Quantifying the economic
benefits of gauge changes
on the South African
core railway network
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In its white paper, the Department of Transport (2017) envisages a future South African core
railway network which requires the conversion and construction of over 8 500 km of standard-
gauge railway track by 2050. The scale of the project would undeniably have a large cost
attached to it, which needs to be well understood before any of the construction takes place.
Numerous studies regarding railway gauge have been conducted within South Africa, but no
single paper has addressed the issue of which specific railway corridors could economically

benefit from a standard-gauge intervention.

The purpose of this study was to identify which corridors in the South African core network
could potentially benefit from a gauge change intervention. These identified corridors were

then economically evaluated to determine which of the corridors would outperform the base
case, which was set as the Market Demand Strategy (MDS) plan. Finally, it was determined if any
of the corridors identified outperformed the base case, to simulate how the operations of the

corridor would be affected.

The conclusions of the study indicated that all the corridors in the South African core
network should follow the plans proposed in the MDS to achieve the maximum return for the
analysis period, except for the Natal corridor. It was identified that the Natal corridor would
benefit most from a standard-gauge single line which would run concurrently with the narrow-

gauge system transporting containers and other general freight along the corridor.

INTRODUCTION

South Africa’s rail network has been unable

to take advantage of rail’s inherent benefits

because of the early South African govern-
ment’s decision to construct the rail net-
work in narrow gauge. Rail’s success is built
upon its three genetic technologies, namely
bearing, guiding and coupling (Van der

Meulen 2010). According to the Department

of Transport (DoT) (2017), South Africa can

operate long heavy-haul trains; however,

South Africa is unable to take advantage

of speed and axle load in the same way

that standard-gauge systems are able to.

Numerous studies regarding railway gauge

have been conducted within South Africa,

but no single paper has addressed the issue
of which specific railway corridors could
benefit from standard-gauge interventions.

The objectives of the study are sum-
marised as follows:

B To establish which corridors could
potentially benefit from a standard-
gauge intervention.

B To identify what type of standard-
gauge intervention would be most

economically beneficial on the identi-
fied corridors, such as adding a third
rail, constructing a standard-gauge line
parallel to the narrow-gauge corridor or
completely changing the line from nar-
row- to standard-gauge.

B For the intervention identified, to
understand how this will influence the
operations on the corridor through the
analysis of the intervention by means of
simulation.

BACKGROUND

Rail gauge has been a contentious issue
within South Africa for a long time and

has led to the release of many government
statements and papers regarding the issue.
The NATMAP 2050 report was compiled by
The DoT in 2009 and evaluated the issue of
gauge in a global context and locally within
South Africa. Since the NATMAP 2050’s
release, the DoT (2017) released the National
Rail Policy (NRP) White Paper which seeks
to reposition rail and would require the con-
version of many corridors to standard-gauge.
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South Africa’s core railway
network and key corridors

The South African core network com-
prises 60% of the entire network, while
the remainder of the lines are classified as
“branch lines” (Transnet 2016). The inter-
modal freight lines are rated for 20 tonnes
per axle loading, while the iron ore line
operates on 30 tonne axle loading and the
coal line on 26 tonne axle loading.

Perway condition and railway

line utilisation

Perway is referred to as a section of track
with its numerous components (McNaught
2015). Transnet in more recent years have
placed a larger focus on maintaining assets
rather than constructing new railway
lines. However, the core railway network

is either in an average or poor condition
(Transnet 2016).

Key corridors in South Africa

Transnet (2016) indicates that the South
African core network consists of 18 sec-
tions that can be categorised into the fol-
lowing four systems:

B Iron ore and manganese system

B Coal system

B North-eastern system

B Intermodal and general freight system.
The coal export and iron ore export

lines generate 60% of Transnet’s revenue
and together move more than 150 mtpa
(Transnet 2018). The general freight and
intermodal railway corridors struggle to
compete with the road freight transport
sector which holds an 87.5% market share
(Department of Environmental Affairs
2015).

Transnet’s Market Demand Strategy (MDS)
The MDS was compiled by Transnet in
2012 to curb the loss of the freight trans-
portation market share to road. The MDS
seeks to spend more than R330 billion over
the next 30 years and plans to transport
350 million tonnes of freight in the year
2020 (Transnet 2012). Barradas (2014
Engineering News) states that the MDS
intends creating a modal shift from road
to rail.

DoT'’s National Rail Policy (NRP)

White Paper

The NRP was compiled by the DoT and
made public in 2017. Figure 1 displays an
essential South African core railway net-
work presented by Van der Meulen (2010)
which is similar to the one presented by
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Figure 1 An essential South African core railway network (adapted from Van der Meulen 2010)

the DoT in 2017. The line consists of the

following:

B 744 km of high-speed standard-gauge
rail (in excess of 250 km/h)

B 2691 km of freight-orientated
standard-gauge

B 900 km of passenger-orientated
standard-gauge.

Bridge, tunnel and track structure costs
Railway construction often incorporates
bridges and tunnels to avoid steep gradi-
ents; however, a premium is added onto the
normal track construction costs.

Rostami et al (2013) indicate that the
cost to tunnel is driven by the uncertainty
of the material being tunnelled through,
as well as the bore diameter and type of
tunnel being constructed. Hadi et a/ (2016)
indicate that the price to construct a bridge
approximately doubles the cost per kilome-
tre of track constructed, depending on the
location’s topography.

The DoT (2009) and Lombard (2017)
indicate that the cost to construct a
standard-gauge railway line from new is
in the range of 7% more expensive than
constructing a narrow-gauge railway line.
Transnet (2016) published the values of
various projects planned in the Long-Term
Planning Framework (LTPF) which reveals
the expected rates per kilometre of narrow-
gauge railway. Lombard (2017) compared
the costs of constructing a coal line as
either a narrow- or standard-gauge line in
Mozambique.

Rolling stock costs

Railway rolling stock prices vary depend-
ing on the intended function of the

rolling stock. The Railway Gazette (2018)
revealed that wagon prices vary depending

on their purpose and are similar in price
regardless of the gauge that they run on.
The Railway Gazette (2018) and Lombard
(2017) both indicate that standard-gauge
locomotives can cost around 50% of the
price of a narrow-gauge diesel or electric
locomotive.

Railway operating costs
Harris (1977) developed a relationship
between operational cost and the density
of a railway line, which displayed that the
greater the density the lower the operating
costs incurred due to economies of scale.
Havenga et al (2012) used the relation-
ship postulated by Harris (1977) to estab-
lish the operating costs of rail operations
in order to identify the cost differences
between road and rail transport. Havenga
et al (2012) were also able to establish the
externality costs associated with road and
rail transport modes to carry freight.

Railway revenue calculation

Revenue is generated through the trans-
portation of freight along a railway line for
clients. Transnet (2018) indicates that the
coal line and the iron ore lines generate
R0.279 per tonne-kilometre and R0.122
per tonne-kilometre respectively. The out-
comes of Transnet’s 2017 and 2018 finan-
cial reports indicate that the average rate
per tonne is between R174.95 and R186.75,
which varies depending on the type of
commodity and the distance required for
it to be transported.

Infrastructure economic

evaluation techniques

Three commonly used project evalu-
ation techniques include the present
worth method, the internal rate of return
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Figure 3 Summary of the methodology for analysing a railway project

(IRR) method and the benefit/cost ratio
(Remer & Nieto 1995). The present worth
method is described as a net present value
technique and is limited by the fact that
it assumes that each year the investment
is reinvested at the same rate, which is
not always true when growth is related to
gross domestic product (GDP) (Blank &
Tarquin 1989).

The IRR method is a rate-of-return
technique and is used to calculate the
interest rate for which the present worth of
a project will equal zero. The term internal
indicates that it only considers internal fac-
tors (Park & Sharp-Bette 1990).

The benefit/cost ratio is a ratio tech-
nique and works well as long as the benefits

can be converted to monetary values. A
project is viewed negatively if the costs out-
weigh the benefits and vice versa (Remer &
Nieto 1995).

Simulation of railway corridors
Simulation is the imitation of the opera-
tion of the real-world process or system
over time and therefore generates artificial
history of a system (Banks et al 2005). The
observation of that artificial history is used
to infer on the operating characteristics of
the real system.

Figure 2 displays the architecture of
a simulation model, which indicates its
inputs, scenarios, operating strategies and
outputs, as postulated by Koutsopoulos and
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Wang (2007). The main inputs have been
summarised in the figure, with each input
having a further set of inputs and param-
eters required, such as various rolling stock
characteristics and depot/station spacing.
The operational strategies represent the
real-time control operations aiming at ser-
vice restoration. The simulation outputs a
large set of performance measures relating
to the simulation operations.

Dessouky and Leachman (1995)
indicate that a good method of evaluat-
ing railway alternatives is through the
use of simulation which focuses on the
difference in total delay accumulated in
an alternative, and a proposed status quo
alternative. Sogin et a/ (2013) simulated
a single-line railway with sidings every
24 km and were able to transport up to
40 freight trains per day with zero pas-
senger train trips per day.

METHODOLOGY

This section discusses the method of
analysing the freight growth along a
corridor as predicted by Transnet (2016)
before the review and identification of the
various relevant standard-gauge interven-
tion alternatives for each corridor are
conducted.

The methodology also assesses how
the various projects will be evaluated
using different economic evaluation meth-
ods that have been described by Remer &
Nieto (1995).

AnyLogic agent-based simulation mod-
elling was used to model the operations
of the standard-gauge alternatives that
outperformed the base case.

Figure 3 displays the summary of the
methodology for analysing a railway proj-
ect. The procedure displayed was followed
for the analysis of each of the corridors.

Identification of corridors

for intervention

The four principal factors that were used
to determine how a corridor was operating
were annual tonnage, freight growth, infra-
structure condition and capacity. Figure 4
displays the various parameters analysed
for each of the four principles.

Annual tonnage for a corridor

The annual tonnage is the key driver

of revenue generation along a corridor.
Figure 5 displays the present worth of
hypothetical railway corridors to consider
whether a corridor would have a positive
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Figure 5 Narrow-gauge to standard-gauge conversion project evaluation for a 30-year analysis

period and 2.5% discount rate

or negative present worth if a narrow- to
standard-gauge conversion were performed
on a double-lined track.

The calculation was influenced by the
amount of tonnage transported per year for
a 30-year analysis period on corridors of
varying length with all possible operational
and capital expenditure costs included. The
present worth reduces as the line length
increases, due to increased capital expen-
diture of the associated infrastructure for
the same amount of tonnage being trans-
ported. This allows corridors in the core
network to be evaluated by comparing their
expected tonnage transported per year and
line length of the corridor with the data in
the figure. The present worth can then be
estimated from the figure. For example,

a corridor that transports 50 mtpa and

is 400 km in length, would be expected

to have a present worth of approximately
R200 000 million if it were converted to
standard gauge. Hudson et al (1997) indi-
cate that the discount rate is the interest
rate less the inflation rate, ultimately giving
the true return of the investment.
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Tonnage growth

Transnet (2016) indicates that a key driver of
the freight growth rate is GDP and predicts
the following forecasted overall freight
growth rates per annum: a likely scenario

of 3%, a high scenario of 4.1% and a low
scenario of 2.1%. It is likely that the growth
rates may vary from year to year and from
corridor to corridor; therefore, a sensitivity
analysis on each corridor’s predicted freight

growth rates was conducted to ensure that
the best alternative is selected per analysed
corridor (Remer & Nieto 1995).

Infrastructure condition

The condition of the infrastructure on a
rail corridor is a good indicator of when
maintenance or upgrades are likely to take
place, as well as to what level this would be
required. Transnet (2016) provided a sum-
mary of the rail network’s condition, which
could be used to identify which lines would

require maintenance or an upgrade.

Line capacity

The practical capacity utilisation, which
is 65% of the theoretical capacity, could be
used to assess how congested a corridor

is and if it has capacity available to meet
demand increases on the corridor over
time (Transnet 2016). The practical capa-
city utilisation was used to evaluate how
long a line would be able to operate before
upgrades are required.

Economic evaluation of

railway projects

The key factor in determining whether an
alternative can be selected is the cost that
is associated with the alternative com-
pared to the base case. Therefore, a base
comparison case was selected (Stanford
University 2005). Transnet’s MDS was
selected as the base case, since the MDS

is the published plan Transnet intends on
following and implementing over the next
30 years. If any of the alternatives evaluated
produced a more profitable outcome than
the base case, they were deemed to be more
beneficial than the base case.

The economic evaluation of each of the
projects was conducted using the proce-
dure provided in Table 1, which has been
adapted from Remer and Nieto (1995).

Table 1 Economic evaluation steps for railway projects (adapted from Remer & Nieto 1995)

£ ™

1 Define a set of railway investment projects for consideration for the corridor

2 Establish the analysis period for economic study

3 Estimate the cash flow profile for each railway project

4 Specify the time value of money or the minimum attractive rate of return (MARR)
5 Examine the objective and establish criteria to measure effectiveness

6 Apply the relevant project evaluation technique(s)

7 Compare each project proposal for preliminary acceptance or rejection

8 Perform sensitivity analysis

9 Accept or reject a proposal based on established criteria
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Table 2 Assumptions made in economic calculations (DoT 2009; Lombard 2017; UIC 2017; Joubert

etal 2001)

Axle loads

Bridges

Contingencies

Curvature

Double-line centres
Earthworks
Electrification

Horizontal clearance

Horizontal curves

Ruling grades

Signalling

Line speed

Track centres in
yards

Tunnels

Vertical clearance

Vertical curve radius

Axle loads would vary depending on the alternative selected for the section.

Bridges would not require any changes except for older, narrower steel
bridges. Allowance must be made for road-over-rail bridges.

All construction projects were assumed to have 10% contingencies attached
to them.

Would remain as before for line upgrades but may change for new lines.
Double lines would remain at 4.00 m centres for line upgrades.

For upgrades, banks and formations — would be widened on both sides and
culverts would be extended.

Standard-gauge locomotives would require 25 kV AC electrification.

Would require widening for line upgrades since standard-gauge track is
200 mm wider.

Horizontal curves were not made sharper than 500 m for standard-gauge
interventions. High-speed rail requires a curve radius of between 2 500 m and
5500 m.

Would remain as before for line upgrades. For new lines, the ruling grade was
selected as 1:100. This allows for 38 wagons to be hauled per locomotive that
outputs 4 540 kW of power at 454 kN of continuous tractive effort. High-speed
passenger trains were restricted to maximum grades of 1:65 for mixed traffic
instances.

If a third rail were implemented, major upgrades would be required.

Maximum speed would remain at 80 km/h for freight haul. High-speed rail
speed was set at 250 km/h and speed restrictions were implemented on tight-
curve sections.

Yard centres for upgrades would remain the same as currently for narrow-
gauge lines.

Increased vertical and horizontal clearances were required for tunnels if
upgrades were proposed.

Vertical clearance would need to be adjusted if double-stacking were
considered on the line.

Vertical curves are designed as a function of line speeds using R, = 0.39 - V2,
where Vis in km/h. For line speeds of 250 km/h R, ~ 25 000 m and for line
speeds of 80 km/h R, ~ 2 500 m. Speed restrictions could be implemented for
high-speed passenger trains.
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Figure 6 Cost model setup for evaluation of a railway investment
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Cost model

To determine whether a line could benefit
from a standard-gauge intervention, an
economic method of evaluation was

used over the life of the project. Benefits
include increased profitability, increased
line capacity to meet long-term traf-

fic demands, infrastructure condition
improvements and improved rolling stock
condition. However, the main criteria used
was the comparison of the various projects’
profitability.

Table 2 displays the economic assump-
tions which were required for the various
alternatives to be compared to the base
case. The assumptions were similar to
the assumptions made by the DoT (2009),
Lombard (2017) and Joubert et a/ (2001).

Figure 6 displays the methodology used
to produce the cost model that was used
to evaluate each of the alternatives for a
corridor. The base case and the alterna-
tives were all assessed in the same manner
to allow for uncomplicated comparison
between all the cases.

Revenue

Revenue was used in the analysis for the
true return of the various investments to
be compared.

Revenue =r-t, ;- (1 +i,)" 1)

Where:
r is the average rate per tonne,
iy is the discount rate, equal to the
interest rate less the inflation rate and
is the true return of an investment
(Hudson et al 1997),
total 1S the total tonnage for the entire
analysis period, and
n is the analysis period in years.

Stats SA (2019) indicates that South Africa
has achieved an inflation rate of 4.5% per
annum since 2010, and this was selected as
the inflation rate. The interest rate was set
at 7% (South African Reserve Bank 2019).

Costs
Costs can be broken down into operational,
capital expenditure (CAPEX) and rolling
stock costs. Maintenance was assumed
to be equivalent for all alternatives per
kilometre, which is the same assumption
that was made by Lombard (2017) and
DoT (2009).

Operational costs were calculated
using the Harris relationship, which is
calculated by dividing the tonne route
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kilometres by the track kilometres (Harris
£ 040 1977). An externality cost, which accounts
; 035 4 for rail’s impact on the environment, was
g also included in the operational costs. The
o 0307 factor calculated by Havenga (2012) and
g 0.25 1 the Department of Environmental Affairs
E 0.20 - (2015) came to R 0.0129/tonne-km. The
£ operating costs obtained from Transnet’s
g 0157 Integrated Report from 2017 for the Natal
£ 0104 corridor, Transnet’s Integrated Report from
3 005 2018 for the coal line and Lombard’s (2017)
:3: 0 . . . . . study were used to verify the Harris rela-
0 10 20 30 40 50 60 tionship and were plotted on Figure 7.
Density (million tonne route km/track km) Table 3 displays the costs to construct
=== Harris curve (1977) O Lombard (2017) ballasted track, railway bridges and tun-
O Transnet (2018) - Coal line O Transnet (2017) - NATCOR nels. The cost of constructing ballasted
railway track was obtained from a recent

Figure 7 Intermodal density change on the Harris curve due to density-driven savings
(adapted from Harris 1977)

Table 3 Infrastructure costs per kilometre, average locomotive and wagon prices (Transnet 2017;

Lombard 2017; Rostami et al 2013; Joubert et al 2001; Hadi et al 2016; Railway Gazette

project completed by Transnet (2017) and
a study conducted by Lombard (2017). The
cost of constructing a railway bridge was
acquired from a study conducted by Hadi
et al (2016) on numerous bridge construc-

2018; Barradas 2014; Transnet 2018; Lombard 2017)

Infrastructure type

Single track ballast
Double track ballast
Bridge single track
Bridge double track
Tunnel single track

Tunnel double track

Locomotive type Electric (R million/unit) Diesel (R million/unit)

Narrow-gauge

Standard-gauge

_ Container CR (R million/unit) Tanker (R million/unit)

Wagons

Rate (R million/km)

62.0 65.8
124.0 131.6
73.8 83.9
147.7 1679
472.2 5126
9443 10737

tion projects. The rate per metre of tunnel
is related to the tunnel’s bore diameter.
These rates were gathered from a study
conducted by Rostami et al (2013). Table 3
also displays the variation in costs between
narrow- and standard-gauge locomotives
which operate on either diesel or electricity.
Lastly, the table summarises the costs of
purchasing the two types of wagons, and it
was noted that standard- and narrow-gauge
wagons could be bought for similar prices
(Lombard 2017; Transnet 2018).

Lombard (2017) states that the number
of wagons per locomotive is a function of
the ruling grade, while Dutton (2014) indi-
cates that, to prevent damage to the wheels
of a train due to heat, the heat input per
wheel should not exceed 12 kW in South
African conditions. These checks were
therefore performed when determining the

Alternatives

Narrow gauge

\4

Standard gauge

A Ring-fenced line

_.w MDS plans —————» Base case

Dual gauge bogie
Third rail
Bogie changing

Conversion and transhipment  Alternative cases

Figure 8 Alternatives for possible use in the cost analysis
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number of wagons per locomotive for the

various railway corridors.

Alternatives for a gauge conversion
Figure 8 displays the various alternatives
which could be implemented along the
different corridors. As each corridor would
be better suited to specific alternatives (and
not to others), the relevant alternative was
selected for each corridor.

Cashflow and economic

evaluation techniques

For each alternative evaluated on a cor-
ridor, the total cost, including operational
costs and CAPEX, revenue generation per
year and cash flow, was calculated. The
cash flow was taken as the amount of
revenue less the total costs per year before
taxation, interest, amortisation and depre-
ciation, therefore providing the net profit
or cashflow (Hudson et al 1997).

The present worth method was used in
conjunction with the benefit/cost ratio and
IRR methods. Figure 9 displays the method
used to economically evaluate a set of
railway projects.

Simulation model setup

Simulation was used to assess the effects of
performing a standard-gauge intervention
on a corridor if the standard-gauge inter-
vention was the most economical alterna-
tive for the corridor.

Identification of line properties

To simulate a railway corridor, various

line property, rolling stock parameters

and operational information are required.
Table 4 displays the critical properties
required to simulate a railway. These prop-
erties vary depending on which corridor is
being simulated.

The simulation was conducted using
AnyLogic because of the software’s diver-
sity and ability to perform simulations at a
microlevel. The model utilised AnyLogic’s
rail library, as well as the process
modelling library.

Simulation model parameter calibration,
validation and optimisation
Data inputs for a simulation model can
either be measured directly, or if the inputs
are unknown, they can be calibrated
(Koutsopoulos & Wang 2007).

The root mean square percentage
error (RMSPE) was used to observe the
differences between the simulated and
observed values, and an acceptable RMSPE

profitable

Rank the cases
from most to least

Main inputs: Economic evaluation methods:
m Analysis period m Present worth

m Cash flows m RR

m Discount rate m Benefit/cost ratio

Is there a discrepancy
in the ranking of
each analysis?

\ 4

No Yes
Select most ) Conduct
incremental

profitable case ;
analysis

Figure 9 Method of economically evaluating a project

Table 4 Properties required to compile a simulation model

I T T

Axle loading Axle loading rating for the line tonnes/axle
Crossing loop length Length of the crossing loop km
Crossing loop spacing Distance between crossing loops km
Curve radius Maximum curve radius m

Freight mix Distribution of commodity wagon types -
Gradient 1:.W where Y is the steepest gradient -
Line length Length of the line km
Line speed Maximum speed for the line km/h
Line type Single or double line =
Number of stations/sidings Stations/sidings between the end points of the line =
Time in depot load/unload Time to load or unload a set of wagons hours
Traction Diesel or electric -
Train acceleration/deceleration  Rate at which the train accelerates or decelerates m/s?

Trains in system

Wagons per train

was within 10% of the observed true mean
(Balakrishna et al 2007). Since a freight-
orientated standard-gauge railway does not
exist within South Africa, the observed val-
ues were calculated using first principles,
or were in other instances collected from
known standards and documents.

Optimisation of the network was
performed with the main aim of reducing
delay, which is the additional time it takes
a train to travel on a route due to conflicts
with other traffic (Dingler et al 2010). Two
parameters were varied to optimise the
proposed standard-gauge intervention,
which included varying the crossing loop
spacing of single lines and varying the
number of wagons per train.

Journal of the South African Institution of Civil Engineering  Volume 62 Number3 September 2020

Total number of trains in the system -

Number of wagons per train -

RESULTS AND DISCUSSION

This section firstly summarises the

core network and identifies which
corridors would potentially benefit from a
standard-gauge intervention. A discussion
then follows on whether it would be
economically feasible to construct a
standard-gauge intervention on any of the
South African railway corridors. Lastly,
the outcomes of the simulation model

are discussed.

Review of the core

network corridors

Table 5 displays the corridors identified for
analysis. The nine corridors in the table
form part of the following five systems:
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Natal corridor
Coal line
Iron ore line

Manganese line

North-eastern system.
Table 5 indicates that as of 2015, only
the coal export line and the iron ore line

Table 5 Summary of the future transported volume and the overall condition and utilisation of South

Africa’s key corridors as analysed for 2030 and 2045, compared to 2015 (Transnet 2015)

Total volume
transported (mtpa)

Corridor

Corridor

growth

rate per

Overall
condition
2015

annum (%)

Utilisation
2045 (%)

Natal corridor: Average to
exceed freight volumes of 30 mtpa. The Reitvallei — Booth R e 396 poor ~130
Natal corridor is predicted to grow in the
years to follow and to exceed 50 mtpa by Coal line: 8961 n362 13344 147 Averageto oo o0
2030. By observing the overall line condi- Lefpmaliale = Qgies poor
tion, it was also noted that the only line in Coul i
good condition is the iron ore line. Most of S 100.52 1073 153.31 093 Average >130
Ogies - Richards Bay
the network would reach a state of collapse
if no upgrades are performed as indicated ne
. on ore line: 6202 6322 7383 055 Good 105-130
by the utilisation percentage of each cor- Sishen — Saldanha
ridor in the year 2045.
'xa:ga?‘fss fne: 667 1635 2785 552 Average >130
Results of the economic otazel = Tgqura
evaluation of railway projects NES A
. . ystem: verage to 5
The analysis period was set at 30 years, Groenbult - Kaapmuiden 103 14.63 20.84 2.37 paor 95-105
the discount rate at 2.5% and the freight
rowth rate was varied depending on the .
grow’njane wa son NE System: . 2068 2657 3615 178 verageto gg o
corridor’s predicted growth rate. A sensi- Greenview — Komatipoort poor
tivity analysis was conducted on the freight
growth rates for each of the corridors North-eastern system: 81 10.25 1415 173 Average 80-95
identified and the construction duration Komatipoort - Richards Bay
was also varied for the alternative cases. Nt .
orth-eastern system:
The analysis results were not sensitive to Y 1.94 5.1 10.69 6.25 Average 95-105

the discount rate.
Table 6 displays the results of the

Musina - Pyramid

economic analysis conducted on the north- Table 6 Economic analysis results for the north-eastern, manganese and Gauteng to Cape systems

MDS

eastern, manganese and Gauteng to Cape
systems. The results in all cases indicate

that following the plans described in the 1186 0028 1909
MDS would be the most profitable since Gauteng - Cape Town 3rd Rail 0226 ~0093 297 118
their standard-gauge project’s construction
cost is too high for the volumes trans- Conversion 0242 -0.090 271897
ported on these lines. MDS 1273 0042 40775
Table 7 displays the various alternatives
that were evaluated to determine which Manganese system 3rd Rail 0410 -0.067 -180 129
case would result in the most economically Conversion 0.336 ~0.077 250 640
beneficial project for the coal line, iron ore
. . . . MDS 2.395 3.354 29 669
line and the Natal corridor. Ruling gradi- A
ents, route lengths and axle loads for each Nor‘F “eastern system 3rd Rail 0.374 -0.059 —70 626
Musina - Pyramid
alternative have been included in the table. )
. ) Conversion 0.394 -0.057 -64773
The Natal corridor cannot have a ruling
gradient of less than 1:80 between Durban MDS 3.856 2.050 93180
and Pietermaritzburg; therefore, train gorth—bealster; systemd 3rd Rail — I s
reconfiguration is required once the train FOERISHIEE = (EE[SLIERR
has traversed this section of the corridor. Conversion 0.939 -0.005 -2 012
Table 8 displays the outcomes of the MDS 3351 2500 159 044
economic analysis for the three railway )
. ‘ ‘ North-eastern system 3rd Rall 1387 0033 68 266
corridors. From the analysis the MDS is the Greenview — Komatipoort
most profitable project for all the corridors. Conversion 1412 0.035 70 983
Both the coal and iron ore lines operate
. . MDS 2.007 2.500 44731
near capacity and are highly valued by
Transnet. The Natal corridor transports North-gastern system 3rd Rail 0.578 -0.046 -58 383
) ) ] Komatipoort - Richards Bay
intermodal freight; however, despite :
Conversion 0.614 -0.042 -49 762

being able to double-stack containers on a
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Table 7 The coal line, iron ore line and Natal corridor alternatives for evaluation

Axle load
m PrOJECt desc"ptlon (tonnes 4 aXIe)

Coal line:
Ermelo—
Richards Bay

Iron ore line:
Sishen—
Saldanha

Natal

corridor:
Durban-
Gauteng

Table 8 Coal line, iron ore line and Natal corridor economic evaluation for predicted freight

Tranship

3rd Rail
MDS

3rd Rail
MDS

3rd Rail

Ring- fenced
SG

growth rates

ProjeCt (duratlon) “ (R ml"lon)

Follow plans described in the MDS.

Convert the Ermelo—Richards Bay section to standard-gauge
and tranship coal at Ermelo to increase export volumes along

the Ermelo-Richards Bay section.

Upgrade the current line to allow for a dual-gauge system along
the Ermelo-Richards Bay section to increase export volumes.

Follow plans described in the MDS.

Upgrade the current line to allow for a dual-gauge system. The

line would remain a single line with crossing loops.

Follow plans described in the MDS.

Upgrade the current line to allow a dual-gauge system. Double-

stacking of containers allowed.

Construct a line parallel to the current NG corridor in SG. The
SG line was assumed to be used for only container traffic in the
base case. Current NG corridor to follow the plans in the MDS.

1.619 0.206 349 924
Transhipment (6 yrs) B.1 1.285 0.047 204 581
Coal line Transhipment (10 yrs) B.2 1.272 0.046 195 250
3rd Rail (6 yrs) C1 1.310 0.051 218 377
3rd Rail (10 yrs) Cc2 1.297 0.049 209 045
MDS D 1.889 0.937 348 887
3rd Rail (6 yrs) E1 1447 0.037 218 329
Iron ore line
3rd Rail (10 yrs) E2 1.219 0.021 121 643
3rd Rail (15 yrs) E3 0.884 -0.013 -33067
MDS F 1.403 0.033 109 682
3rd Rail (6 yrs) G1 0.807 -0.016 -125 067
Natal corridor  3rd Rail (10 yrs) G.2 0.782 -0.018 -141 686
Ring-fenced SG (6 yrs) H.1 0973 -0.002 -10224
Ring-fenced SG (10 yrs) H.2 0.954 -0.004 -21 315
500 000 S
400 000
S 300000 - P
E 200000 A )
e
< 100 000 /)
° i
g 7 >
t -100000 -
2
¢ -200000 +
a q
-300 000 E
-400 000 T T T T
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Figure 10 Sensitivity analysis of the freight growth rate versus project present worth for cases F,

G.2 and H.2 with additional freight transported per annum
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Route Ruling
length (km) grade
1:160
30 419 1:160
30 419 1:160
30 877 1:250
34 877 1:250
20 690 1:100 (1:80)
26 690 1:100 (1:80)
26 660 1:100 (1:80)

standard-gauge line, none of the standard-
gauge alternatives would be profitable.

Figure 10 displays the present worth
values of the cases F, G.2 and H.2 for vary-
ing freight growth rates. This was only
conducted for a ten-year construction
period since it is the more likely situation.
For Case H, it was noted that an opportu-
nity exists along the Natal corridor because
the line would be highly underutilised. Rail
held a market share of 15% of the freight
transported along the Natal corridor in
2016 and it is predicted that in 2045 the
Natal corridor, including both road and
rail, could transport 223 million tonnes
of freight between Gauteng and Durban
(Naidoo 2015).

In Case H, the single-line standard-
gauge railway could be used to transport a
large portion of the freight along the cor-
ridor. From the initial operational analysis,
it was noted that the standard-gauge line
could carry an additional 80 mtpa on top of
the current 18.1 mtpa of containers, which
the line would carry from the predicted
rail traffic.

Figure 11 displays the present worths
of Cases F and H, where Case H carries a
varying amount of additional tonnage on
the standard-gauge single line along the
Natal corridor. The freight growth rate
was set at the predicted rate of 3.96% per
annum as per Transnet’s expected growth
rate. Under these conditions, if the stan-
dard-gauge line were to carry an additional
37.5 mtpa, Cases F and H would have the
same present worth values. Only Case H
would be able to carry additional tonnage
without jeopardising the future operations
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on the corridor due to its low utilisation
without the prescribed additional tonnage.
Transporting commodities with rail
would also induce an environmental benefit
due to the reduced externality costs such as
accidents, noise, congestion and emissions.
A confidence interval has been included
in Figure 11 for a 95% confidence level
with upper and lower limits. The average
externality cost savings of rail over road
transport were obtained from Havenga et a/
(2012). This additional benefit of transport-
ing the commodities on road, as opposed to
rail, indicates that Cases F and H have equal
present worth values between an additional
24 and 30 mtpa.

Ruling grade check, simulation

and optimisation of the
standard-gauge line

From the economic analysis conducted, the
only feasible standard-gauge intervention
which may be possible to implement realis-
tically, was the ring-fenced standard-gauge
single line operating concurrently with

the narrow-gauge line between Durban
and Gauteng.

Ruling grade check

Figure 12 displays the 1:100 railway
line and ground elevation longitudinal
profile between Durban and Roodekop,

500 000

400 000 A

300000 -

200 000

100 000 -

Present worth (R million)

—

0 10 20 30
Additional tonnage (mtpa)
= = Enviro savings LL

40 50 60 70 80

== == Enviro savings UL

Figure 11 Present worth of additional tonnage, from road corridor, transported on Case H
compared to Case F for predicted freight growth rates

Gauteng. The 110 km between Durban
and Pietermaritzburg had to be designed
at a ruling grade of 1:80 to avoid a long
tunnel being constructed between these
two points. Each locomotive would be
able to haul 25 wagons along this section.
The tunnel and bridge limits were set at
—30 m and 30 m respectively; therefore, any
cutting deeper than 30 m would require
a tunnel to be constructed and any fill
higher than 30 m would require a bridge
to be constructed. The section between
Pietermaritzburg and Roodekop was
designed at 1:100. Five tunnels, totalling

30 km in length, would be required to be
constructed for the 1:100 ruling grade, as
well as 25 km of bridges.

Figure 13 displays a railway line
designed at a ruling grade of 1:200; how-
ever, the extra tunnelling results in an
additional R84.6 billion construction costs.
The reduced grade would allow more wag-
ons to be hauled per locomotive, ultimately
increasing the throughput per locomotive
per annum. High-speed passenger trains
would be able to operate on either of the
profiles since the maximum grade is less
than 1:65.
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Figure 12 Elevation and 1:100 railway line longitudinal profile between Durban and Roodekop
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Figure 13 Elevation and 1:200 railway line longitudinal profile between Durban and Roodekop
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Figure 14 Plan view of the ring-fenced standard-gauge single line between Durban and Gauteng

Table 9 Single-line standard-gauge railway average trains per day

Crossing loop
spacing (km)

30
35
40
60

80

Journal of the South African Institution of Civil Engineering

Number of loops

22

23.04

20.90

20.57

15.10

11.73

Average trains per
day (simulated)

Average trains per
day (Scott formula)

2340

20.80

18.72

13.37

10.40

Volume 62 Number3 September 2020

Figure 14 displays the plan layout of the
standard-gauge single line between Durban
and Roodekop, Gauteng at a ruling grade of
1:100. The line closely follows the current
narrow-gauge line. The colour of the points
indicates the grade at which the line would
be constructed.

Simulation and optimisation

of the standard-gauge line

Table 9 displays the scenarios evaluated in
the simulation. Five crossing loop spacing
distances were evaluated to establish how
the number of crossing loops affected the
number of trains that could pass through
the system per day. It was noted that, as
the number of crossing loops on the line
increased, the average number of trains
per day that could pass through the system
increased. The Scott formula was used to
verify the results of the agent-based simula-
tion and these results have been included
in Table 9 (Parkinson 1996).

Figure 15 indicates the average delay for
the varying number of crossing loops. It is
noted that, as the number of crossing loops
on the line increased, the delay experienced
per train is reduced. Less time is spent
waiting at crossing loops when there are
more loops, which leads to reduced inter-
action between trains. Despite the costs
associated with constructing additional
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Figure 15 Delay experienced by trains per 100 km travelled for a varying number of crossing loops

loops, the system can operate more effi-
ciently, and more loops will lead to greater
throughput per annum.

Figure 16 displays the number of tonnes
transported for varying crossing loop spac-
ing and train lengths. The figure indicates
that running longer trains will lead to more
tonnage being transported by the standard-
gauge line. It is therefore most beneficial to
run 210-wagon trains.

As the number of crossing loops
increases, so does the permissible annual
tonnage along the line. In Figure 10 it was
required that the line be able to transport
98.1 mtpa if the line were used to transport
the 80 mtpa of additional freight from the
road. To meet the 98.1 mtpa, a minimum
of 21 crossing loops should be constructed
at spacings of 30 km, and train sets should
transport, on average, at least 203 wagons
per trip.

CONCLUSIONS

For this study the following conclusions
can be made after the analysis and discus-
sion of the results:

Corridors that could benefit from

a standard-gauge intervention

It was noted from the analysis that cor-
ridors would be required to transport a
large amount of tonnage to economically
warrant an intervention. Three corridors
were identified that could economically
benefit from a standard-gauge interven-
tion, namely the coal export line, the iron
ore line and the Natal corridor. The other
corridors within South Africa are not
expected to transport enough tonnage to
warrant a standard-gauge intervention that
is economically viable with current freight
growth projections.
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The best suited interventions

for the corridors identified

From the economic analysis of the coal
line, iron ore line and the Natal corridor

it was identified that none of the corridors
would be able to outperform the base case.
It was, however, determined that, for the
Natal corridor, the standard-gauge line
would be highly underutilised in the base
case analysis and that an opportunity exist-
ed to transport additional freight, which
would otherwise be transported by road. If
an additional 37.5 mtpa were transported
on the standard-gauge line, Transnet’s
Market Demand Strategy would not be the
most economical option.

The standard-gauge intervention’s
effect on operations

A ring-fenced standard-gauge line along
the Natal corridor would have very lim-
ited interaction with the narrow-gauge

network, therefore the break-of-gauge
issue is avoided. From the simulation it
was observed that a standard-gauge single
line would be able to transport in excess
of 100 mtpa if 21 or more crossing loops
are constructed. The delay experienced
from train interactions was reduced as the
number of crossing loops was increased. If
the line were to be constructed, 21 cross-
ing loops should therefore be constructed
to relieve operational stress on the

system when the line begins to reach the
expected capacity.
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