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Executive Summary 
 

Optimal Routing 

The optimal route for each link has been determined as the one whose infrastructure 
development cost (design and construction) is expected to be the smallest (as against all other 
possible route options) using a Geographic Information System (GIS) model specifically 
developed for this EAC Rail Sector Enhancement Project. The model, applying the unit costs 
assigned to the key physical features that drive design and construction costs, identifies the 
least-cost path for each of the 22 proposed links. These physical features taken into 
consideration in route optimization include route length, gradient, water courses, road 
crossing and land use.  

The identified regional route map is presented in Figure ES-2 below. 

Capital Costs 

Optimal routes have been defined as those with the least infrastructure capital cost of design 
and construction, and as such, the estimated capital costs for each route was an output of the 
optimal routing analysis done using the GIS model.  

Rolling stock requirements are a function of traffic levels and traffic mix on the route, as well 
as operating characteristics such as average train speed, average train length and wagon and 
locomotive characteristics. By making informed assumptions on these variables, we have 
identified wagon and locomotive requirements as a function of traffic levels (as measured in 
net tonne-km) for each proposed link. Using this relationship, we have projected rolling stock 
requirements for various scenarios of traffic projections and network development, to which 
acquisition cost for wagons and locomotives have been applied to estimate capital cost for 
rolling stock. In this report, we present rolling stock requirements and associated capital costs 
for the Base Case traffic projections for year 2020 (as presented in Traffic Analysis Working 
Paper (WP) dated August 5, 2014) under the scenario of full network development.  

Figure ES-1: Least-Cost Route Infrastructure CAPEX and Rolling Stock (for 2020) CAPEX (US$M) 

Link Infra 
Rolling 
Stock 

1 2,075 20.4 

2 633 105.4 

3 3,009 46.3 

4 1,183 83.4 

5 2,835 92.9 

6 800 9.5 

7 1,391 9.5 

8 1,287 38.0 
 

Link Infra 
Rolling 
Stock 

9 1,710 61.1 

10 1,035 28.5 

11 634 9.5 

12 945 98.3 

13 555 9.5 

14 771 9.5 

15 692 9.5 

16 261 9.5 
 

Link Infra 
Rolling 
Stock 

17 155 9.5 

18 39 9.5 

19 396 13.4 

20 262 9.5 

21 1,267 28.5 

22 324 9.5 
 

Source: CPCS analysis. 
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Figure ES-2: Regional Map of Optimal (Least-Cost) Routes for 22 Proposed Links 

 

Source: CPCS 
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Operating Costs and Revenues 

Railway operating costs can be classified into the following six categories: 

 Train crews; 

 Fuel and train consumables; 

 Rail traffic control, station masters, and operations management; 

 Rolling stock maintenance; 

 Infrastructure maintenance; and 

 Administrative (marketing, financial management, human resources). 

By making a few assumptions, these operating costs can be made a direct function of: 

 Traffic levels (as measured in net tonne-km); and 

 Length of mainline track (as measured in track-km of) as a proxy for infrastructure.  

Using these relationships, we have estimated, for each link, the operating costs associated 
with different scenarios of railway development and traffic levels. This will be presented in our 
next WP. However, in this WP, we present our projections of operating costs for the full 
network development scenario and for the Base Case traffic projections for year 2020. We 
have also estimated operating revenues and operating margin under these scenarios for each 
link. Although analysis of network scenarios remains, it is clear from the analysis presented in 
this WP that the line profitability is largely driven by traffic volume. 

 Figure ES-3: Operating Revenue and Cost Projections (2020 Base Case) (US$000) 

Link 
Operating 
Revenue 

Operating 
Expenses 

1 15,287 15,382 

2 76,912 39,101 

3 25,860 23,379 

4 53,953 34,315 

5 53,640 36,824 

6 1,733 2,996 

7 175 6,731 

8 177 6,847 

9 32,870 23,909 

10 2,348 4,966 

11 53 4,466 
 

Link 
Operating 
Revenue 

Operating 
Expenses 

12 82,631 41,451 

13 0 1,490 

14 41 2,384 

15 492 3,010 

16 203 1,472 

17 0 491 

18 0 254 

19 9,924 6,035 

20 0 1,035 

21 4,772 7,325 

22 1,157 2,619 
 

Source: CPCS analysis. 
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Railway Standards and Technology  

To assure complete interoperability across railway lines, it is important that there is a certain 
degree of standardization across railway lines. In this report, we look at options for standards 
for technology and design and construction, and assess the impact of each on interoperability 
across railway lines. This analysis identifies where it necessary for the EAC Secretariat to be 
proactive and set standards to assure complete interoperability. The recommended standards 
and the impacts on interoperability are presented below.  

Figure ES-4: Technical Standards and Technologies That Could Impact Interoperability 

Component Recommendation Impact on 
Interoperability 

1. Track Structure 

Gauge Standard Gauge (1,435mm) Critical 

Track and Roadbed Design & 
Construction 

American Railway Engineering and Maintenance-of-Way 
Association (AREMA)  

Low 

Bridge Design & Construction AREMA; American Association of State Highway & 
Transportation Officials Inc. (AASHTO); and American 
Standards and Materials (ASTM) 

Nil 

2. Signals, Controls and Telecommunications 

Signals & Controls Track Circuit-Based Signalling Control (TCBSC) High 

Telecommunications Architecture Very High Frequency (VHF)  High 

Transmission Backbone  Microwave Low 

3. Rolling Stock 

Coupler System Association of American Railroads (AAR) Moderate 

Braking System Air (pneumatic) brakes Moderate 

4. Operating Characteristics   

Design Train Speed Freight: 80 kph; Passenger: 100 kph Nil 

Maximum Train Length 2,000 meters Moderate 

Permissible Axle Loads 32.4 tonnes/axle Moderate 

Source: CPCS. 
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1Introduction 
 

  

Technical Analysis for 22 Potential Links for EAC Rail Network 
Expansion 

This report is prepared under the authority of the contract signed between the 
East African Community (EAC) Secretariat and CPCS Transcom International Limited 
(CPCS) on February 3, 2014, in order to carry out a study entitled “Consulting 
Services for EAC Rail Sector Enhancement Project” under funding from the African 
Development Bank (AfDB). 

This Working Paper (WP) presents: 

 Our methodology for determining optimal routes; 

 Our methodology for modelling capital and operating costs for different 
scenarios of traffic and network development; 

 Capital and operating costs projections for Base Case traffic projections 
for year 2020; and 

 Analysis of options for standards for technology and design and 
construction. 
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1.1 Authority for the Assignment 

This report is prepared under the authority of the contract signed between the East African 
Community (EAC) Secretariat and CPCS Transcom International Limited (CPCS) on February 3, 
2014, in order to carry out a study entitled “Consulting Services for EAC Rail Sector 
Enhancement Project” under funding from the African Development Bank (AfDB). 

1.2 Purpose of this Working Paper 

This Working Paper (WP) presents our methodology for identifying optimal routes for each 
link using Geographic Information System (GIS) to determine the least cost of design and 
construction. This, by definition, is the estimated capital cost of design and construction. We 
also present our methodology for relating operating costs to key drivers: traffic levels (in net 
tonne-km, or “ntkm”) and track length (in track-km or route-km) by using a few informed 
assumptions; and relating rolling stock requirements and capital cost of acquisition to traffic 
levels (in ntkm). These relationships will be used to undertake network scenario analysis (the 
next step). In this paper, we present our estimates and projections based on the Base Case 
traffic projections for year 2020 (which was presented in the Traffic Analysis WP dated August 
5, 2014). 

This WP also presents options for standards for technology and design and construction, and 
assesses the impact of each on interoperability across railway lines. Included are our 
recommendations. However, what we have proposed for standards needs further analysis and 
agreement by technical experts of the participating railways.  

Any feedback received on this WP will be reflected in the subsequent work to be carried out 
under this Assignment. 

1.3 Structure of this Working Paper 

The remainder of this report is structured as follows: 

 Chapter 2: Methodology discusses our methodology for the identifying the optimal route 
for each link as well as methodology to estimate capital and operational expenditures. 

 Chapter 3: Results presents the identified optimal routes for each of the 22 proposed links, 
using maps with details, including the estimated infrastructure development costs. The 
chapter also provides estimated rolling stock acquisition cots as well as operating 
expenditures, followed by operating revenue estimates. 

 Chapter 4: Standards presents discussions on standards for design and construction and 
technology for the EAC rail network and the impact each has on interoperability across 
railway lines.  

 Chapter 5: Next Steps describes the next steps of further technical assessment.  

 Appendix A: GIS Methodology for Determined Least-Cost Route presents a more detailed 
explanation of the methodology to identify the optimal route and capital cost projections.  
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 Appendix B: Estimating Rolling Stock Requirements – Underlying Assumptions and 
Appendix C: Estimating Operating Expenditure – Underlying Assumptions provide details 
of underlying assumptions applied for estimating rolling stock requirements and operating 
expenditures, respectively.  
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2Methodology 
  

Flexible and Updatable GIS Model to Identify Optimal (Least-Cost) 
Routing and Infrastructure Development Cost   

We have developed a GIS-based model to identify the least-cost (optimal) route 
and establish the infrastructure cost estimates for each of the 22 proposed rail 
links. 

This chapter presents our methodologies for identifying the optimal routes and 
estimating CAPEX and OPEX for each link. 
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2.1 Methodology to Identify Optimal Routes 

2.1.1 Overview 

GIS was used to determine the “least cost” route (i.e. the optimal route) for each proposed 
link based the following variables: 

 Variable 1: Length of line; 

 Variable 2: Terrain (or gradient); 

 Variable 3: Surface-water hydrology (or watercourses); 

 Variable 4: Road crossings; and 

 Variable 5: Land use. 

Using GIS, we identified the optimal route for each link by: 

 Associating values (or unit costs) to each of the above-mentioned variables;  

 Estimating the quantities for all1 possible routes between the link (or sub-link) start and 
finish; and  

 Summing the costs for all routes and identifying the one with the least costs as optimal. 

Each of the above-mentioned variables and the associated unit costs are discussed in more 
detail below. A detailed description of the methodology is included in Appendix A.  

2.1.2 Description of Each Variable 

The initial capital costs of all fixed infrastructure were pooled and then assigned to drivers (or 
variables), as described below. Most categories of capital costs were linked to Variable 1 
(length of line). To do so, we had had to make a few reasonable assumptions on traffic mix 
and volumes and design speeds. Each variable is discussed below.  

 

Variable 1: Length of Line 

The length of the line is quite simply the distance between the start and finish of the 
proposed route as measured at track level. Distances are in kilometres, and the applied unit 
cost is US$1,500,000 per km for single track on level terrain (less than 0.5% grade); 
summarized as follows:  

 

  

                                                      

1 We used GIS to assess route options every 90m (or less). This has resulted in thousands of routes considered 
before arriving at the optimal route.   

Optimal Route 

For the purpose of 
viability assessment at 
the pre-feasibility study 
level, the optimal route 
has been defined as the 
least-cost route. 
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Figure 2-1: Breakdown of Unit Cost for Line Construction (for Level Terrain) (US$) 

Component Cost per km 

Earth works and roadbed construction (for level terrain) 250,000 

Track Structure (sleepers, rail, ballast, sub-grade and fittings) 550,000 

Passing loops/station structures/loading tracks and facilities 240,000 

Signals, control and communications systems 250,000 

Maintenance depots & equipment 150,000 

Administrative buildings and systems  60,000  

Total  1,500,000  

Source: CPCS. 
 

 Where the terrain is not level, unit cost premiums are applied as per Variable 2 below. 

Variable 2: Terrain (Gradient) 

The terrain can significantly impact the cost of a proposed link. The costs of construction of 
a railway rise significantly with the gradient of the line. The following figure explains how 
we categorized terrain for each route considered and the unit cost premium for each 
category. 

Figure 2-2: Unit Cost Premiums for Non-Level Terrain 

Description (Gradient) Unit Cost Premium 

(US$/km) 

Flat Terrain (less than 0.5% grade)  0 (i.e. no premium) 

Hilly Terrain (between 0.5% and 2.5% grade) 750,000 

Mountainous terrain (between 2.5% and 4.0% grade) 1,750,000 

Extreme terrain (greater than 4.0% grade) 4,000,000 

Source: CPCS. 
 

Variable 3: Surface-Water Hydrology (or Watercourses)  

Water levels were based on satellite photos taken in February 2000 using bankfull2 widths 
and depths. For all possible routes, we determined the length of bridges (or culverts) that 
would be required. We applied unit cost premiums to bridges as a function of the required 
bridge (culvert) length, as per the following figure. 

Figure 2-3: Unit Cost Premiums for Bridges/Culverts 

Description (Length of Bridge) Unit Cost Premium 

(US$/m) 

Length of bridges (<=10m)  12,000 

Length of bridges (10<=50m) 18,000 

Length of bridges (50<=92m) 25,000 

Length of bridges (92m<)  30,000 

Source: CPCS. 

                                                      

2 The term bankfull was originally used to describe the incipient elevation on the bank where flooding begins. In 
many stream systems, the bankfull stage is associated with the flow that just fills the channel to the top of its 
banks and at a point where the water begins to overflow onto a floodplain (Leopold et al. 1964).  
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Variable 4: Road Crossings 

We identified major roads and minor roads that the proposed links would have to cross and 
assigned unit cost premiums as follows: 

Figure 2-4: Unit Cost Premiums for Road Crossings 

 
Description 

Unit Cost Premium 

(US$/crossing) 

Major Roads 50,000 

Minor Roads 5,000 

Source: CPCS. 
 

Major roads are national and regional roads and have been priced for gates & lights, 
guardhouse and signs. Minor roads are local roads and have been priced for signs only. Both 
have been priced for road surface material.  

Variable 5: Land Use 

Land use along most routes is largely agriculture (and rangeland) or is undeveloped (low 
vegetation, forests, barrens, or wetlands). We have determined that we would only apply 
a premium for forests. The premium used is US$10,000 per route-km.  

2.1.3 Caveats / Limitations 

The above-mentioned approach and methodology are appropriate for a pre-feasibility level 
study.  

2.2 Methodology to Estimate Capital Costs 

2.2.1 Infrastructure CAPEX 

The above-mentioned route-optimization process using our GIS model estimates the 
infrastructure capital expenditures (CPAEX) as the model has been developed to calculate 
various routing infrastructure costs to find the one with the least cost for each of the 22 
proposed links. 

2.2.2 Rolling Stock CAPEX 

The rolling stock CAPEX requirements have been estimated based on the traffic levels by link 
based on the traffic estimates presented in the Traffic Analysis WP dated August 5, 2014. The 
following figure provides the estimated numbers of locomotives and wagons required per net 
tonne-km. For detailed calculations to arrive at these estimates, please refer to Appendix B.  

Figure 2-5: Rolling Stock Requirements for Traffic Levels 

 Quantity Unit 

Locos required for net-tonne-km 0.00000000942 Locos per tonne-km 

Wagon required for net tonne-km 0.00000030619 Wagons per tonne-km 

Source: CPCS analysis. 
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The assumed acquisition costs are as follows. 

Figure 2-6: Rolling Stock Acquisition Cost Assumption 

 Cost Unit 

Locomotive 3,500,000 US$ per Loco 

Wagon 125,000 US$ per Wagon 

Source: CPCS estimates. 
 

Limitation of Rolling Stock Estimates 

The challenges of assigning rolling stocks to a link are complicated by the fact that, except in a 
few exceptions, rolling stock will not be assigned to any single line. Instead, it will likely be 
assigned to the national railway system and will move freely across existing, planned and 
proposed lines as well as any links that are developed. For that matter, for maximum 
operational efficiency, wagons and coaches (and even locomotives) should move across 
international borders. However, for the sake of conservatism, we have estimated rolling stock 
requirements for each proposed link or sub-link with no less than two locomotives and 20 
wagons. 

2.3 Methodology to Estimate Operating Expenditures 

Railway operating costs can be classified in the following manner: 

 Train crews; 

 Fuel and train consumables; 

 Rail traffic control, station masters, and operations management; 

 Rolling stock maintenance (labour, parts and supplies); 

 Infrastructure (track, bridges, signals & communications, facilities) maintenance (labour, 
maintenance and supplies); and 

 Administrative (marketing, financial management, human resources, for example). 

There are a number of primary drivers for these costs as shown in Figure 2-7. However, 
underlying these primary drivers are the following two main drivers: 

 The amount of traffic; and 

 The amount of infrastructure.  

By making a few assumptions, operating costs can be made a direct function of:  

 Traffic levels (as measured in net tonne-km);  

 Length of mainline track (as measured in track-km of) as a proxy for infrastructure; or 

 A combination of the two.  
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Figure 2-7: Rail Operating Cost Classifications and Associated Cost Drivers 

Classification  Primary Drivers Underlying (or Proxy) Drivers 

1. Train Crews Number of trains, running time of 
trains 

Traffic Levels (net tonne-km) 

2. Fuel and train consumables Gross tonne-km Traffic Levels (net tonne-km) 

3. Rail traffic control, stations 
and ops management 

Number of trains, running time of 
trains 

Traffic levels (net tonne-km) and 
length of mainline track (track-km) 

4. Rolling stock maintenance  Loco-km, wagon-km, coach-km Traffic Levels (net tonne-km) 

5. Infrastructure maintenance  Quantity of infrastructure,  Length of mainline track (track-km) 

6. Administrative  No. of operating employees, traffic 
levels, size of network 

Traffic levels (net tonne-km) and 
length of mainline track (track-km) 

Source: CPCS. 
 

The relationship between the six cost categories and the two underlying drivers (traffic level 
and track-km of mainline track) are summarized in the following figure: 

Figure 2-8: Rail Operating Cost Drivers (Annual Costs) 

Cost Classification US$/net 
tonne-km 

US$/track-
km 

1. Crew Costs 0.00174  - 

2. Fuel and Consumables 0.02372  - 

3. Rail traffic control, station masters, and operations management 0.00058 804 

4. Rolling Stock Maintenance 0.00092  - 

5. Infrastructure maintenance  -  10,447 

6. Administrative 0.00094 2,331 

Total 0.02790 13,582 

Source: CPCS Analysis. 
 

Appendix C provides the underlying assumptions and the process to arrive at the above-
mentioned estimates of the cost drivers used in estimating operating expenditures (OPEX) for 
each link. 

It is important to note that the drivers are approximated for use on all 22 links for the purpose 
of assessing viability of the links under different scenarios of network development and traffic. 
Their use for any others purposes is not recommended.  

 

 



WP: TECHNICAL ANALYSIS | EAC Rail Sector Enhancement Project   CPCS Ref: 13062 

 

 

   | 10 

 

3Results 
  

Optimal Route in Easy-to-Understand Maps and Link-by-Link 
CAPEX, OPEX, and Operating Revenues 

The optimal routes identified by the GIS-based model is presented in maps along 
with infrastructure details in this chapter. They are followed by CAPEX and OPEX 
estimates as well as operating revenue estimates.  
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3.1 Optimal (Least-Cost) Routes 

The following figure presents an overall network map of the optimal routes for each of the 22 
proposed links. This is followed by closer snapshots of each route. 
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Figure 3-1: Regional Map of Optimal (Least-Cost) Routes for 22 Proposed Links 

 

Source: CPCS. 
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Figure 3-2: Links 1 & 3 Optimal Route Map and Route Details 

 

 L1 L3 Unit 

Length of Route 638 885 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 52 68 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 373 517 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 129 187 Route-km 

Extreme terrain (greater than 4.0% grade) 84 112 Route-km 

Length of bridges (<=10m)  294 451 Total length in meters 

Length of bridges (10<=50m) 852 2,170 Total length in meters 

Length of bridges (50<=92m) 274 369 Total length in meters 

Length of bridges (92m<)  2,592 7,130 Total length in meters 

Major Road Crossings 19 75 Number 

Minor Road Crossings 77 218 Number 

Forest 123 168 Route-km 

Infrastructure CAPEX 2,075 3,009 US$M 

Infrastructure CAPEX Unit Cost 3.25 3.40 US$M/km 

 

 



WP: TECHNICAL ANALYSIS | EAC Rail Sector Enhancement Project   CPCS Ref: 13062 

 

 

   | 14 

 

Figure 3-3: Link 2 Optimal Route Map and Route Details 

 

 L2 Unit 

Length of Route 391 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 40 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 277 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 65 Route-km 

Extreme terrain (greater than 4.0% grade) 10 Route-km 

Length of bridges (<=10m)  165 Total length in meters 

Length of bridges (10<=50m) 448 Total length in meters 

Length of bridges (50<=92m) 0 Total length in meters 

Length of bridges (92m<)  3,574 Total length in meters 

Major Road Crossings 188 Number 

Minor Road Crossings 243 Number 

Forest 18 Route-km 

Infrastructure CAPEX 633 US$M 

Infrastructure CAPEX Unit Cost 1.62 US$M/km 
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Figure 3-4: Link 4 Optimal Route Map and Route Details 

 

 L4 Unit 

Length of Route 372 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 97 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 168 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 34 Route-km 

Extreme terrain (greater than 4.0% grade) 73 Route-km 

Length of bridges (<=10m)  30 Total length in meters 

Length of bridges (10<=50m) 1,624 Total length in meters 

Length of bridges (50<=92m) 452 Total length in meters 

Length of bridges (92m<)  103 Total length in meters 

Major Road Crossings 80 Number 

Minor Road Crossings 136 Number 

Forest 151 Route-km 

Infrastructure CAPEX 1,183 US$M 

Infrastructure CAPEX Unit Cost 3.18 US$M/km 
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Figure 3-5: Links 5 & 6 Optimal Route Map and Route Details 

 

 L5 L6 Unit 

Length of Route 982 164 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 271 10 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 485 38 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 103 20 Route-km 

Extreme terrain (greater than 4.0% grade) 123 96 Route-km 

Length of bridges (<=10m)  174 117 Total length in meters 

Length of bridges (10<=50m) 2,869 430 Total length in meters 

Length of bridges (50<=92m) 184 287 Total length in meters 

Length of bridges (92m<)  1,571 0 Total length in meters 

Major Road Crossings 127 4 Number 

Minor Road Crossings 234 34 Number 

Forest 283 60 Route-km 

Infrastructure CAPEX 2,835 800 US$M 

Infrastructure CAPEX Unit Cost 2.89 4.87 US$M/km 
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Figure 3-6: Link 7 Optimal Route Map and Route Details 

 

 L7 Unit 

Length of Route 491 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 131 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 314 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 32 Route-km 

Extreme terrain (greater than 4.0% grade) 14 Route-km 

Length of bridges (<=10m)  264 Total length in meters 

Length of bridges (10<=50m) 886 Total length in meters 

Length of bridges (50<=92m) 641 Total length in meters 

Length of bridges (92m<)  6,549 Total length in meters 

Major Road Crossings 68 Number 

Minor Road Crossings 80 Number 

Forest 172 Route-km 

Infrastructure CAPEX 1,391 US$M 

Infrastructure CAPEX Unit Cost 2.84 US$M/km 

 



WP: TECHNICAL ANALYSIS | EAC Rail Sector Enhancement Project   CPCS Ref: 13062 

 

 

   | 18 

 

Figure 3-7: Link 8 Optimal Route Map and Route Details 

 

 L8 Unit 

Length of Route 498 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 181 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 249 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 35 Route-km 

Extreme terrain (greater than 4.0% grade) 33 Route-km 

Length of bridges (<=10m)  233 Total length in meters 

Length of bridges (10<=50m) 1490 Total length in meters 

Length of bridges (50<=92m) 275 Total length in meters 

Length of bridges (92m<)  1,354 Total length in meters 

Major Road Crossings 79 Number 

Minor Road Crossings 162 Number 

Forest 167 Route-km 

Infrastructure CAPEX 1,287 US$M 

Infrastructure CAPEX Unit Cost 2.58 US$M/km 
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Figure 3-8: Links 9 & 16 Optimal Route Map and Route Details 

 

 L9 L16 Unit 

Length of Route 696 102 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 231 21 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 374 65 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 59 14 Route-km 

Extreme terrain (greater than 4.0% grade) 32 2 Route-km 

Length of bridges (<=10m)  1,025 618 Total length in meters 

Length of bridges (10<=50m) 460 33 Total length in meters 

Length of bridges (50<=92m) 570 0 Total length in meters 

Length of bridges (92m<)  540 0 Total length in meters 

Major Road Crossings 74 3 Number 

Minor Road Crossings 86 68 Number 

Forest 175 17 Route-km 

Infrastructure CAPEX 1,710 261 US$M 

Infrastructure CAPEX Unit Cost 2.46 2.55 US$M/km 
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Figure 3-9: Link 10 Optimal Route Map and Route Details 

 

 L10 Unit 

Length of Route 289 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 43 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 131 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 33 Route-km 

Extreme terrain (greater than 4.0% grade) 82 Route-km 

Length of bridges (<=10m)  161 Total length in meters 

Length of bridges (10<=50m) 533 Total length in meters 

Length of bridges (50<=92m) 181 Total length in meters 

Length of bridges (92m<)  0 Total length in meters 

Major Road Crossings 107 Number 

Minor Road Crossings 113 Number 

Forest 36 Route-km 

Infrastructure CAPEX 1,035 US$M 

Infrastructure CAPEX Unit Cost  3.58 US$M/km 
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Figure 3-10: Link 11 Optimal Route Map and Route Details 

 

 L11 Unit 

Length of Route 327 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 236 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 88 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 2 Route-km 

Extreme terrain (greater than 4.0% grade) 1 Route-km 

Length of bridges (<=10m)  111 Total length in meters 

Length of bridges (10<=50m) 346 Total length in meters 

Length of bridges (50<=92m) 200 Total length in meters 

Length of bridges (92m<)  1,364 Total length in meters 

Major Road Crossings 13 Number 

Minor Road Crossings 11 Number 

Forest 66 Route-km 

Infrastructure CAPEX 634 US$M 

Infrastructure CAPEX Unit Cost  1.94 US$M/km 
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Figure 3-11: Link 12 Optimal Route Map and Route Details 

 

 L12 Unit 

Length of Route 379 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 122 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 221 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 26 Route-km 

Extreme terrain (greater than 4.0% grade) 10 Route-km 

Length of bridges (<=10m)  312 Total length in meters 

Length of bridges (10<=50m) 344 Total length in meters 

Length of bridges (50<=92m) 0 Total length in meters 

Length of bridges (92m<)  1,953 Total length in meters 

Major Road Crossings 45 Number 

Minor Road Crossings 174 Number 

Forest 7 Route-km 

Infrastructure CAPEX 945 US$M 

Infrastructure CAPEX Unit Cost  2.49 US$M/km 
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Figure 3-12: Links 13, 14 & 15 Optimal Route Map and Route Details 

 

 L13 L14 L15 Unit 

Length of Route 110 174 206 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 7 42 82 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 26 25 57 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 9 18 10 Route-km 

Extreme terrain (greater than 4.0% grade) 67 90 56 Route-km 

Length of bridges (<=10m)  10 94 42 Total length in meters 

Length of bridges (10<=50m) 188 239 426 Total length in meters 

Length of bridges (50<=92m) 0 231 948 Total length in meters 

Length of bridges (92m<)  619 87 108 Total length in meters 

Major Road Crossings 42 77 75 Number 

Minor Road Crossings 122 149 124 Number 

Forest 35 72 84 Route-km 

Infrastructure CAPEX 555 771 692 US$M 

Infrastructure CAPEX Unit Cost  5.06 4.42 3.37 US$M/km 
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Figure 3-13: Link17 Optimal Route Map and Route Details 

 

 L17 Unit 

Length of Route 34 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 1 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 8 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 8 Route-km 

Extreme terrain (greater than 4.0% grade) 17 Route-km 

Length of bridges (<=10m)  0 Total length in meters 

Length of bridges (10<=50m) 31 Total length in meters 

Length of bridges (50<=92m) 0 Total length in meters 

Length of bridges (92m<)  0 Total length in meters 

Major Road Crossings 7 Number 

Minor Road Crossings 28 Number 

Forest 14 Route-km 

Infrastructure CAPEX 155 US$M 

Infrastructure CAPEX Unit Cost  4.59 US$M/km 
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Figure 3-14: Link 18 Optimal Route Map and Route Details 

 

 L18 Unit 

Length of Route 19 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 8 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 10 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 0 Route-km 

Extreme terrain (greater than 4.0% grade) 0 Route-km 

Length of bridges (<=10m)  0 Total length in meters 

Length of bridges (10<=50m) 0 Total length in meters 

Length of bridges (50<=92m) 0 Total length in meters 

Length of bridges (92m<)  0 Total length in meters 

Major Road Crossings 5 Number 

Minor Road Crossings 1 Number 

Forest 11 Route-km 

Infrastructure CAPEX 39 US$M 

Infrastructure CAPEX Unit Cost  2.09 US$M/km 

 



WP: TECHNICAL ANALYSIS | EAC Rail Sector Enhancement Project   CPCS Ref: 13062 

 

 

   | 26 

 

Figure 3-15: Link 19 Optimal Route Map and Route Details 

 

 L19 Unit 

Length of Route 122 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 13 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 86 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 20 Route-km 

Extreme terrain (greater than 4.0% grade) 3 Route-km 

Length of bridges (<=10m)  50 Total length in meters 

Length of bridges (10<=50m) 186 Total length in meters 

Length of bridges (50<=92m) 0 Total length in meters 

Length of bridges (92m<)  2,344 Total length in meters 

Major Road Crossings 11 Number 

Minor Road Crossings 11 Number 

Forest 28 Route-km 

Infrastructure CAPEX 396 US$M 

Infrastructure CAPEX Unit Cost  3.23 US$M/km 
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Figure 3-16: Link 20 Optimal Route Map and Route Details 

 

 L20 Unit 

Length of Route 76 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 2 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 39 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 24 Route-km 

Extreme terrain (greater than 4.0% grade) 12 Route-km 

Length of bridges (<=10m)  116 Total length in meters 

Length of bridges (10<=50m) 131 Total length in meters 

Length of bridges (50<=92m) 0 Total length in meters 

Length of bridges (92m<)  0 Total length in meters 

Major Road Crossings 15 Number 

Minor Road Crossings 82 Number 

Forest 3 Route-km 

Infrastructure CAPEX 262 US$M 

Infrastructure CAPEX Unit Cost  3.44 US$M/km 

 



WP: TECHNICAL ANALYSIS | EAC Rail Sector Enhancement Project   CPCS Ref: 13062 

 

 

   | 28 

 

Figure 3-17: Link 21 Optimal Route Map and Route Details 

 

 L21 Unit 

Length of Route 385 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 67 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 201 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 63 Route-km 

Extreme terrain (greater than 4.0% grade) 54 Route-km 

Length of bridges (<=10m)  146 Total length in meters 

Length of bridges (10<=50m) 878 Total length in meters 

Length of bridges (50<=92m) 0 Total length in meters 

Length of bridges (92m<)  3,205 Total length in meters 

Major Road Crossings 25 Number 

Minor Road Crossings 52 Number 

Forest 150 Route-km 

Infrastructure CAPEX 1,267 US$M 

Infrastructure CAPEX Unit Cost  3.29 US$M/km 
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Figure 3-18: Link 22 Optimal Route Map and Route Details 

 

 L22 Unit 

Length of Route 155 Route-km 

Flat Terrain (less than 0.5% grade) = no additional cost 68 Route-km 

Hilly Terrain (between 0.5% and 2.5% grade) 85 Route-km 

Mountainous terrain (between 2.5% and 4.0% grade) 2 Route-km 

Extreme terrain (greater than 4.0% grade) 0 Route-km 

Length of bridges (<=10m)  45 Total length in meters 

Length of bridges (10<=50m) 312 Total length in meters 

Length of bridges (50<=92m) 100 Total length in meters 

Length of bridges (92m<)  0 Total length in meters 

Major Road Crossings 12 Number 

Minor Road Crossings 56 Number 

Forest 1 Route-km 

Infrastructure CAPEX 324 US$M 

Infrastructure CAPEX Unit Cost  2.08 US$M/km 
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3.2 CAPEX Estimates 

3.2.1 Infrastructure CAPEX 

Using the unit costs identified in Section 2.1.2, we have estimated the capital cost of design and 
construction of the least-cost route for each link. The details are presented in the following 
figure. 

Figure 3-19: Least-Cost Route Infrastructure CAPEX 

Link 
Length 

(km) 

CAPEX 

(US$M) 

Unit Cost 

(US$M/km) 

1 638 2,075 3.25 

2 391 633 1.62 

3 885 3,009 3.40 

4 372 1,183 3.18 

5 982 2,835 2.89 

6 164 800 4.87 

7 491 1,391 2.84 

8 498 1,287 2.58 

9 696 1,710 2.46 

10 289 1,035 3.58 

11 327 634 1.94 

12 379 945 2.49 

13 110 555 5.06 

14 174 771 4.42 

15 206 692 3.37 

16 102 261 2.55 

17 34 155 4.59 

18 19 39 2.09 

19 122 396 3.23 

20 76 262 3.44 

21 385 1,267 3.29 

22 155 324 2.08 

Source: CPCS analysis. 
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3.2.2 Rolling Stock CAPEX 

This section presents the projections for rolling stock requirements and capital cost of acquisition 
for each link based on the Base Case traffic projections for year 2020 as presented in Traffic 
Analysis WP dated August 5, 2014. This projection also assumes the case of the full network 
development (i.e. all 22 links are built), which will be tested and adjusted later in the course of 
this study. The traffic map shown as Figure 3-23 at the end of this chapter. 

Figure 3-20: Rolling Stock Requirements and CAPEX 

Link 
Locomotives 

(No.) 

Wagon 

(No.) 

CAPEX 

(US$ M) 

1 3 79 20.4 

2 16 395 105.4 

3 8 146 46.3 

4 13 303 83.4 

5 15 323 92.9 

6 2 20 9.5 

7 2 20 9.5 

8 8 80 38.0 

9 10 209 61.1 

10 6 60 28.5 

11 2 20 9.5 

12 13 422 98.3 

13 2 20 9.5 

14 2 20 9.5 

15 2 20 9.5 

16 2 20 9.5 

17 2 20 9.5 

18 2 20 9.5 

19 2 51 13.4 

20 2 20 9.5 

21 6 60 28.5 

22 2 20 9.5 

Source: CPCS analysis. 
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3.3 Operating Cost (OPEX) Estimates 

This section presents the operating cost projections for each link based on Base Case traffic 
projections (as presented in Traffic Analysis WP dated August 5, 2014) and the full network 
development case for year 2020. The traffic map shown as Figure 3-23 at the end of this chapter. 

Figure 3-21: Operating Cost Projections (2020 Base Case) (US$000) 

Link Train Crews 
Fuel & 

Consuma-
bles 

Traffic 
Control 

Rolling 
Stock 

Mainte-
nance 

Infa Mainte-
nance 

Admin. 
Total 
OPEX 

1 443 6,038 513 233 6,666 1,487 15,382 

2 2,230 30,380 315 1,174 4,089 912 39,101 

3 750 10,215 712 395 9,245 2,063 23,379 

4 1,565 21,311 628 824 8,165 1,822 34,315 

5 1,556 21,188 785 819 10,201 2,276 36,824 

6 50 685 132 26 1,719 383 2,996 

7 5 69 394 3 5,118 1,142 6,731 

8 5 70 401 3 5,206 1,162 6,847 

9 953 12,984 561 502 7,284 1,625 23,909 

10 68 928 233 36 3,026 675 4,966 

11 2 21 263 1 3,417 762 4,466 

12 2,396 32,639 305 1,262 3,964 885 41,451 

13 0 0 88 0 1,146 256 1,490 

14 1 16 140 1 1,820 406 2,384 

15 14 195 165 8 2,149 479 3,010 

16 6 80 82 3 1,064 237 1,472 

17 0 0 29 0 377 84 491 

18 0 0 15 0 196 44 254 

19 288 3,920 99 152 1,289 288 6,035 

20 0 0 61 0 796 178 1,035 

21 138 1,885 310 73 4,022 897 7,325 

22 34 457 125 18 1,624 362 2,619 

Source: CPCS Analysis. 
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3.4 Operating Revenue, Costs and Ratio Projections 

This section presents projections of operating revenue (based on a tariff of US$ 0.07 per tonne-
km), costs and margin using Base Case traffic projections (as presented in Traffic Analysis WP 
dated August 5, 2014) and the full network development case for year 2020.  

Figure 3-22: Operating Revenue and Cost Projections (2020 Base Case) 

Link 

Operating 
Revenue 

(US$000) 

Operating 
Expenses 

(US$000) 

Operating 
Ratio 

1 17,834 15,382 86% 

2 38,695 39,101 101% 

3 30,170 23,379 77% 

4 62,945 34,315 55% 

5 62,581 36,824 59% 

6 2,022 2,996 148% 

7 205 6,731 3290% 

8 207 6,847 3310% 

9 38,348 23,909 62% 

10 2,740 4,966 181% 

11 62 4,466 7228% 

12 96,403 41,451 43% 

13 0 1,490 n/a 

14 48 2,384 4940% 

15 575 3,010 524% 

16 236 1,472 623% 

17 0 491 n/a 

18 0 254 n/a 

19 11,578 6,035 52% 

20 0 1,035 n/a 

21 5,567 7,325 132% 

22 1,350 2,619 194% 

Source: CPCS analysis. 

 

The large range in operating ratio is largely on account of traffic levels. As expected, due to the 
largely fixed cost nature of infrastructure maintenance and railway administration and control, 
significant volumes are needed to cover operating costs.  
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Figure 3-23: Rail Traffic, 2020 

 

Source: CPCS. 
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4Standards 
  

Regional Rail Standards and Technologies and Their Impact on 
Interoperability 

This chapter presents options for standards for technology and design and 
construction and assesses the impact each has on interoperability across railway 
lines. Included are our recommendations, which need more detailed analysis by 
regional railway experts prior to adoption.  
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4.1 Introduction 

This chapter presents discussions on standards for design, construction and technology for 
new long-distance freight lines that will form part of the EAC rail network. In addition, we 
assess the impact that each may have on interoperability across railway lines. The following 
figure summarizes the technical standards and technologies that could impact the 
interoperability of railways.  

Figure 4-1: Technical Standards and Technologies That Could Impact Interoperability 

Component Recommendation Impact on 
Interoperability 

5. Track Structure 

Gauge Standard Gauge (1,435mm) Critical 

Track and Roadbed Design & 
Construction 

American Railway Engineering and Maintenance-of-Way 
Association (AREMA)  

Low 

Bridge Design & Construction AREMA; American Association of State Highway & 
Transportation Officials Inc. (AASHTO); and American 
Standards and Materials (ASTM) 

Nil 

6. Signals, Controls and Telecommunications 

Signals & Controls Track Circuit-Based Signalling Control (TCBSC) High 

Telecommunications Architecture Very High Frequency (VHF)  High 

Transmission Backbone  Microwave Low 

7. Rolling Stock 

Coupler System Association of American Railroads (AAR) Moderate 

Braking System Air (pneumatic) brakes Moderate 

8. Operating Characteristics   

Design Train Speed Freight: 80 kph; Passenger: 100 kph Nil 

Maximum Train Length 2,000 meters Moderate 

Permissible Axle Loads 32.4 tonnes/axle Moderate 

Source: CPCS. 
 

Each is discussed in more detail in the sections below. 

The standards proposed here are for lines that form part of the EAC network. Lines not 
connected to the network, including urban and suburban rail lines, do not necessarily need to 
meet these standards.  

4.2 Track Structure 

4.2.1 Gauge 

Gauge is the inside of distance between the top of rails. The two gauges in East Africa are cape 
(1,067mm) gauge (TAZARA [Tanzania-Zambia Railway Authority] and eastern Democratic 
Republic of the Congo (DRC)) and meter (1,000mm) gauge on the remainder of railways. New 
railway lines in East Africa are to be constructed in standard gauge (1,435mm) going forward; 
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except where the new line needs to be operated as part of the existing meter or cape gauge 
line in advance of being connected to the standard gauge line. In this case, we recommend 
that the line be built in the appropriate gauge (meter or cape), with the roadbed and structures 
constructed to widths and loaf-carrying capacity to permit eventual modification to standard 
gauge.  

4.2.2 Track and Roadbed Design and Construction 

The American Railway Engineering and Maintenance-of-Way Association (AREMA) is the 
foremost North American railway industry group. It publishes recommended practices for the 
design, construction and maintenance of railway infrastructure, and is referenced in 
regulations in the USA and Canada. It also used in other parts of the world; especially where 
there are no national rail standards. 

Our recommendation for using AREMA as the base standard is three-fold: 

 It is an all-encompassing standard for railway infrastructure; 

 It had been developed for North American railway, which are mainly freight lines with some 
passenger traffic; and 

 It best considers life-cycle costs and assures quality. 

With that said, we recommend alternative standards be considered on a case-by-case basis 
though they should meet or exceed the AREMA standard. Alternatives include International 
Union of Railways (UIC) of Europe or national standards of Kenya, Uganda or Tanzania. 

4.2.3 Bridges and Structures Design and Construction 

As with track and roadbed, we recommend AREMA and other American standards for the 
design and construction of bridges and culverts for largely the same reasons. Again, we 
recommend alternative standards be considered on a case-by-case basis though they should 
meet or exceed the AREMA standards. 

4.2.4 Interoperability 

It is essential for railways to have the same gauge for interoperability. This is not the case for 
the design and construction standards for track and bridges, except in the event there is the 
desire to have common maintenance practices and share track maintenance equipment. In 
this case, it is important to have same track components (rail, sleepers, and fasteners) and 
similar track structure (ballast thickness and sleeper spacing).  

4.3 Signals, Control and Telecommunications 

4.3.1 Track Circuit-Based Signalling Control (TCBSC) 

Signals, controls and telecommunication systems are of vital importance to the safe and 
efficient operation of railways and are significantly more critical when there are both 
passenger and freight trains operating on the same line. 
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Today, most advanced freight railways operate with fixed wayside signals and track circuits to 
transmit the location of train to a central dispatch location under a system typically known as 
Centralized Traffic Control (CTC). Lower-volume railways often rely on more rudimentary 
systems of train control where trains are authorized to occupy a section of track by central 
dispatchers or local station masters (as in the case in most of East Africa).  

With a CTC system, dispatchers control train movements by wayside signal and remote (or 
dual) control switches. The basic concept of CTC is to divide the track into sections (or blocks) 
and use signals to control entry into sections of track. Track circuits are used to identify the 
location of trains3. Initially, this information was used by controllers at control centers to 
control the movement of trains. Eventually, systems were introduced to automate these 
controls, or as a minimum, apply a safety check on instructions provided by controllers. Many 
systems now use cab signals instead of wayside signals.  

Track circuit-based signalling control systems are operated safely throughout the world today 
on most freight railways. However, newer technologies that do not require track circuits to 
identify the locations of a train are being introduced. Most new urban and suburban passenger 
systems rely on the newer technologies (as discussed below). In addition, such newer 
technologies has begun to be introduced on some freight railways, but typically as an overlay 
to the legacy signalling control system (as discussed below). 

4.3.2 Communications-Based Train Control (CBTC) 

Communications-Based Train Control (CBTC) is a signaling system that makes use of 
telecommunications between the train and track equipment for traffic management and 
infrastructure control. By means of the CBTC systems, the exact position of a train is known 
more accurately than with the track circuit-based systems. CBTC has permitted railways to 
improve headways while maintaining or even improving safety. 

As defined in IEEE [Institute of Electrical and Electronics Engineers] 14744, a CBTC system is a 
"continuous, automatic train control system utilizing high-resolution train location 
determination, independent of track circuits; continuous, high-capacity, bidirectional train-to-
wayside data communications; and train-borne and wayside processors capable of 
implementing Automatic Train Protection (ATP) functions, as well as optional Automatic Train 
Operation (ATO) and Automatic Train Supervision (ATS) functions." The three functions are 
defined as follows: 

 Automatic Train Protection (ATP) or Automatic Train Control (ATC) – Critical safety 
information concerning signal information, track speeds and other track information is 
related to trains, and the trains will automatically be slowed or stopped if the operator does 

                                                      

3 Track circuits are low voltage currents applied to the railway track. The current flow will be interrupted by the 
presence of the wheels of a train, and this is used to identify the location of a train. 
4 IEEE Standard for Communication Based Train Control Performance Requirements and Functional 
Requirements 
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not take appropriate actions (such as exceeding speed limit or failing to reduce speed when 
approaching a stop signal).  

 Automatic Train Operation (ATO) – An enhancement on ATP where trains run semi-
automatically or automatically between stations, as follows: 

- Semi-automatic Train Operation (STO) – Trains run automatically between stations 
under drivers’ supervision. Drivers operate doors, provide inputs for train to leave 
station and monitor operations. 

- Driverless Train Operation (DTO) – Driver is not needed to be at or near controls. 
Doors can be operated automatically or from location other than the control cab.  

- Unattended Train Operation (UTO) – Fully automated train. 

 Automatic Train Supervision (ATS) – Further enhancement to UTO with real time 
automation of train management and operations regulation.  

With a CBTC system, trains continuously calculate and communicate their status via radio to 
beacons distributed along the line. This status includes train position, speed, travel direction 
and braking distance, among other parameters. This information allows calculation of the area 
potentially occupied by the train on the track and also enables the wayside equipment to 
define the points on the line that must never be passed by the other trains on the same track. 
These points are communicated to make the trains automatically and continuously adjust their 
speed while maintaining the safety and ride comfort requirements. Trains continuously 
receive information regarding the distance to the preceding train and are then able to adjust 
their safety distance accordingly. 

CBTC systems operate with both fixed blocks and moving blocks. Moving blocks are defined in 
real time by computers as safe zones around each train. Moving block allows trains to run 
closer together while maintaining required safety margins, and thus increasing the line's 
overall capacity relative to fixed blocks. CBTC systems use cab signals. Locomotives are 
equipped with On-Board Computers (OBC) and other equipment (such as GPS [Global 
Positioning System] and transponder readers). Locomotives not equipped with OBC (and other 
necessary equipment) cannot move under signal indication. 

As the name suggests, reliable communication systems are required for the backbones of train 
to wayside data transmissions and between wayside sites and central control systems.  

CBTC systems have been used extensively in recent years on new suburban and urban rail lines 
and are now a predominant technology on new urban railway lines. Installations on freight 
lines have been limited. 

4.3.3 Incremental Technologies 

In North America, systems have been developed to provide the functionality of CBTC system 
but are overlaid on existing track circuit-based CTC signalling systems. These include: 
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 Incremental Train Control System (ITCS), developed by General Electric Transportation 
Systems (GETS); 

 Interoperable Electronic Train Management System (ETMS), developed by Wabtec Railway 
Electronics; and 

 Advanced Civil Speed Enforcement System (ACSES), developed by PHW and Alstom. 

The impetus for the development of these new systems in the US was a law set in 2008 
requiring the implementation of positive train control (PTC) technology across most of the US 
rail network by December 15, 2015.  

As these systems are designed to be overlaid on a track circuit-based CTC system, the use in 
the EAC would be as an addition to conventional track-circuit based CTC system.  

4.3.4 European Rail Traffic Management System (ERTMS) 

In 1996, the European Union (EU) introduced a standardised traffic control system on the 
European railways known as the European Rail Traffic Management System (ERTMS). It 
comprises three levels: 

 Level 1 relies on a track circuit-based CTC system with wayside signals augmented with 
transponders placed between the rails as part of an ATP system. The functionality and the 
technology are comparable to those of the incremental technologies being implemented in 
the US to provide PTC. 

 Level 2 requires no wayside signals; as all basic information is obtained via Global System 
for Mobile Communications – Railway (GSM-R). The signals transmitted to a locomotive are 
always up to date. The transponders are used to update the locomotive’s position 
information. 

 Level 3 does not require track circuits. This system has the functionality of a CBTC system. 

4.3.5 ERTMS Regional  

ERTMS Regional is a simplified and lower cost version or ERTMS; specially conceived and 
designed for lines in remote areas with low volumes of traffic, which have to be compatible 
with the ERTMS specifications. It aims to minimize infrastructure investment cost and uses 
GSM-R as a communication carrier. ERTMS Regional does not use track circuits but is a CBTC 
system. It has been implemented on freight railways in Sweden and Kazakhstan, and work has 
commenced on installation of the system on the 980-km Chingola-Livingstone line in Zambia.  

4.3.6 Railway Telecommunications 

The two key components to a railway telecommunication system necessary to support a CBTC 
system are: 

 Telecommunications System Architecture; and 

 Transmission backbone. 
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They are discussed in more detail in the following sections.  

Telecommunications System Architecture 

In a railway environment, a radio communication system is generally used for voice and data 
communications between dispatcher, train drivers, on-board computers, and device or 
personnel along the railway. This radio communication system usually makes use of: 

 Ultra High Frequency (UHF) radio; or  

 Very High Frequency (VHF) radio. 

GSM-R is within the bandwidths of UHF and is part of ERTMS standard. VHF is more often used 
for traditional CTC systems. The choice of system largely depends on the signalling technology 
selected.  

The selection of the system architecture is important to locomotive interoperability across 
railway lines as locomotives must be equipped with radios and transmission hardware for the 
operating frequencies.  

Transmission Backbone 

The transmission backbone is the main “pipe” for communication data; be it in the form of 
voice, data or video. It is meant to be transparent to content. A transmission backbone can be 
built with either fiber optic or microwave technologies. Transmission locations are distributed 
along the line, therefore microwave towers can be erected, or fiber optic cables can be laid, 
along the railway tracks. While microwave towers can be erected more quickly and are easier 
to install, fiber optic cables laid along the railway tracks provide higher redundancy and 
robustness. 

Typically, a microwave system is less expensive. However, a fibre optic system provides higher 
capacity and the potential of utilization for purposes other than those of the railway. Both 
technologies should be considered. The choice of a system has insignificant bearing on 
interoperability across railway lines. 

4.3.7 Recommendations 

TCBSC is constructed with technologies that are proven and well established, thus typically 
have lower installation costs with fewer glitches expected with installation and 
implementation; plus inspection and maintenance require less technical expertise. On the 
other hand, track circuit-based systems require more wayside infrastructure, which leads to 
higher maintenance costs and more risks of pilferage and vandalism. As stated, CBTC systems 
offer the potential of higher train capacity, but the traffic levels forecasted for East Africa 
railways can be handled by track circuit-based systems. However, in the event where traffic 
levels exceed projections, CBTC are better suited to adding capacity in a modular manner. 
CBTC systems offer the possibility of higher safety standards with ATP functions, as well as 
optional ATO and ATS functions.  
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Unlike all other systems, TCBSC does not require locomotives be equipped with OBC or any 
other specialized equipment to operate under signal indication. As such, implementation of 
this type of system across railways eliminates the risk of locomotives not being interoperable.  

It is our recommendation to use a TCBSC system. However, we recommend that the 
alternative be considered especially if there is an interest in any of the functionality offered 
by CBTC. ERTMS Regional appears to be a particularly appealing option especially on low 
volume lines. We also recommend VHF radio with a microwave system transmission 
backbone; however, the choice of these systems depends on the signalling system selected. 

4.4 Rolling Stock 

4.4.1 Coupler System 

With the exception of TAZARA, the railways of East Africa have used “Lloyd MCA-DA” couplers 
(also known as “Norwegian” or “hook and pin” couplers). The couplers are located at 584mm 
above the top of rail. TAZARA uses AAR [Association of American Railways] couplers. The Union 
of African Railways (UAR) has adopted the AAR coupler system as its unified attachment 
systems. The AAR coupler system has many benefits to the Lloyd MCA-DA couplers and is 
recommended as the standard for new lines to be built in East Africa.  

4.4.2 Air Brakes 

Railways within the EAC currently operate with a compressed air (pneumatic) brake system, 
similar in function and operation to the AAR air brake system. TAZARA rolling stock is equipped 
with a dual compressed air (pneumatic) and vacuum brake systems. Air brakes are used while 
equipment is on the TAZARA lines, and vacuum brakes are used when equipment is 
interchanged with the railways in Southern Africa. Our recommendation is for pneumatic 
brakes to be set as the standard. A standard should also be set for operating brake pipe 
pressure. Currently, five bar5 is used, and this could also be set as the standard on new lines.  

4.5 Operating Characteristics 

4.5.1 Design Speed 

We recommend design speeds of 80 kph for freight trains and 100 kph for passenger trains; 
restricted for short distance by terrain (vertical gradient and horizontal curves) as well as 
where warranted through areas with high population density along the right-of-way (unless 
protected by barriers).  

Design speeds (and for that matter, operating speed) have no bearing on interoperability 
across lines, and higher speeds generally require more investment in infrastructure. As such, 

                                                      

5 The bar is a metric unit of pressure, defined by the International Union of Pure and Applied Chemistry (IUPAC) 
as exactly equal to 100,000 Pascal (Pa). It is about equal to the atmospheric pressure on Earth at sea level. 
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slower design speeds may be justifiable on lower-volume trunk or branch lines. This should be 
reviewed on a case-by-case basis. 

4.5.2 Maximum Train Length 

Maximum train length drives the minimum lengths of passing loops that should be 
constructed. If passing loops are not of equal size, it is possible that trains would need to be 
reduced in length when passing from one rail line to the next. It is recommended that the 
standard length of passing loops be set at 2,000m and that this be the standard for maximum 
train length. 

4.5.3 Permissible Axles Loads 

Permissible axle loads are the maximum weight that can be placed on each axle of a 
locomotive or wagon assuming that the weight of a vehicle is evenly distributed across all 
axles. Essentially, it is the weight of the vehicle and lading divided by the number of axles 
(typically four for wagons and six for locomotives). If permissible axle loads differ across rail 
lines, it is possible that some loaded wagons and locomotives will be prevented from passing 
from one line to the next. As such, permissible axle loads are important to interoperability. 

Permissible axle loads (along with other factors) define the track structure to be constructed. 
The reciprocal holds true; once constructed, the track structure will limit axle load. As such, it 
is important that permissible axle load is agreed early in the process.  

The maximum permissible axle load could range between 25 tonnes and 32.4 tonnes and could 
be even higher. Of course, higher permissible axle loads come at a cost of a heavier track 
structure and stronger bridges. The maximum gross vehicle weight for wagons on most freight 
lines in North America is 286,000 lb (32.4 lb/tonne). As such, there is a ready supply of rolling 
stock with permissible axle load of 32.4 tonnes. For this reason, we recommend 32.4 tonnes 
as the standard for maximum permissible axle load. 

4.6 Conclusions 

To assure complete interoperability across railway lines, it is important that many of the 
standards raised in this chapter are addressed before design and construction commences. As 
indicated, not all are critical; some are more important than others, and some of them, if not 
properly dealt with, would lead to significant operating inefficiencies. What we have proposed 
for standards needs further analysis and agreement by technical experts of the participating 
railways. If the EAC’s interest is to have a comprehensive set of standards for all three regional 
gauges, we suggest that they look to Japan, which has such a multi-gauge standard6 in use. 

                                                      

6 Technical Regulatory Standards on Japanese Railways up to revisions of Ministerial Ordinance No. 110 of 
December 15, 2006. 
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5Next Steps 
 

.  

 

 

  

In the next phase of the study, we will undertake analysis of the links under various 
scenarios of network development. Our analysis will include full financial and 
economical assessment of the links that form part of the optimal scenario of 
network development. In this chapter, we provide an overview of this report as it 
relates to the next phase and discuss in some details the next steps. 
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In this WP, we present the tools that will allow us to assess network viability under all scenarios 
of network development. The tools consist of: 

 Optimal route for each link as defined as least cost using GIS; 

 Capital cost of design and construction for each link;  

 Relationship between rolling stock requirements and traffic levels (as measured in net 
tonne-km); and  

 Equations for estimating operating costs as a function of traffic levels (as measured in net 
tonne-km) and mainline track length (as measured in track-km).  

Our next step is to utilize this information and relationships to model the network under 
various scenarios of network development. As there would be some redundancy if all 22 links 
were developed, we will look at the impact on link and network profitability if one of the 
redundant lines was not built. As an example, links L1 and L3 would both connect Kisangani to 
the EAC rail network. As such, we will look at the impact on traffic flows and profitability if 
only one of the two lines is built. There are other such redundancies that we will analyze. Given 
the high capital cost of construction and maintenance of railway infrastructure, it is clear that 
line profitability is driven by traffic volume. It is expected that removal of redundancies will 
lead to improved line and network viability.  

Our objective will be to assess the financial viability of all scenarios of network development 
to identify the one that best serves the objective of the EAC Secretariat.  
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Appendix A: GIS Methodology 
for Determined Least-Cost 
Route 

 

Justifications and detailed descriptions of the methodology used to select EAC’s 22 missing rail 
link routings are discussed in this appendix. Since CPCS adopted an automated approach, the 
appendix elaborates on the justifications for its use, defines all datasets leveraged and lists all 
sub-procedures within the suitability model from the multi-criteria decision evaluation (MCE), 
followed by the least-cost path analysis (LCPA) and finally a discussion regarding our results.  

 

Key Justifications 

GIS data processing and spatial analysis, together with modern decision analysis techniques, 
were used in this study to find the least costly route for the 22 proposed links. Its widespread 
adoption within modern day railway engineering literature is proof that GIS is an efficient tool 
for solving optimization tasks with spatially distributed linear objects such as railways.  

The study area includes the EAC’s five Partner States, Burundi, Kenya, Rwanda, Tanzania, and 
Uganda, and to lesser extent three neighbouring countries of DRC, Somalia and South Sudan 
as some of the proposed links extends into these neighbouring, non-EAC countries. Given the 
large area being studied and the number of links routed, GIS-based suitability modelling is 
favored because of its computational flexibility and thoroughness. Both empirical evaluation 
models and models based on expert knowledge can be applied within this approach. The 
requirement to minimize the monetary cost of routing is described through map layers within 
GIS, where each of these represents one criterion that affects the cost of building rail lines 
through any given area.  

There are several reasons why CPCS chose to develop a GIS-based suitability model for the 
prefeasibility routing.  

Firstly, the variables utilized to minimize the financial costs associated with each selected link 
need to be accurately quantified and located for the entire study area. Maps and ground-
based geographic information for our area is lacking and outdated. Furthermore, available 
data sources are either regionally varied, too coarse to provide accurate results or require 
additional work to piece together from other sources. Optionally, ground-based data 
collections or surveying for an area of this size is unrealistic. Based on this problematic, using 
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satellite-based data proves to be the most efficient and cost effective solution. It is consistent, 
reliable, highly accurate and easily attainable for future studies. Furthermore, satellite based 
data is well documented and studied and better adapted for areas that are too large or lack 
institutional funding for more accurate data.  

Secondly, the entire model is highly adaptable. Based on the objective of extracting the least 
cost route from satellite based observations, the GIS-based suitability model can be 
customized by readjusting financial costs of observations or changing each variable’s weight 
(i.e. making one variable more important than another), cumulatively adding each variable 
and determining for any given area the financial cost of routing the railroad through it. 
Following these steps, we can produce multiple scenarios for one missing link with each 
scenario favoring a variable or particular observation. An example of generating scenarios 
would be minimizing the cost of construction versus minimizing the routes 
environmental/ecological footprint.  

 

Methodology 

What is a GIS-based suitability model? 

A suitability model in GIS typically identifies the best location for a route considering what 
individual costs are associated with placing a route through any given area on a map. For 
instance, it may cost less to route a railroad through terrain slopes less than 0.5% rise as 
opposed to costing more for those greater than 0.5% rise. By reclassifying each map layer 
(variable) into individual costs, we can ultimately locate the least-cost path through our cost 
surface. Figure A-1 serves as an illustrative example of the modelling approaches used to route 
an optimal path through terrain slope and land surface forms. These individual approaches are 
elaborated in the following sections. 
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Figure A-1: Illustrative Example of a Typical Suitability Model Followed by a Least-Cost Path Analysis 

 

Source: CPCS. 
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What is a multi-criteria evaluation (MCE)? 

A suitability model utilizes several modelling approaches. For example, it is that very cost 
surface (mentioned above) that is subject to an expert-based evaluation. Criterion 
standardisation, weighting and combining are all part of the MCE; GIS terminology refers to 
this approach as weighted overlay modelling or weighted sum for short. The objective of the 
MCE is to identify all the variables, reclassify each variable into financial costs (either 
categorically or continuously), apply variable weights that help determine the relative financial 
importance between one another and finally apply the weighted sum equation as illustrated 
in the figure below. 

Figure A-2: MCE Illustration 

 
 
The cell values are multiplied by their weight factor, and the results are added together 
to create the output raster (combined cost surface). For example, consider the top left 
cell. The values for the two inputs become (2.2*0.75) + (3*0.25) = 2.4. Where a value 
of 2.4 is the proportion of the cost associated to building rail in a pristine area. In this 
case, our base measure is US$1,500,000 per 1km of rail. Since each pixel in our cost 
surface is roughly 92m x 92m at the equator (roughly US$138,000 per 92m cell size), 
this top left cell would be 2.4 times more expensive than that; top left cell costing 
US$331,200 to route the rail through this pixel. 
 
Source: CPCS. 

 

 

If otherwise not affected by data availability, coverage or study scope, variable selection and 
evaluation has been defined based on expert opinion (railway engineer/railway practise 
leader, conventional literature review of CAPEX expenditures). Efforts were made to keep the 
number of model inputs low while also affecting the greatest variance on cost, thus keeping 
only the most comprehensive costs associated with railroad building. Under these 
circumstances, the following variables were selected and evaluated.  
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Figure A-3: Variable Classification and Costing per 92m Surface Area 

Note: These costs are adjusted for 92m cell, which is the size of each pixel in our model. For example, in the main text (Section 2.1.2 of this 
WP), it has been described that the base unit cost of US$1,500,000 per km has been applied, which equals to US$138,000 for 92m. 
Source: CPCS analysis. 

 

VARIABLE_ID VARIABLE NAME COST PER CELL (92m) 

1 Base measure   

1.1 
Standard gauge rail, its right of way, embankment and ballast (less than 0.5% 
grade)  $              138,000.00  

   

   

VARIABLE_ID VARIABLE NAME COST PER CELL (92m) 

2 Terrain (A) -  additional cost (unit cost premium) to the base measure    

2.1 Flat terrain (less than 0.5% grade)   $                             -    

2.2 Hilly terrain (between 0.5% and 2.5% grade)  $                82,800.00  

2.3 Mountainous terrain (between 2.5% and 4.0% grade)  $              193,200.00  

2.4 Extreme terrain (greater than 4.0% grade)  $              441,600.00  

   

   

VARIABLE_ID VARIABLE NAME COST PER CELL (92m) 

3 Bridges (B) - additional cost (unit cost premium) to the base measure   

3.1 No bridge or culvert  $                             -    

3.2 Length of bridges (<= 10m) over water or land  $              108,000.00  

3.3 Length of bridges (10 <= 50m) over water or land  $              504,000.00  

3.4 Length of bridges (50 <= 92m) over water or land  $           2,025,000.00  

3.5 Length of bridges (92m <) over water or land  $           2,760,000.00  

   

   

VARIABLE_ID VARIABLE NAME COST PER CELL (92m) 

4 
Number of @grade road crossings - additional cost (unit cost premium) to the 
base measure   

4.1 No road crossing  $                             -    

4.2 Minor Roads (signs)  $                  5,000.00  

4.3 Major Roads (gates & lights, guardhouse, signs)  $                50,000.00  

   

   

VARIABLE_ID VARIABLE NAME COST PER CELL (92m) 

5 Clearing of Forest - additional cost (unit cost premium) to the base measure   

5.1 No clearing necessary  $                             -    

5.2 
Clearing of forest with coverage greater 40% (this includes the gamut between 
shrubbery to dense forest)  $                     920.00  
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Based on CPCS’s selection of variables, finding the least-cost route for rail alignments is related 
to an evaluation in detail of the physiographic terrain or landscape, as well as the engineering 
requirements to traverse said terrain or landscape. This is subject to the calculation of 
intersections with rivers, roads and existing railways in relation to the complexities of terrain 
or landscape relief. The modelled rail routes mainly minimize the costs associated with 
construction.  

What is a Least-Cost Path Analysis (LCPA)? 

When the final cumulative cost surface is generated from these 
fixed independent costs, the final modelling approach is utilized 
to minimize the length of the routing through the cost surface. 
This approach is called a least-cost path analysis (LCPA). 
Obviously, the least-cost path through a pristine surface with no 
impedances would be a Euclidean distance. The Euclidean 
distance between any given origin and destination is the length of 
the straight line connecting them as illustrated in Figure A-4. In 
the case of the LCPA, the Euclidean distance function is 
maintained but at the cost of also minimizing the cumulative cost 
through our cost surface generated in the previous section.  

More specifically, the least-cost path function determines the 
optimal path from a destination point to a source. Aside from 
requiring that the destination be specified, the cost path tool 
utilizes the cost surface generated from the MCE to generate two 
intermediary outputs; the cost-distance surface and the cost back 
link surface. The back link raster is used to retrace the least costly route from the destination 
to the source over the cost distance surface. While the output cost distance raster identifies 
the accumulative cost for each cell to return to the closest source location, it does not show 
which source cell to return to or how to get there. The cost back link surface returns a direction 
raster providing what is essentially a road map that identifies the route to take from any cell, 
along the least-cost path, back to the nearest source.  

 

Data Definitions 

As previously stated, the model uses satellite-based imagery as primary inputs to the model. 
By necessity, the size of the study area and the quality of the existing ground-based spatial 
data is limited and disjoint between countries.  

Additionally, the study area and its 22 proposed links have a surface area of 4,500,000km2 
while the focus of the study resides on finding the optimal route for infrastructure that spans 
no larger than 50-60m in width when including the rail bed.  

Figure A-4: Euclidean Distance 
Formula, Otherwise Known as 

Straight Line Distance 

 

Source: CPCS. 
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Variable 1 – Length of Line 

The length of the line is quite simply the distance between the start and finish of the proposed 
route as measured at track level. Distances are in kilometres, and the applied unit cost is 
US$1,500,000 per km for level terrain (less than 0.5% grade). 

Variable 2 – Terrain (Slope, Percent Rise) 

The topographic profile of our study region is derived from a digital elevation model (DEM) 
that was captured by National Aeronautics and Space Administration’s (NASA) Shuttle Radar 
Topographic Mission (SRTM). The model boasts a cell size resolution of 92m at the equator, 
and its coverage is global. The slope in percent rise was derived from this DEM through the 
use of the slope function in ArcGIS spatial analyst extension. The slope represents the rate of 
change of elevation for each DEM cell. In this case, our cell size was 92m. The operation returns 
the inclination of slope as a percentage value. A flat surface is 0% and a 45-degree surface is 
100%, and as the surface becomes more vertical, the percent rise becomes increasingly larger.  

Figure A-5: Output of a DEM to Slope Function in ArcGIS Spatial Analyst Extension 

 

Source: ESRI Mapbook, 2009. 
. 

Variable 3 – River Width 

Hydraulic and hydrologic modeling has been moving to larger spatial scales with increased 
spatial resolution, and these models utilize derivatives from satellite imagery (SRTM) to 
accurately model river widths and depths. Hydraulic geometry relationships have a long 
history in estimating river channel characteristics as a function of discharge. A global database 
of bankfull widths (Figure A-6) and depths was based on hydraulic geometry equations and 
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the HydroSHEDS7  dataset. In this case, the bankfull width estimates were evaluated with 
widths derived from Landsat imagery8 . This model was carried out at the Jet Propulsion 
Laboratory, California Institute of Technology, under contract with NASA and later evaluated 
by Andreadis & Alt, 20139. The results are meant to depict the bankfull width at the time of 
the capture of the SRTM photos in February 2000.  

Figure A-6: Bankfull Width Defined 

 

Source: Environment Canada, Canadian Aquatic Biomonitoring Network Resource Document, 
2013. 
. 

Variable 4 – Number of Road Crossings (by Road Type) 

CPCS leveraged OpenStreetMap (OSM)10 data to help classify our study region’s roads into a 
functional road classes. National and provincial highways have been included in the route 
analysis while local and regional roads have not been considered within our evaluation. 
Although OSM road data is a crowd-source product, recent qualitative assessments regarding 
its accuracy has shown that it holds more merit than most other “added value resell” data. In 
fact, the sheer magnitude and heterogeneity of the data help resolve much of its inaccuracies 
when looking at larger functional road class segments such as a National and Regional Highway 
System. These roads are highly travelled and thus have more valid entries in within the OSM 
community. Additionally, efforts were made to validate alignments with satellite imagery and 
other road class data. Figure A-7 is an example of the validation process used internally at 
CPCS to validate the accuracy of OSM road data. The data represents the extent of the roads 
captured and inputted into the database since June 2014. 

                                                      

7 Lehner, B., Verdin, K., Jarvis, A. (2008): New global hydrography derived from spaceborne elevation data. Eos, 
Transactions, AGU, 89(10): 93-94. 
8 NASA Landsat Program, 2003, Landsat ETM+ scene L71008058_05820031026, SLC-Off, USGS, Sioux Falls, 
10/26/2003. 
9 Andreadis, K. A., G. J.-P. Schumann, and T. Pavelsky (2013), A simple global river bankfull width and depth 
database, Water Resour. Res., 49, 7164–7168, doi:10.1002/wrcr.20440. 
10 © 2014, OpenStreetMap contributors. http://www.openstreetmap.org/copyright.  

http://www.openstreetmap.org/copyright
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Figure A-7: CPCS Internal QA/QC Process for OSM Road Data 

 

Source: CPCS. 
 

Variable 5 – Land Use – Clearing of Vegetation (Clearing of Forest with Coverage Greater 
than 40%) 

Another global satellite-based dataset 
was utilized to identify areas with tree-
like vegetation occupying 40% of each 
studied area. The Globcover project11 is a 
land use classification dataset derived 
from observations from the 300m 
Medium Resolution Imaging 
Spectrometer (MERIS) sensor on board 
the ENVISAT satellite mission. European 
Space Agency (ESA) has indicated that the 
results were captured over two periods: 
December 2004 to June 2006 and January 
to December 2009. The following vegetation types were selected for Variable 4: 

 

                                                      

11 Bontemps S., P. Defourny, J. Radoux, E. Van Bogaert, C. Lamarche, F. Achard, P. Mayaux, M. Boettcher, C. 
Brockmann, G. Kirches, M. Zülkhe, V. Kalogirou, O. Arino. Consistent Global Land Cover Maps for Climate 
Modeling Communities: Current Achievements of the ESA's Land Cover CCI ESA Living Planet Symposium 9 - 13 
September 2013, Edinburgh, United Kingdom. 

Figure A-8: ESA's Globcover v2.0 Dataset 

 
Source: European Space Agency, 2009. 
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Figure A-9: Vegetation Types Selected for Variable 4 

Value_ID VARIABLE NAME 
RGB 

VALUE 
CLASS 

PICKED 

11 Post-flooding or irrigated croplands (or aquatic)   

14 Rainfed croplands   

20 Mosaic cropland (50-70%) / vegetation (grassland/shrubland/forest) (20-50%)   

30 Mosaic vegetation (grassland/shrubland/forest) (50-70%) / cropland (20-50%)    

40 Closed to open (>15%) broadleaved evergreen or semi-deciduous forest (>5m)   

50 Closed (>40%) broadleaved deciduous forest (>5m)   

60 Open (15-40%) broadleaved deciduous forest/woodland (>5m)   

70 Closed (>40%) needleleaved evergreen forest (>5m)   

90 Open (15-40%) needleleaved deciduous or evergreen forest (>5m)   

100 Closed to open (>15%) mixed broadleaved and needleleaved forest (>5m)   

110 Mosaic forest or shrubland (50-70%) / grassland (20-50%)   

120 Mosaic grassland (50-70%) / forest or shrubland (20-50%)    

130 
Closed to open (>15%) (broadleaved or needleleaved, evergreen or deciduous) 
shrubland (<5m)   

140 
Closed to open (>15%) herbaceous vegetation (grassland, savannas or 
lichens/mosses)   

150 Sparse (<15%) vegetation   

160 
Closed to open (>15%) broadleaved forest regularly flooded (semi-permanently or 
temporarily) - Fresh or brackish water   

170 
Closed (>40%) broadleaved forest or shrubland permanently flooded - Saline or 
brackish water   

180 
Closed to open (>15%) grassland or woody vegetation on regularly flooded or 
waterlogged soil - Fresh, brackish or saline water   

190 Artificial surfaces and associated areas (Urban areas >50%)   

200 Bare areas   

210 Water bodies   

220 Permanent snow and ice   

230 No data (burnt areas, clouds,…)   

 

Results and Discussion 

This GIS model has identified 22 preferential rail routes. This approach to identify least-cost 
rail path enables decision-makers to make insightful decisions by examining how various 
individual routes perform against typical construction costs in the EAC region. 
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Figure A-10: Model Outputs 

 

Source: CPCS. 
 

This method combines an innovative approach using satellite information to configure the 
routing of railways by minimizing capital expenditures. It is a valid support system for decision-
makers, who have to elaborate on the choice of path for each link. The model has identified 
the least-cost path between each origin and destination pair, associated the number features 
to be crossed by its path, its lengths and price to circumvent. Furthermore, the model uses 
data sources that are freely available, will continuously improve in quality and accuracy, and 
are updated regularly.  

 

Error Assessment and Potential Limitations 

While this method is appropriate for prefeasibility study-level routing analysis, there are a 
number of limitations that should be kept in mind as follows: 

 Origins and destinations of routes are not representative of the actual planned location of 
stations or their paths through city limits; and 

 Does not factor routing based on population density or urban railway routing. 
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Appendix B: Estimating 
Rolling Stock Requirements – 
Underlying Assumptions 

 

For each of the proposed links, rolling stock requirements and capital costs are a function of: 

 The mix and volume of rail traffic; and  

 The transit time of rolling stock on the link. 

The linkage between traffic (in net tonne-km) and rolling stock requirements can be made with 
a number of assumptions of operating and rolling stick characteristics, as follows: 

Figure B-1: Train Operating Assumptions 

 Quantity Unit 

Average Train Speed 40 km/hr 

Average Train Length 690 M 

Average Ratio of Loads/Empties 1.15 - 

Source: CPCS. 
 

Figure B-2: Rolling Stock Characteristics Assumptions  

 Quantity Unit 

Average Weight of Loco 144 Tonnes 

Average Weight of Loaded Wagons 76 Tonnes 

Average Tare Weight 22 Tonnes 

Average Weight of Lading (Loaded Wagon) 54 Tonnes 

Wagons to Loco Ratio 20 wagons/loco 

Average Length of Loco 26 M 

Average Length of Wagons 16 M 

Source: CPCS. 
 

We can relate required annual rolling stock utilization (in loco-km and wagon-km) to traffic 
levels (in tonne-km) for an average train (assumed to be 690m in length), as follows: 
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Figure B-3: Train and Rolling Stock Assumptions 

 Quantity Unit 

1. Average Number of Locos per Train 2 Locos/train 

2. Average Number of Wagons per Train 39 Wagons/train 

3. Average Number of Loaded Wagons per Train 21 Loaded wagons/train 

4. Average Number of Empty Wagons per Train 18 Empty wagons/train 

5. Average Net Weight per Train 1,134 net-tonnes/train 

6. Average Loco-Km per Net Tonne-Km 0.00176 loco-km / net tonne-km 

7. Average Wagon-Km Per Net Tonne-Km 0.03439 wagon-km / net tonne-km 

Source: CPCS. 
 

We have also estimated the available annual rolling stock utilization (in locomotive-km and 
wagon-km) for each unit of rolling stock as a function of average train speed (40 kmh) and the 
annual road hours per average locomotive and wagon, as shown below. 

Figure B-4: Train and Rolling Stock Assumptions 

 Quantities Units 

8. Average Road-hours per Loco per Year 4,680 road-hrs /loco 

9. Average Road-hours per Wagon per Year 2,808 road-hrs /wagon 

10. Average Loco-km per Year 187,200 loco-km/wagon 

11. Average Wagon-km per Year 112,320 wagon-km/wagon 

Source: CPCS. 
 

Dividing Item 6 by Item 10 and Item 7 by Item 11 above identifies the relationship between 
traffic (in net tonne-km) and rolling stock requirements, as follows: 

Figure B-5: Rolling Stock Requirements for Traffic Levels 

 Quantity Unit 

Locos required for net-tonne-km 0.00000000942 Locos per tonne-km 

Wagon required for net tonne-km 0.00000030619 Wagons per tonne-km 

Source: CPCS analysis. 
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Appendix C: Estimating 
Operating Expenditure – 
Underlying Assumptions 

 

Operating Expenditure Cost Drivers 

There are a number of primary drivers for these costs as shown in Figure C-1. However, 
underlying these primary drivers are the following two main drivers: 

 The amount of traffic; and 

 The amount of infrastructure.  

By making a few assumptions, operating costs can be made a direct function of:  

 Traffic levels (as measured in net tonne-km);  

 Length of mainline track (as measured in track-km of) as a proxy for infrastructure; or 

 A combination of the two.  

Figure C-1: Rail Operating Cost Classifications and Associated Cost Drivers 

Classification  Primary Drivers Underlying (or Proxy) Drivers 

1. Train Crews Number of trains, running time of 
trains 

Traffic Levels (net tonne-km) 

2. Fuel and train consumables Gross tonne-km Traffic Levels (net tonne-km) 

3. Rail traffic control, stations 
and ops management 

Number of trains, running time of 
trains 

Traffic levels (net tonne-km) and 
length of mainline track (track-km) 

4. Rolling stock maintenance  Loco-km, wagon-km, coach-km Traffic Levels (net tonne-km) 

5. Infrastructure maintenance  Quantity of infrastructure,  Length of mainline track (track-km) 

6. Administrative  No. of operating employees, traffic 
levels, size of network 

Traffic levels (net tonne-km) and 
length of mainline track (track-km) 

Source: CPCS. 
 

The relationship between the six cost categories and the two underlying drivers (traffic level 
and track-km of mainline track) are summarized in the following figure: 
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Figure C-2: Rail Operating Cost Drivers (Annual Costs) 

Cost Classification US$/net 
tonne-km 

US$/track-
km 

1. Crew Costs 0.00174  - 

2. Fuel and Consumables 0.02372  - 

3. Rail traffic control, station masters, and operations management 0.00058 804 

4. Rolling Stock Maintenance 0.00092  - 

5. Infrastructure maintenance  -  10,447 

6. Administrative 0.00094 2,331 

Total 0.02790 13,582 

Source: CPCS Analysis. 
 

The following describes how the above-presented cost drivers have been estimated. 

Key Assumptions 

In order to make the identified costs a direct function of one or both of the key drivers, we 
made a number of informed assumptions on expected operations and maintenance 
characteristics. These assumptions are presented in the following figures. 

Figure C-3: Staffing Assumptions 

  Quantity  Unit 

Crew size 3 persons/crew 

Road time per shift 5 hrs/shift 

Operating Shifts per Employee per Year 180 shifts/yr 

Source: CPCS. 
 

Figure C-4: Salary Assumptions 

Salary Assumptions Annual Salary  Unit 

Train crews 23,694 US$/year 

Dispatchers/operations managers 32,834 US$/year 

Station Managers 16,087  US$/year 

Rolling Stock Maintenance 20,851  US$/year 

Track maintenance 11,343  US$/year 

Bridge & structures maintenance 13,069  US$/year 

SC&C maintenance 21,798  US$/year 

Facility maintenance 15,912  US$/year 

Administrative Staff 31,084  US$/year 

Source: CPCS. 
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Figure C-5: Train Operating Assumptions 

Train Operating Assumptions  Quantity  Unit 

Average train speed 40 km/hr 

Average train length 690 M 

Average ratio of Loads/Empties 1.15  - 

Source: CPCS. 
 

The derivation of the relationship of each cost category is presented in the subsections below. 

Train Crews 

Train crews are the persons who operate trains on the mainline and non-mainline. Activities 
includes training driving, communicating with dispatchers/station masters, flagging crossings 
turning switches, and coupling/un-coupling cars. Mainline trains move traffic between major 
terminals (through-freight); or on the mainline between a terminal and a customer track (local 
freight). Non-mainline trains (also known as shunters or yard trains) operate in terminals, 
yards depots and customer tracks for the purposes of serving customers (or depots) or 
assembling trains for mainline operations. Typically, mainline operations are far larger and 
require more rolling stock and crews than non-mainline yards. In fact, much of non-mainline 
operations are done by mainline trains and crews. In some smaller operations, shunters are 
often not used at all, and switching is done by mainline trains. Our analysis is based on mainline 
trains and train crews only. We have assumed five hours of road time per eight-hour crew 
shift, and the remaining three hours would be used for non-mainline operations. As such, the 
locomotives that we project would be all mainline locomotives for smaller operations or a mix 
of mainline and shunters for larger operations.  

Using the average train length (of 690m), the average ratio of wagons to coaches (20), the 
average load-to-empty ratio (1.15), and the length and weight characteristics of locomotive 
and wagons (both empty and loads), one can average train make-up, net weight and gross 
weight. Knowing the average road time and average speed of a train, as well as employee 
working hours per year, we can calculate train-km and net tonne-km per employee. From this, 
we can link crew requirement and costs to traffic (as measured in ntkm), as per the following 
figure. 
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Figure C-6: Train Crew Requirements 

  Quantity  Unit 

Average number of locos per train 2 - 

Average number of wagons per train 39 - 

Average number of loaded wagons per train 21 - 

Average number of empty wagons per train 18 - 

Average net weight per train 1,134 net-tonnes/train 

Train-km per year per employee 36,000 km/yr 

Crew cost per train-km 1.9745 $ /km 

Running Employees per net-tonne-km 0.0000000735 employees per net tonne-km 

Crew cost per net tonne-km 0.00174 US$ /net tonne-km 

Source: CPCS analysis. 
 

Fuel and Consumables 

Fuel and consumables are significant costs that are largely a function of gross traffic (as 
measured in gross tonne-km). The gross-tonnage and net tonnage of a typical train can be 
easily calculated and used to derive a formula relating fuel and consumables to net tonnage, 
as follow: 

Figure C-7: Fuel and Consumable Requirements 

  Quantity  Unit 

Average gross weight per train 2,280 gross-tonne/train 

Average net weight per train 1,134 net-tonnes/train 

Fuel Utilization 6.50 liters / 000 gtkm 

Fuel Cost 1.5 $/liter 

Fuel Wasted (%) 10% - 

Cost of fuel per ntkm (including wastage) 0.0216 US$/net tonne-km 

Consumables (mainly oil) as a % of fuel 10% - 

Cost of fuel and consumable per net tonne-km 0.0237 US$/net tonne-km 

Source: CPCS analysis. 
 

Rail Traffic Control, Station Masters, and Operations Management 

Rail traffic control and operations management personnel (referred to collectively as 
dispatchers) are largely a function of the number of trains being operated at any time. Using 
a few key assumptions, we have made the linkage between trains and traffic (as measured in 
net tonne-km) and related requirements and costs of these personnel as follows: 
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Figure C-8: Rail Traffic Control and Operations Management Personnel Requirements 

  Quantity  Unit 

Train-km per dispatcher per year 50,000 train-km/yr 

Dispatcher cost per train-km 0.657 $/train-km 

Average net weight per train 1,134 net-tonnes/train 

Dispatchers per net-tonne-km 0.0000000176 employees per net tonne-km 

Dispatcher cost per net-tonne-km per year 0.000579 $ /net tonne-km 

 Source: CPCS analysis. 
 

Station personnel requirements are a function of the number of stations. We have assumed 
station spacing of 40km and two employees per station to derive station master requirements 
and costs, as follows: 

Figure C-9: Rail Station Personnel Requirements 

  Quantity  Unit 

Station spacing 40 track-km 

Employees per station 2 Employees 

Station masters per track-km 0.05 Employees per track-km 

Cost per track-km 804 US$/track 

Source: CPCS analysis. 
 

Rolling Stock Maintenance 

The above-presented derivation of the formula linking annual rolling stock requirements to 
traffic (in net tonne-km) arrive at the following: 

Figure C-10: Rolling Stock Requirements for Traffic Levels 

  Quantity  Unit 

Locos required for net-tonne-km 0.00000000942 Locos per tonne-km 

Wagon required for net tonne-km 0.00000030619 Wagons per tonne-km 

Source: CPCS. 
 

We have developed informed productivity assumptions for rolling stock maintenance, as 
follows:  

Figure C-11: Rolling Stock Maintenance Assumptions 

  Quantity  Unit 

Annual Employees per loco 1 Employees/loco 

Annual Employees per wagon 0.067 Employees/wagon 

Annual Material cost per loco per year 15,000 US$/loco 

Annual Material cost per wagon per year 500 US$/wagon 

Source: CPCS. 
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Applying these productivity measures to formulas linking rolling stock requirements to traffic 
levels (in net tonne-km), we arrive at the following maintenance cost estimates for rolling 
stock: 

Figure C-12: Rolling Stock Maintenance Cost Requirements 

Rolling Stock Assumptions  Quantity  Unit 

Rolling Stock Maintenance Employees per net tonne-km 0.000000030 Employees per net tonne-km 

Rolling Stock Labour Maintenance Cost  0.000622 US$ /net tonne-km 

Rolling Stock Material Maintenance Cost 0.000294 US$ /net tonne-km 

Rolling Stock Maintenance Cost per net tonne-km 0.000916 US$ /net tonne-km 

Source: CPCS. 
 

Infrastructure Maintenance 

Infrastructure maintenance costs are primarily a function of quantity of infrastructure 
(especially if the infrastructure is new to start and maintenance expenditure is set to maintain 
the infrastructure in nearly new conditions, as we have assumed). The figure below presents 
our estimates of employees and materials required to maintain 100 track-km of a typical 
railway in East Africa in nearly new conditions for the four categories of infrastructure.  

Figure C-13: Infrastructure Maintenance Staffing and Material Requirements 

Category of 
Infrastructure 

Employees per 
100 track-km 

Materials (US$/yr) 
per 100 track-km 

Track 22 500,000  

Bridges & Structures 2 50,000  

SC&C 4 75,000  

Facilities 2 25,000  

Total 30 650,000  

Source: CPCS. 
 

It is important to note that the rates for employee and material requirements have been set 
to reflect a typical 100-km section of a mainline track and encompasses average non-mainline 
infrastructures (such as facilities).  

The following summarizes the relationship between infrastructure maintenance costs & 
staffing and mainline track length (in track-km).  

Figure C-14: Infrastructure Maintenance Cost Estimates 

  Quantity  Unit 

Infrastructure Maintenance employees per track-km 0.3 Employees / track-km 

Infrastructure Maintenance employee cost per track-km 3,947  US$ / track-km 

Infrastructure Maintenance material cost per track-km 6,500 US$ / track-km 

Infrastructure Maintenance cost per track-km 10,447  US$ / track-km 

Source: CPCS. 
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Administrative 

Staff required for administrative functions (marketing, financial management, human 
resources, etc.) is assumed to be 25% of the staff for operations and maintenance purposes, 
as follows: 

Figure C-15: Administrative Costs Requirements 

  Quantity  Unit 

% of all staff costs 25%  - 

Employees per net-tonne-km 0.000000030 Employees per net tonne-km 

Employees per track-km 0.075 Employees / track-km 

Cost per net tonne-km 0.00094 US$ /net tonne-km 

Cost per track-km 2,331 US$ / track-km 

Source: CPCS. 
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