost and fuel used to generate and to transport contacted power (coal, 
diesel and syngas).  
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Figure S2. Summary of annual costs (BAU case). 

 
Figure S3 illustrates economy of scale in energy transport infrastructure. Capital 

cost of transport infrastructure for rail represents 1/6 of total track usage and 
corresponds to the maximum transport of coal equivalent to 5000 MW. Therefore, 
increasing the amount of delivered power requires only additional circulating rolling 
stock. The pipeline is dimensioned to supply an amount of syngas needed to generate 
5000 MW. 
 

 
Figure S3. Cost of electricity at the load center vs. delivered power. 

 
Figure S4 illustrates a sensitivity of electricity cost to a variation of energy transport 

distance. In case of rail private and social cost of electricity are shown for the case 
where the audible noise is limited by 50dB at the edge of the RoW. 
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Figure S4. Cost of electricity at the load center vs. energy transport distances. 

 
Imposing RoW extension for reducing EMF impact may have a serious impact on 

the competitiveness of overhead HVAC transmission option only (Figure S5). We 
assume that a default RoW corridor of HVAC overhead 750 kV line is 150 meters or 75 
meters from each side. The estimated land price in the densely populated area is $500 
per m2 and the densely populated area covers 5% of the total energy transport distance.  

 

 
Figure S5. EMF impact on cost of electricity cost at the load center. 
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Reducing the audible noise level in the densely populated area will significantly 
increase the cost of electricity at the load center for the coal by rail option (Figure S6).  
We estimate the land price in the densely populated area as 500$ per m2 where the 
densely populated area covers 5% of the total bulk energy transport distance, in this 
case 80 km. 
 

 
Figure S6. Noise impact on cost of electricity at the load center. 

 
Figure S7 shows a sensitivity of electricity cost to a variation in both: land price 10 

times higher and DPA two times larger than in the BAU case. 
 

 
Figure S7. Sensitivity of cost of electricity at the load center as a function of noise level 

to variations in land price and length of densely populated area.  
 
A relative visibility of energy transport infrastructure is used to weight impacted 

land close to the energy transport route in the case its visual effect is considered as 
externality cost (Figure S8).  
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Figure S8. Visual impact on cost of electricity at the load center. 

 
For long distance electricity transmission, the capital cost of transmission line 

(conductors, towers, etc.) represents more than 50 percent of the transport infrastructure 
capital cost starting from 500-700 km for overhead lines and from 50-100 km for 
underground cables. The rest of transport infrastructure capital cost corresponds to the 
capital cost of converter or transformer stations. The transmission line capital cost 
increases with line capacity, since a higher conductor current rating (cross-section) is 
required for the fixed voltage level. A line with larger capacity has lower line losses for 
a given amount of current. The trade-off between spending more on line capacity 
(increasing a conductor cross-section) and having lower transmission losses, for a given 
current and voltage (constant transmitted power and constant line current) is illustrated 
in Figure S9 (8). The same approach is used to obtain the optimal gas pipeline diameter. 
Doubling the capacity of a transmission line, gas pipeline, or rail line less than doubles 
the costs, since the cost of the right-of-way increases less than capacity and the amount 
of material also increases less rapidly. Still more important is the extent to which the 
line is used at or close to capacity. While line losses are related to throughput, the 
investment cost is fixed and so spreading it over more units of throughput lowers unit 
costs. 
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Figure S9. Selection of optimal conductor cross-section. 
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