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Case Study
[bookmark: _Toc289000960][bookmark: _Toc289001219]Transit Capacity Concepts for Developing Cities
Metro de Medellin Mass Transit System, Medellin, Colombia

1. [bookmark: _Toc289000961][bookmark: _Toc289001220][bookmark: _Toc294023083][bookmark: _Toc294023652][bookmark: _Toc294024016][bookmark: _Toc294024318][bookmark: _Toc298332304]Introduction

Two case studies were developed using the procedures described in the manual Public Transport Capacity Analysis Procedures for Developing Cities.  One case study was for a bus rapid transit system and the other for a rail rapid transit system. The bus case study was developed from data from Bogota, Colombia, and the rail case study was developed from data from Medellin, Colombia.  
The purpose of the case studies was to determine if the procedures in the manual were of sufficient detail to provide reasonable results with moderate analytical effort. In the case studies, agency electronic data, supplemented with some field data was used. The data from the case studies was also useful in determining default values for certain attributes of the transit system elements which can be used if no local data are easily available.  Examples of these are headway and service time variance, two variables required to estimate the throughput capacity of a transit line.
1.1. [bookmark: _Toc289000962][bookmark: _Toc289001221][bookmark: _Toc294023084][bookmark: _Toc294023653][bookmark: _Toc294024017][bookmark: _Toc294024319][bookmark: _Toc298332305]Description of Metro de Medellin

The Metro de Medellin (Empresa de Transporte Masivo del Valle de Aburrá Limitada) is a rail rapid transit system in the metropolitan region of Medellin, Colombia.  
Metro de Medellin has two lines:
- Line A is 23.2 kilometers (~14.4 miles) in length. The trains used in this line have 6 vehicles.  The line traverses the Valle de Aburrá from the Niquía station (in the northern region of Bello) to the southern region of Itagüí.  The majority of Line A runs parallel to the Medellin river, breaking away from the river so that it passes through the heart of the city.  
-  Line B is 5.6 kilometers (~3.5 miles) in length, including five elevated stations and one at ground level.  The trains used in this line have 3 vehicles. The line operates from the central station of San Antonio to the San Javier region in the western part of the city. 
In addition to these two rail rapid transit lines, Metro de Medellin also operates Metrocable, a “feeder/distributor” cable car system with three short routes which intersect the rail lines.  A photograph of the cable cars is shown in Figure 1. A map of the network showing the rail and cable lines appears in Figure 2)[footnoteRef:1] [1:  The Metrocable is a continuous cable system with 90 passenger cars operating on a 12 second headway resulting in a theoretical capacity of 3,000 passengers per hour. This is the only discussion of Metrocable in this case study. ] 


[image: ]
[bookmark: _Ref292122349][bookmark: _Toc298332391]Figure 1 – Metrocable Aerial Lifts
Daily ridership on the Metro rail and cable network is about 480,000. The maximum number of passengers per direction per hour is about 22,000 along the busiest rail line and about 3,000 on the busiest Metrocable line.  The hours of operation during the week are: 4:30AM to 11:00PM.
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[bookmark: _Ref293307641][bookmark: _Toc290742031][bookmark: _Toc298332392]Figure 2 – Metro de Medellin System Map
[bookmark: _Toc289000963][bookmark: _Toc289001222][bookmark: _Toc294023085][bookmark: _Toc294023654][bookmark: _Toc294024018]
[bookmark: _Toc298332306]Vehicles
The Metro de Medellin rail fleet consists of 42 train sets: 34 trains of these have 6 cars, and 8 have 3 cars each. Each vehicle has a seat capacity of 48 and an overall capacity of 230. The implied standing density of this capacity is 5.5 persons per square meter. Each vehicle has four wide double doors which allow for two boarding or alighting streams. Illustrations of the vehicles are shown in Figure 3 to Figure 4

[bookmark: _Ref289021822][bookmark: _Toc289001252][bookmark: _Toc289023406][bookmark: _Toc290741726][bookmark: _Toc290742032][image: ]
[bookmark: _Ref292123130][bookmark: _Toc298332393]Figure 3 – Metro de Medellin Train (3 car trains for Line B)
[bookmark: _Ref289021829][bookmark: _Toc289001253][bookmark: _Toc289023407][bookmark: _Toc290741727][bookmark: _Toc290742033] [image: ]
[bookmark: _Ref292123137][bookmark: _Toc298332394]Figure 4 – Metro de Medellin Train (6 car trains for Line A)
[bookmark: _Toc289000964][bookmark: _Toc289001223][bookmark: _Toc294023086][bookmark: _Toc294023655][bookmark: _Toc294024019]
[bookmark: _Toc298332307]Running Ways
The railway of the Metro de Medellin has one track in each direction and there are no grade crossing with the streets. The running way is illustrated in Figure 5.
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[bookmark: _Ref292125721][bookmark: _Toc289001254][bookmark: _Toc289023408][bookmark: _Toc290741728][bookmark: _Toc290742034][bookmark: _Toc298332395]Figure 5 – Metro de Medellin Running Way

[bookmark: _Toc289000965][bookmark: _Toc289001224][bookmark: _Toc294023087][bookmark: _Toc294023656][bookmark: _Toc294024020][bookmark: _Toc298332308]Stations
There are 27 Metro de Medellin stations, 26 with center platforms.  San Antonio station, where transfer between the heavy rail lines are enabled has side platforms. Along limited access highways, the stations are accessed by footbridges from either side of the roadway. Stations generally have a single point of entry for customers where customers can purchase tickets at a staffed kiosk. Platforms are between 4-8 meters wide. The access to some stations (including handicapped access) is show in Figure 6 to Figure 7. 
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[bookmark: _Ref298252089][bookmark: _Toc298332396]Figure 6 – Access to El Poblado Station
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[bookmark: _Ref292127582][bookmark: _Toc298332397]Figure 7 – Access to Main Station of Metrocable from Metro de Medellin

The stations do not have platform edge sliding doors aligned with the doors on the vehicles.
In addition to serving as a boarding location, the platforms act as a buffer space for waiting customers during peak periods when it is possible that passengers will not be able to board the first arriving train going to their destination due to either high levels of through passengers on arriving vehicle or high boarding levels at the station (see Figure 8).  
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[bookmark: _Ref292129785][bookmark: _Toc289001259][bookmark: _Toc289023413][bookmark: _Toc290741733][bookmark: _Toc290742039][bookmark: _Toc298332398]Figure 8 – Loading Platforms





[bookmark: _Toc289000966][bookmark: _Toc289001225][bookmark: _Toc294023088][bookmark: _Toc294023657][bookmark: _Toc294024021][bookmark: _Toc298332309]Fare Structure and Fare Collection
The fare for the service is 1,750 pesos per one way trip (1 dollar roughly).   There are no zone or peak period surcharges but there are discounts for frequent use, students, elderly, and disabled travelers. All entering customers must use a wireless RFID card (Civica card) to enter through a turnstile.  Exiting passengers must travel through a turnstile.  An illustration of the fare gates appears in Figure 9. Given the large passenger volumes, fare gates often have an attendant to assist customers unfamiliar with the fare collection system and to assist customers with an occasional defective fare card.
[image: ]
[bookmark: _Ref288999363][bookmark: _Toc289001260][bookmark: _Toc289023414][bookmark: _Toc290741734][bookmark: _Toc290742040][bookmark: _Toc298332399]Figure 9 – Fare Gates
[bookmark: _Toc289000967][bookmark: _Toc289001226][bookmark: _Toc294023089][bookmark: _Toc294023658][bookmark: _Toc294024022]









[bookmark: _Toc298332310]Service Characteristics
The service scheme for the Metro de Medellin is fairly simple. During peak hours, both routes have headways on the order of 4.5 minutes. Since there is only a single track in each direction, there are no service variations such as express or skip-stop operation.

[bookmark: _Toc289000968][bookmark: _Toc289001227][bookmark: _Toc294023090][bookmark: _Toc294023659][bookmark: _Toc294024023][bookmark: _Toc298332311]Operations at Stations
A typical platform configuration for busy stations is a platform of about 142 meters for Line A with the 6 car train sets) and 80 meters for Line B (with the 3 car train sets.) There is automatic train control to assure a safe comfortable stop. Door operations are controlled by the train driver.
2. [bookmark: _Toc289000969][bookmark: _Toc289001228][bookmark: _Toc294023091][bookmark: _Toc294023660][bookmark: _Toc294024024][bookmark: _Toc294024320][bookmark: _Toc298332312]Train System Capacity Assessment

The procedures in the manual were used to estimate the capacity of the system at its critical links. The primary assessments were the determination of the maximum service frequency and the effective vehicle loading at the critical stop. Supplementary capacity assessments of other elements such as fare collection, station entrances and walkways were also undertaken.  The data sources for these studies were primarily electronic records of the Metro de Medellin, supplemented by some field observation and interviews with the Metro de Medellin staff.
The procedures in the analysis followed the procedures in table Chapter 4 of the manual.  Essentially, this task is one of determining the effective throughput capacity of the track and signal infrastructure measured in trains per hour and the effective vehicle capacity measured in passengers per train.  
Based on conversations with the Metro de Medellin staff, the critical station on the network was determined to be the San Antonio station where the two rail lines intersect. As discussed previously, all trains follow the same service pattern at that station.






2.1. [bookmark: _Toc294023092][bookmark: _Toc294023661][bookmark: _Toc294024025][bookmark: _Toc294024321][bookmark: _Toc298332313]Determining Train Throughput Capacity
The maximum throughput in trains per hour is determined by the ability of the infrastructure and signal system to process arriving trains at the busiest station.  The minimum interval between trains is a function of three factors – the dwell time of trains at the station, the safe separation time between successive trains and an operating margin to allow for randomness in the arrival pattern of trains and the dwell times at stations. 
[bookmark: _Toc294024322][bookmark: _Toc298332314] Mean Dwell Time
[bookmark: _Toc294024323][bookmark: _Toc298332315]The mean dwell time at the San Antonio station was 30 seconds as reported by the Metro de Medellin staff. Dwell times at other stations were on the order of 20 seconds. Data on the variability of dwell time was not available.
Safe Separation Time
The safe separation time between successive trains is a function of the signal systems type and train length. This is because more advanced signal systems can more precisely determine the location of trains and longer trains require more time to clear the station. Table 4.2 in the accompanying manual has a chart showing safe separation distance. For the case of Medellin San Antonio station with 6 car train sets and a total length of 137m, the estimated safe separation time for a cab signal system is 45 seconds, and 22 seconds for a moving block signal system. For the busiest station of line B with three car train sets, the safer separation time is 35 seconds 18 seconds respectively.
[bookmark: _Toc294024324][bookmark: _Toc298332316] Operating Margin
The operating margin is a buffer time which allows for random variation in system operation such as variability in dwell time and variability in the headway between vehicles. While a simulation model could be run to determine the failure rate (probability of train delay due to train occupancy at a station) of combinations of dwell and headway variability, a default value from practice elsewhere will usually suffice. A value of 35 seconds is frequently used for this. Lower values will increase the likelihood of headway interference between successive trains.










[bookmark: _Toc294024325][bookmark: _Toc298332317] Computation of Throughput Train Capacity
The throughput train capacity can be estimated by applying the following formula:
h = td + tom  + tcs	

Where,
	hhh 	= 	minimum headway
	td	 = 	average dwell time at critical station
tom	 = 	operating margin
tcs 	=	minimum train control separation

In the instant case, the controlling headway is shown in Table 2‑1

[bookmark: _Ref294021303][bookmark: _Toc298345477]Table 2‑1 Components and Controlling Headway
	Component
	Source
	Time (sec.)
Line A
	Time (sec.)
Line B

	Mean dwell time
	field data
	30
	30

	Operating margin
	Default value
	35
	35

	Safe separation time
	Table 4.2 in manual
	45
	35

	Total
	
	110
	100


The approximate theoretical maximum number of trains per hour at the minimum controlling headway is thus 32 and 36 respectively.  In practical terms, fully grade separated metro systems rarely operate more than 30 trains per hour.
2.2. [bookmark: _Toc289000979][bookmark: _Toc289001238][bookmark: _Toc294023093][bookmark: _Toc294023662][bookmark: _Toc294024026][bookmark: _Toc294024326][bookmark: _Toc298332318]Vehicle Capacity 
The second factor impacting system capacity is the maximum number of passengers that can be carried on board each vehicle. Classical capacity analysis assumes that sufficient train sets are assigned to each route so that a passenger has a reasonable expectation of being able to board the next arriving vehicle or train going to his or her destination. In the case of Metro de Medellin, however, particularly at the stations such as those being included in this case study, the system is fully saturated. Nearly all vehicles are departing from these stations at or above the stated capacity of 230 passengers per car. Randomness in the arrival rate of customers at the stations and the departure rate of passengers on trains causes variation in platform and station occupancy. Accordingly, it is necessary to make sure that station capacity and the access to and egress from station platforms via turnstiles and entrance walkways be scaled in such a way to assure safe transportation of passengers.
From visual observation, vehicles departing the station are loaded in the 6 passengers per square meter range, with a slightly higher value in the middle of the peak hour the higher values in the middle of the peak period. 
The rated capacity of the train is 230 per vehicle or 1,840 for the 6-car train set at a rated density of 5.5 passengers per square meter. At a higher density, such as between 6 and 8 passengers per square meter, the capacity would be increased considerably as shown in Table 2‑2
[bookmark: _Ref294021355][bookmark: _Toc298345478]Table 2‑2 Train Set Capacity
	
	Allowable Standing Density (Pass./Sq. Mtr.)

	
	5.5
	6
	7
	8

	Standing capacity per car
	232.1
	253.2
	295.4
	337.6

	Seating capacity per car
	48
	48
	48
	48

	Total capacity per car
	280
	301
	343
	386

	
	
	
	
	

	Total for 3 car train (Line B)
	840
	904
	1,030
	1,157

	Total for 6 car train (Line A)
	1,681
	1,807
	2,060
	2,314







[bookmark: _Ref292302805][bookmark: _Toc298345479]Table 2‑3  Line Capacity (passengers/hour/direction)
	Line
	Train capacity (trains/Hr.)
	Train car capacity @5.5 persons per sq. m.
	Train Set length (cars)
	Capacity (pass/track/hour)

	A
	32
	230
	6
	44,000

	B
	36
	230
	3
	24,800



From Table 2‑3 it can be inferred that the system is at 50% capacity and it can handle about 30 trains per hour.
Note that, as the standee density moves beyond 6 people per square meter, dwell times will go up because of the difficulty of people boarding and alighting through crowded aisles and door areas.  This means that the actual throughput and hence capacity may well decrease at the increased standee densities, not increase. 
[bookmark: _Toc289000986][bookmark: _Toc289001244][bookmark: _Toc294024027][bookmark: _Toc294024327][bookmark: _Toc298332319]

Entrance Capacity – Ticket Vending Kiosk
Each station entrance has a staffed ticket booth for selling tickets. The observed capacity of these attendant lanes was 400 transactions per hour per lane. Table 2‑4 shows the ticket booth utilization and capacity at four key stations.  Figure 10 shows the exit fare gates.
[bookmark: _Ref294024934][bookmark: _Toc298345480]Table 2‑4 Ticket Booth Capacity
	Station
	Line
	Number  Of Ticket Booths
	Capacity (transactions/Hr.)
	Peak Hour Percent of Capacity Used (2010)

	Niquia
	A
	8
	3,200
	42%

	San Antonio
	A
	3
	1,200
	69%

	Itagui
	A
	10
	4,000
	42%

	San Javier
	B
	3
	1,200
	104%



[bookmark: _Toc289000987][bookmark: _Toc289001245][bookmark: _Toc294024028][bookmark: _Toc294024328][bookmark: _Toc298332320]Turnstile Capacity
Exiting and exiting customers must go through a turnstile. Entering passengers use an electronic card to enter. Passengers do not use their card on station exit. The observed capacity of each turnstile is 22 on entrance and 45 on exit. Medellin Metro periodically performs an assessment of the entrance and exit capacity of their system. 
Table 2‑5 presents the location, number of turnstiles, and the utilization for four key stations. A measure of the percent of capacity used based on 2010 peak hour boarding is also presented. The table suggests that the Poblado station is operating at about 70% of capacity.  Additional entrance turnstiles may be required to improve capacity of at this station if growth continues. 
	[bookmark: _Ref294021997][bookmark: _Toc298345481]
	Entrance Turnstiles
	Exit Turnstiles

	Station
	Turnstiles
	Capacity (Pass./Hr.)
	2010 Peak Hour Utilization (pass./Hr.)
	Percent of Capacity Used
	Turnstiles
	Capacity (Pass./Hr.)
	2010 Peak Hour Utilization (Pass. /hr.)
	Percent of Capacity Used

	Niquia
	11
	14,520
	4,234
	29%
	8
	21,600
	1,132
	5%

	Poblado
	5
	6,600
	4,690
	71%
	4
	10,800
	4,639
	43%

	Itagui
	7
	6,600
	4,512
	68%
	7
	18,900
	4,420
	23%

	San Javier
	5
	6,600
	641
	10%
	
	8,100
	3,584
	44%



Table 2‑5 Turnstile Capacity[image: ]
[image: ]
[bookmark: _Ref298332464][bookmark: _Toc289001263][bookmark: _Toc289023419][bookmark: _Toc290741739][bookmark: _Toc290742045][bookmark: _Toc298332400][bookmark: _Toc289000982][bookmark: _Toc289001241]Figure 10 – Exit Fare Gates
[bookmark: _Toc294024029][bookmark: _Toc294024329][bookmark: _Toc298332321]Platform Capacity
Metro de Medellin performs a periodic assessment of platform capacity at all of its stations. The procedure is to estimate the standing capacity of each platform assuming a standing density of 1.5 passengers per square meter. This measure is then multiplied by the service frequency in trains per hour to provide an estimate of the number of passengers who are able to board trains in an hour if there is sufficient capacity on trains to permit passengers to board the next arriving train.  The actual peak hour boardings for each station, multiplied by 1.2 to allow for peaking within the peak hour is then compared to the computed hourly capacity. The result is an estimate of the proportion of capacity offered which is used by passengers.
The Metro de Medellin analysis for the three busiest stations on the busiest line (Line A) is replicated in Table 2‑6 below. Two of the stations are the north (Niquia) and south (Itagui) terminal stations where a large number of boardings would be expected.   This illustrate that under normal operating conditions, the platforms are operating well below capacity. Variation in headway would result in percent of capacity exceeding these numbers. At terminal stops, however, headway variability is not frequently an issue.
The extreme case where a train is removed from the normal headway due to breakdown, would result in operation in excess of 100% capacity at the terminal stations. However, since the design density (1.5 passengers per sq. meter) is low, occasional cases of a headway gap of twice the published headway could be accommodated. Operating procedures to prevent overcrowding platforms by restricting platform access would be required for safe operation in these unusual circumstances.

[bookmark: _Ref294025096][bookmark: _Toc298345482]Table 2‑6 Platform Capacity Analysis
	Station
	Niquia
	San Antonio
	Itagui

	Station type
	Terminal
	En-route
	Terminal

	Platform Type
	Side
	Side
	Center

	Platform length (m)
	142
	142
	142

	Platform width (m)
	4.0
	5.0
	6.5

	Safety zone (m)*
	0.5
	0.5
	1.0

	Effective Area (Sq. Mtrs.)
	497
	639
	781

	[bookmark: _GoBack]Frequency (trains/Hr.)
	13.3
	13.3
	13.3

	Design Passenger Density (pass./Sq.Mtrs.)
	1.5
	1.5
	1.5

	Platform Capacity (Pass./Hr.)
	9,940
	12,780
	15,620

	2010 Peak Hour Actual Boardings per peak hour
	5,174
	1,962
	9,563

	2010 Peak Hour Percent of Capacity
	52%
	15%
	62%



* This is the area at the edge of the platform where passengers cannot wait safety. This space is included in the platform width. 
This assessment is very suitable for terminal stations and when platforms are operating well under capacity. The assessment assumes that every customer can board the next incoming train. At en-route stations, this may not be true and a more sophisticated assessment, taking into account the effective capacity of incoming trains should be done.
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