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Abstract 

Staircases have been a vital part for evacuation strategy since the first high-rise buildings. Due 

to this approach staircases cause walking difficulties for occupants and elevators were 

introduced as a possibility for means of egress. Elevators have proved to shorten the 

evacuation time and facilitate the evacuation process. A draft of a new vertical transportation 

system, the Articulated Funiculator, is being invented to evacuate occupants faster and with a 

fewer number of shafts than conventional elevators. This may increase the area of use which 

will increase the efficiency and lower costs for the building industry.  

The intention with this thesis is to outline an evacuation strategy with the new system in high-

rise buildings in order to see its potential with evacuation in case of fire in assemblies, 

protection against hazards to the system and the possibilities with rescue effort. Current 

systems will be compared with the Articulated Funiculator in heights of 100-900 meters. The 

occupancy classes compared will be assemblies and office floors in the building. 

Building codes provide partial guidance in how vertical transportation systems shall be 

designed and applied to the Articulated Funiculator system. However the design of the system 

will need further development in association with the building regulations. The strategy is to 

evacuate occupants to an area of refuge while waiting for the transportation down to exit the 

building. It is possible to design an acceptable means of egress with the Articulated 

Funiculator if the areas of refuge, stations, shafts and cars can obstruct fire and smoke.  

The Articulated Funiculator is beneficial in regards to evacuation time and the total number of 

units compared with conventional elevator systems at all heights of buildings that are studied.  

However, the system is more convincing at height above 200 meters though. The number of 

cars per train that are the most suitable is either two or three. The benefits of the system 

increase with higher buildings (+200 meters) and with a large amount of occupants.  
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Sammanfattning  

Trappor har sedan länge varit den primära utrymningsvägen i höga byggnader. Allt eftersom 

höjden ökar på byggnader, ökar även utrymningsvägen i trapphusen och medför problem för 

de utrymmande. Hissens potential till ett snabbt transportsätt förändrade industrins bild på 

utrymning och hissarna introducerades som en möjlig utrymningsväg. Idag har den vertikala 

transporten i höga byggnader utvecklats genom en ny ide som kallas för Articulated 

Funiculator. Den nya idén är fortfarande på ritbordet och tanken är att den ska på samma tid, 

eller snabbare, utrymma byggnadens invånare med färre schakt än konventionella hissar 

vilket även ger en stor fördel i kostnader.   

Syftet med rapporten är att utforma en acceptabel utrymningsstrategi i höga byggnader med 

Articulated Funiculator. De främsta punkterna att studera är möjligheten att utrymma stora 

mängder människor, skydd mot brand och brandgasspridning och om räddningstjänsten kan 

använda det nya systemet. Dagens system ska jämföras med den nya iden i byggnader mellan 

100 till 900 meter för samlingslokaler och kontor.   

För att utveckla en strategi används regelverk för hissar som en utrymningsväg och appliceras 

på det nya systemet. Strategin blir att evakuera personer till en säker plats vilket de därifrån 

tar transportsystemet ut ur byggnaden. Articulated Funiculator kan användas som en 

utrymningsväg om systemet kan byggas på ett säkert sätt som förhindrar spridning av brand 

och brandgaser.  

Articulated Funiculator är fördelaktig ur utrymningssynpunkt och det totala antalet 

hissenheter jämfört med konventionella hissystem vid alla höjder på byggnader som studerats. 

Däremot är fördelen med systemet mer övertygande vid höjder av +200 meter. Antalet vagnar 

per tåg bäst lämpat för systemet är två eller tre. Desto högre byggnaden är (+220 mater) och 

ju fler invånare, desto mer fördelaktig är Articulated Funiculator.  
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Conceptual explanation 

Assembly: Gathering 50 or more occupants for deliberation, worship, entertainment, eating or 

drinking (A.1.2.1) (Ron Coté, NFPA 101, life safety code handbook, 2012). Occupants in 

general have good local knowledge, can evacuate without assistance and are likely to be 

awake (5:212). 

BBR: Boverket´s building codes is the Swedish national board of housing, building and 

planning for the body of law (Boverket, myndigheten för samhällsplanering, byggande och 

boende). The part considered in Boverket’s building codes is chapter 5 ”fire protection”. 

(Boverkets författningssamling, BBR 19, 2011) 

Car: The elevator trains consist of cars, one car is denote one unit. 

Central core: The centre of a high-rise building, this is where the vertical transportation 

system and staircases are located. 

Conventional elevator: An elevator used as a part of the vertical transportation system in 

buildings. These can be used as a part of means of egress strategy. 

Evacuation time: The time to evacuate a building which includes the notification time, 

reaction time, pre- evacuation time and travel time. (Ron Coté, NFPA 101, life safety code 

handbook, 2012). 

Elevator lobby: A secure area for the occupants waiting for the vertical transportation 

system. 

Fire compartment: An area separated from other parts of the building, to prevent the spread 

of fire and smoke (5:242) (Boverkets författningssamling, BBR 19, 2011). 

High-rise building: A building of 100 to 900 meter in height.  

NFPA: The American life safety codes. The applied one is the 2012 edition, NFPA 101 life 

safety code handbook (Ron Coté, NFPA 101, life safety code handbook, 2012). This is the 

most widely used source to protect occupants in buildings of construction, protections and to 

minimize the cause of fire and hazards (National Fire Protection Association, 2012).  



x 

 

Occupancy class: Based on the intended activity of the premises, expected number of 

occupants to reside there, occupant’s knowledge of the building and its evacuation process, if 

occupants are expected to evacuate on their own and if they are assumed to be awake or not 

(5:21) (Boverkets författningssamling, BBR 19, 2011). 

Occupant: People within the building. 

Occupant load: The amount of occupant/m
2
. 

Office: Occupants tend to be awake and can evacuate by their own (5:211) (Boverkets 

författningssamling, BBR 19, 2011). Occupants in general have good local knowledge, can 

evacuate without assistance and are likely to be awake (5:211). 

Unit: A congregation of one, two, three or four Articulated Funiculator cars. One 

conventional single deck elevator and a conventional double decker elevator are denoted one 

respectively two units. 

Usable area: The sellable area of a floor, excluding the central core. 

Utilization factor ratio: The usable/sellable ratio of each floor. 

Vertical transportation system: A system transporting occupant’s vertically within a 

building. 
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1. Introduction 

Since the 1960s the world population has increased more than 200 % and the height of the 

buildings has increased with 448 meters (Rosenberg, Current World Population , 2012) 

(Council on Tall Buildings and Urban Habitat, 2012). High-rise buildings cause physical 

difficulties for occupants to walk vertically (Bukowski R. W., Emergency egress strategies for 

buildings) and in case of an emergency the evacuation time will increase with higher 

buildings. The first passenger elevator was built in 1857 (OTIS) and in the last years it is used 

as a means of egress to reduce the evacuation time and assist occupants with difficulties to 

walk in staircases (Bukowski, 2010). The intention with the new vertical transportation 

system that is under development is to reduce the time of evacuation and increase the usable 

area of high-rise buildings. 

1.1. Background 

This chapter contains an introduction to high-rise buildings, evacuation strategy and the 

emergency services rescue effort. The evacuation strategy is formed by staircases or a vertical 

transportation system as a means of egress. Vertical transportation system is either 

conventional elevators or the new innovation, the Articulated Funiculator. 

1.1.1. Introduction to high-rise buildings  

Buildings taller than 16 floors (60 meters) can cause great risks to the occupants reside the 

building (Boverkets författningssamling, BBR 19, 2011). The buildings get more complex the 

higher it becomes and causes challenges among others fire and safety (Sharma, 2008). In case 

of fire or any hazard there are two different methods for evacuating. The two methods are 

outlined below. 

1.1.2. Phased evacuation 

The evacuation strategy is to evacuate the building in sequenced order. The affected floor and 

adjacent floors, below and/or above, evacuates initially. Secondly, floors adjacent to these 

floors or the most endangered floors, evacuate subsequently and so on (James Quiter, 2012). 

1.1.3. Total evacuation 

In case of an exceptional event, for example the attack on the World Trade Centre in New 

York, all floors evacuates at the same time to exit of the building or to a safe place. (Enrico 

Ronchi, 2013).  
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1.1.4. Area of refuge 

A safe place is called an area of refuge. It allows occupants to move from a hazardous area to 

a place free from fire and smoke. (James Quiter, 2012). 

1.1.5. Staircase as a means of egress 

Inside high-rise buildings the means of egress is of importance, both for the evacuating 

occupants and the rescue effort. The building codes specify staircases as the evacuation 

strategy and conventional elevators should only be seen as a complement to staircases 

(BBRAD 1, Boverkets författningssamling , BFS 2011:27, 2011). Staircases cause huge 

issues. According to experiments, occupants feel tired after five minutes travelling by 

staircases and disabled occupants struggles to walk down these which increase the evacuation 

time (Sharma, 2008). 

The emergency services rescue effort is fought from the exterior and interior of a building. 

When the affected floor is above the reachable height for emergency services ladders, the only 

way for a rescue effort is form the inside of the building. If staircases are the only way up, the 

rescue effort will be obstructed because of the time and effort it takes to walk many floors. 

1.1.6. Counter flow 

When the emergency services use the staircase for interior rescue effort, they will be impaired 

by the evacuating occupants; this phenomenon is called “Counter Flow” (Sharma, 2008).  

1.1.7. Vertical transportation systems 

To enhance the evacuation process for the evacuating occupants and the possibilities to rescue 

effort in high-rise buildings, conventional elevators was applied as a means of egress. The 

NFPA requires conventional elevators as a means of egress for occupants with impaired 

immobility or occupants with difficulties walking in stairs (Ron Coté, NFPA 101, life safety 

code handbook, 2012). A high-rise building is a complex building and most occupants have 

difficulties walking down hundreds of meters by stairs. The conventional elevators are 

therefore meant to be used by all the occupants residing in a high-rise building. The 

emergency services reach their destination floor with their equipment faster when using 

elevators. They do not have to struggle with tiredness and carrying the equipment several 

hundreds of meters. 

A survey by the International Organization for Standardization (ISO) identified twelve 

countries with requirements of emergency elevators in buildings generally exceeding 30 

meters in height. An emergency services elevator should serve every floor, the emergency 
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services should be able to control it manually, it should be powered by normal and emergency 

power and power and control wiring should be fire protected for at least the time equal to the 

fire resistance applicable to primary structural frame. 

The conventional elevators which now are transporting all occupants up and down and also 

are used for evacuation purposes are occupying more of the usable area the higher a building 

is. The higher a building is the more shafts are needed for transportation purposes. An 

example of a design of vertical transportation plans can be found in 3.3 Evacuation by 

conventional elevator. 

1.1.8. Phase I and II 

In 1973 the industry evolved a system for emergency egress when using conventional 

elevators. This involves two phases, I and II. Phase I is initiated when smoke is detected in 

any lobby, elevator machine room or elevator shaft. Elevators are then called to the bottom 

floor and taken out of service with doors opened, presupposed smoke is not detected at this 

floor. The emergency services can subsequently reactivate individual cars for their own use 

by a special key; this is called the phase II operation (Erica D. Kuligowski, 2004). 

1.1.9. The Articulated Funiculator 

The new system of vertical transportation within high-rise buildings was invented when a 

group of engineers of Tyréns, Sweden, travelled up a view point in Hong Kong with a 

funicular, Figure 1. They got the idea to turn a funicular vertical and use it as a vertical 

transportation system inside a high-rise building, the Articulated Funiculator. The purpose is 

to reduce the travel time for occupants, increase the capacity of the vertical transportation 

system, reduce the energy consumption and increase the usable area of each floor. The idea is 

still under development which a project group at Tyréns are working with. 
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Figure 1. The funicular to Victoria Peak in Hong Kong (Kimberly coole) 

1.2. Intentions 

The intention is to outline an acceptable means of egress and an evacuation strategy with the 

Articulated Funiculator in high-rise buildings. 

1.3. Questionnaire 

1. How should an evacuation strategy be outlined in a high-rise building with the 

Articulated Funiculator used as a means of egress?  

2. Is the Articulated Funiculator applicable to rescue effort?  

3. Is the Articulated Funiculator beneficial to use in high-rise buildings? 

4. Can the Articulated Funiculator transport a large amount of occupants in the top of the 

building in a reasonable time? 

1.4. Limitations 

The limitations are established to focus in the intention of the thesis. It considers limitations 

on the studied building, the evacuation strategy and the used method of the means of egress. 

Every limitation is represented and has an explanation each.  

 The studied high-rise building is between 100 to 900 meters. This height is also 

observed for the vertical transportation systems.  

Explanation: The least height of the Articulated Funiculator is 100 meter between its stations 

and if the building is to low it will let occupants feel safe and use the staircases instead of 

using the vertical transportation system (SMITH, 2003 from Queensland). There is not any 
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completed building taller than 900 meters today (Center, 100 Tallest completed buildings in 

the world). 

 The calculation method for staircase and conventional elevator evacuation are limited 

to one method each. 

Explanation: The lack of time was a contribute factor to this limitation and the chosen 

method is by thorough research before fulfil the calculations.  

 The evacuation time is only based on the vertical movement and the queuing times for 

the vertical transportation system. 

Explanation: The horizontal movement and how the occupants act (human behaviour) will 

give the same result for the Articulated Funiculator system and for the conventional elevator 

system.  

 The evacuating occupants are only considering occupancy classes with the highest 

occupant load. 

Explanation: If the worst case scenario is observed, all the other occupancy classes could be 

seen as acceptable. 

1.5. Uncertainty analysis 

To outline an acceptable means of egress with the new system, BBR is considered to identify 

uncertainty with vertical transportation systems as a means of egress in high-rise buildings.  

BBR (Boverkets författningssamling, BBR 19, 2011) concerns five fire protection parts in 

buildings which is outlined below. The uncertainty of each one is explained afterwards.    

Part of the fire protection Included Excluded 

The possibilities to evacuate in case of fire X   

Protection against fire and smoke within the building X   

Protection against the spread of fire to other buildings   X 

Possibilities to rescue effort X   

Carrying capacity at fire    X 

1.5.1. Included fire protection parts 

Vertical transportation systems should be analysed with its possibilities to evacuate in case of 

fire. After incidents involving occupants getting injured the elevator industry decided to not 

use conventional elevators in case of fire (Bukowski R. W., International Applications of 
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Elevators for Fire Service Access and Occupant Egress in Fires, 2010). If the conventional 

elevators stop and entrap the occupants or if it let fire and smoke into the cars or elevator 

lobby it could injure the occupants. Following parts can cause issues for the evacuating 

occupants when using vertical transportation systems as a means of egress (Sharma, 2008). 

 The system is out of operation. 

 The cars stop in-between two floors. 

 The occupants cannot find the elevators from the lobby. 

 Fire and smoke infiltrate the cars, elevator lobby or the shafts. 

The uncertainty for the emergency services to use vertical transportation systems is similar to 

the evacuating occupants. Although there is one more uncertainty listed below. 

 The emergency services cannot control the emergency elevator manually. 

1.5.2. Excluded fire protection parts 

The excluded parts will not be considered because it is outside the limitations of this thesis or 

it does not affect the studied system. The carrying capacity at fire and the spread of fire to 

other buildings is presumed to not differ to the constructed buildings today, in either using 

conventional elevator systems or the Articulated Funiculator.  
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2. Literature review  

A literature review is performed to explain the building codes, the egress system by staircases, 

conventional system by elevators and the Articulated Funiculator system. This part will also 

describe constructed high-rise buildings and the evacuation time. 

2.1. The building codes of BBR and NFPA 

The demands of BBR and NFPA give the requirements on how to outline a strategy when 

consider assemblies and offices in high-rise buildings and using vertical transportation 

systems as a means of egress. It does also demand how vertical transportation system in high-

rise buildings can be used to rescue effort.   

2.1.1. Number of occupants in a building 

BBR and NFPA classify different at occupancy classes, see Table 31. Assemblies and offices 

have the highest occupant load factor, which means a large amount of occupants. 

Table 1. Occupant load factors, comparing BBR and NFPA for assemblies and office/business 

 BBR NFPA 

  (occupant/m2) (m2/occupant) 

Assembly 3 0,65 

Office/Business 0,1 9,3 

 

2.1.2. The design of escape routes 

BBR: 

A minimum of 2 means of egress is required (5:321). 

There shall be at least four escape routes for more than 1000 occupants (5:334). 

There shall be a minimum door width at 1,2 meters if 150 occupants/door (5:334). 

1meter/300occupants if one door is blocked by fire (5:334). 

Escape routes shall be designed for the maximum number of occupants at the floor (5:352). 

NFPA: 

A minimum of 2 means of egress is required (4.5.3.1). 

There shall be at least four escape routes for more than 1000 occupants (7.4.1.2). 



8 

 

There shall be a minimum width of stair at 1,42 meters, if the occupant load exceeding 2000 

occupants (7.2.2.2.1.2 B) 

All assembly’s shall have a main entrance and accommodate 2/3 of the total occupant load 

(12.2.3.6.4).  

2.1.3. The design of the area of refuge 

An escape route shall be an exit to a secure location. An escape route shall be a space in a 

building which leads from a fire compartment to such an exit (BFS 2011:26). 

The area of refuge is an evacuation place that is a part of the escape route and only a 

temporary point of safety to allow delayed egress travel from any level (Boverkets 

författningssamling, BBR 19, 2011) (Ron Coté, NFPA 101, life safety code handbook, 2012). 

It is designed for occupants with impaired mobility or orientation capacity (BBR 5:248).  

The elevator lobby shall have a capacity of not less than 50 percent of the occupant load of 

the area served by the lobby (7.2.13.2.1). An area of refuge provided in the elevator lobby 

serves as a staging area for persons unable to use stairs and needing assistance for their 

evacuation during an emergency and shall have the capacity of 0,3 m
2
 per occupant 

(A.7.2.12.2.6). 

The area of refuge has to have an access to another exit route, which allows the occupant to 

not return where it came from and be trapped (NFPA 7.2.12.2.2). Another exit route has to be 

a public way via either an elevator or an exit, such as an enclosed exit stair. (Ron Coté, NFPA 

101, life safety code handbook, 2012). 

2.1.4. The design for emergency services elevators 

Where an elevator provides access from an area of refuge to a public way there shall be an 

elevator provided for fire fighter’s emergency operations (7.2.12.2.4 NFPA) 

In buildings with more than ten floors at least one emergency services elevator shall be 

installed. Of the total floor area exceeds 900 m
2 

it has to be
 
two emergency services elevators 

installed. The elevator can only be connected with other areas through protected lobbies. The 

elevator shafts shall form its own fire compartment (5:734 BBR). 

 Smoke detection in the elevator lobby will result in a Phase I recall of the elevators. The 

elevators will then be automatically taken out of normal service and will be available to be 

http://7.2.12.2/
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operated by emergency service personnel. It is also used for the conventional elevators have 

to wait until the emergency services have arrival the destination (A.7.2.13.9 NFPA). 

2.1.5. Conventional elevators as a means of egress 

The elevator shall be a complement according to staircases in evacuation and be permitted as 

a second means of egress from a high-rise building (BBRAD 1, Boverkets författningssamling 

, BFS 2011:27, 2011), (NFPA 101, 7.2.12). The elevator car shall have a capacity of not less 

than eight persons (7.2.13.2.1 NFPA). 

2.1.6. Protection from hazards that could damage the conventional 

elevator system 

Elevator shafts shall be designed to ensure that protection against fire and smoke spread 

between fire compartments is maintained (5:549, BFS 2011:26). The protection can be 

maintained through the lift shaft being designed as a separate fire compartment. The lift shaft 

can be placed in the same fire compartment as the staircase. Protection against the spread of 

fire and smoke from or through the lift shaft to other fire compartments may also be limited 

by being designed as separate fire compartments and with lobbies between the lift and 

adjacent fire compartments. (BBRAD 1, Boverkets författningssamling , BFS 2011:27, 2011) 

For an elevator to pass a fire floor safely, its shaft must be kept free of smoke by having 

smoke proof enclosures (7.2.12.2.4). To achieve such compliance, it will probably be 

necessary for the elevator landing on each floor to be separated from the remainder of the 

floor via the creation of an enclosed elevator lobby. 

Vertical openings between floors shall be protected and afford reasonable safety to occupants 

while using the means of egress and to prevent the spread of fire and smoke and until they 

have exit the building (4.5.6). 

For other than existing shafts in existing buildings, elevator cars located within a building 

shall be enclosed as follows: 

(3) Where there are more than four elevator cars in the building, the number of elevator cars 

located within a single shaft enclosure shall not exceed four (8.6.9.4). 

Building elements shall be used to restrict water exposure of elevator equipment (7.2.13.6). 

To restrict exposure of water it can be sealed lobby doors, sloped floors with more or separate 
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the elevator shaft from the building at each floor by an exterior elevator lobby designed 

(A.7.2.13.6). 

2.2. Explanation of the included fire protection parts uncertainty 

If the shafts are not protected with proper vertical openings, the spread of fire and smoke may 

propagate throughout the entire building and harm the occupants waiting in the elevator 

lobby. This phenomenon occurred at the Dupont Plaza Hotel in San Juana, Puerto Rico and in 

the MM Grand Hotel fire in Las Vegas. The spread of smoke came through the unprotected 

elevator shafts and the exit stair enclosure and 85 occupants died. (James Quiter, 2012).  

Two phenomenon that could emphasise the spread of fire and smoke is called the stack effect 

and the piston effect.  

The stack effect: This is a natural physical phenomenon because of pressure differences 

throughout the height in tall buildings; it is a result of the temperature differences outside and 

inside the building. It causes air to move vertically and in case of a fire the air is filled with 

smoke, which can spread through the whole building. (James Quiter, 2012). When the 

elevator doors can be opened at the same time, this phenomenon will be enforced. To prevent 

it the elevator lobbies shall be well sealed. (KONE, 2010). 

The piston effect: This is when the conventional elevator is moving in the shafts from fire 

floor, it can increase the smoke spread instantly and it may be pulled or pushed out of the 

shaft. In some cases it can force the smoke into the elevator lobby. (Tamura, 1986). This 

effect based on experiments is only for single car shaft and it can be ignored in multiple car 

shafts because of open peripheral space (Sharma, 2008). When the speed is fast this will be a 

problem for a single car shaft (Tamura, 1986). To prevent the piston effect it shall use divider 

beams instead of solid separation walls in the elevator lobbies (KONE, 2010). 

2.3. The Articulated Funiculator  

The idea with the Articulated Funiculator is to transport a large number of occupants to 

stations quickly, where the occupants then change to other means of transportation to get to 

their destination. The system is placed in the core of the building, like conventional elevator 

systems. The shaft is looped through the building and several elevator trains travel within the 

shaft. The trains stop at fixed stations, similarly to subway systems, and floors intermediate 
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Articulated Funiculator stations are serviced by conventional elevators and staircases, Figure 

2b. 

      

Figure 2a. The shaft that is looped within the building with elevator trains at stations. 2b. The 

system with 6 (3+3) conventional elevators servicing intermediate floors. 

Shafts 

The shafts for the Articulated Funiculator are assumed to be located within the central core of 

the building. This is the most likely location of the shafts in the near future as the system 

requires further development. The trains ascend and descend within the same shaft which is a 

continuous loop throughout the whole building.  
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Conventional elevators intermediate stations 

The numbers of elevators that serves the intermediate floors depends on the vertical distance 

between stations and are listed in Table 2, (King, 2013). For example; a building with 100 

meters between stations has six conventional elevators servicing the intermediate floors, thus 

it is six conventional elevators shafts between each station, see Figure 2a and Figure 2b. The 

total shaft length is then the six shafts times the building height plus the Articulated 

Funiculator shaft which is ~two times the building height.  

Table 2. Number of conventional elevators depending on vertical distance between stations 

Vertical distance No. of conventional 

between station [m] Elevators between stations 

100 6 

120 7 

140 8 

160 10 

180 12 

200 14 

 

Units 

Each train consists of one to four cars which correspond to one to four units, Figure 3. Trains 

with 1, 2, 3 and 4 cars which corresponds to 1, 2, 3 and 4 units respectively, illustrated in 

Figure 13 how the train can look like. The total numbers of units depends of the number of 

cars in each train, the station separation and the height of the building. The building height 

and station separation determines the number of stations and the number of trains in its turn is 

equal to the number of stations. When the system stops, there is one train at each station. The 

number of cars in each train can be adapted after the demand of capacity.  

   

Figure 3. Trains with 1, 2, 3 and 4 cars which corresponds to 1, 2, 3 and 4 units respectively 
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Transportation plans at stations 

With vertical stations the Articulated Funiculator services the stations like conventional 

double decker elevators serve floors. The passenger chose a car dependent if their destination 

is above or below the station. The transportation plan can be designed as seen in Figure 4. The 

top- and bottom stations have horizontal stations where passengers enter and exit the cars to 

and from a platform. To rationalize the loading and unloading of the cars, passengers will 

enter from one side and exit at the other side of the train, Figure 5. Examples of floor plans for 

intermediate floors or a vertical Articulated Funiculator station. 

 

1 car/train  2 cars/train  3 cars/train  4 cars/train 

 
   

Figure 4. Transportation plan at stations of 1, 2, 3 or 4 cars in each train. 

Vertical distance between stations 

The vertical distance between stations are the same as the separation distance between trains, 

thus when the system stops all trains stops at a station. The vertical distance between stations 

depends on what is most beneficial for the building height and can vary between 100 and 500 

meters. 

Floor plans 

Depending on whether the system has vertical or horizontal stations the floor plans have to be 

designed differently. Figure 5 illustrates examples on placing of the shafts. All shafts are 

placed in the centre core of the building. The floor plans below apply to the intermediate 

floors and the station floors for vertical stations. Conventional elevators shafts are placed 

Conventional 

Elevators between 

stations 
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along the Articulated Funiculator shafts. The shafts can be placed elsewhere but should 

always be placed optimally from a fire safety perspective. 

 

2 Articulated Funiculator shafts / 2 Articulated Funiculator shafts / 2 Articulated Funiculator shafts 

6 Conventional Elevator shafts / 12 Conventional Elevator shafts / 14 Conventional Elevator shafts 

 

 

 

 

 

 

 

 

2.4. Case studies 

Building height, evacuation strategy, total time of evacuation and number of units are 

information that is collected for a number of existing buildings. This information is later used 

for comparison with the Articulated Funiculator. The following buildings are studied; The 

Shanghai Tower, Taipei 101, Petronas Tower 1, Stratosphere Tower and the Victoria Tower. 

An overview of the information found can be seen in Table 3. 

2.4.1. Evacuation times for existing high-rise buildings 

The considered high-rise buildings have been evacuated and examples of the total time of 

evacuation by emergency elevators are described below.  

 Petronas Tower 1: 32 minutes (Hall, Efficient evacuation of tall buildings in fires 

using lifts, 2010),  

 Taipei 101: 60 minutes (James Quiter, 2012) 

Figure 5. Examples of floor plans for intermediate floors or a vertical Articulated 

Funiculator station 
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 Stratosphere tower: 60 minutes for 2600 occupants (NFPA chapter 5) 

 Victoria Tower: 75-80 minutes for 1050 occupants, 55-60 minutes for 788 occupants, 

35-40 minutes for 525 occupants, 15-20 minutes for 263 occupants.  

 

Figure 6. Top left: The Petronas Towers (Petronas Tower 1 The Skyscraper Center), top right: 

Taipei 101 (Taipei 101 The Skyscraper Center), bottom left: Stratosphere tower, bottom right: 

Victoria Tower (Stockholms stad, 2009). 
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Table 3. Information of the case studies 

 Shanghai Tower Taipei 101 Petronas Tower 1 Victoria Tower Stratosphere tower 

 China Taiwan Malaysia Sweden USA 

Height (Architectural) [m] 632 508 452 120 350 

Height (Occupied) [m] 561 438 375  266 

Building Function hotel/office hotel/office office hotel/office telecommunications 

Floors Above Ground 128 101 88 33  

Number of Elevators 106 61 39 5 4 

Number of Double Decker 
Elevators 

20   29    

Number of Single Deck 

Elevators 
86  10 5  

Elevator Top Speed [m/s] 18 16,8 7  9,2 

Units/building height ratio 0,22 0,14 0,18   

Time of total evacuation 

[minutes] 
 60 32 15-80 60 
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3. Theory 

This part describes the theory behind the calculation to evacuate a building. When calculating 

evacuation time from a building, the numbers of occupants decide the number of exit routes. 

The calculation of staircase travel time, conventional elevator time and the new system is 

described in this section.   

3.1. The design of exit routes 

The number of exit routes depends on the number of occupants and occupancy class. The first 

design on exit routes is based on BBR as these regulations are more general than NFPA.  

Assembly has the occupancy class 2B which demands a total clear door width of 1 meter per 

150 occupants and should not have less than 3 escape routes. Office has the occupancy class 1 

and with 150 occupants evacuating is shall not have less than two exit routes. The total door 

width is divided into a reasonable width of exit routes. 

                  

               
                    (eq. 1) 

 

                

              
               (eq. 2) 

According to NFPA the number of exit routes shall not be less than four. Of these four exits 

one shall be considered the main exit and hold 2/3 of the total population. The width of the 

stairs depends on the number of occupants per exit (7.3.3.2) (Ron Coté, NFPA 101, life safety 

code handbook, 2012). 

 

         
         

    
    (eq. 3) 

                         (eq. 4) 

3.2. Evacuation by staircases 

Two calculation methods on staircase evacuation time are described, from Queensland report 

and BBRAD. The method from the Queensland report is the method used in the report and is 

therefore fully described with equations.  
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BBRAD: The time to get off a floor is calculated by the longest time to walk, speed of 

occupants, number of occupants walking through one door and the width of the door. This 

does not consider if the occupants are walking unobstructed or if congestion arises, the 

demands say that the queuing time should not exceed 8 minutes. (BBRAD 1, Boverkets 

författningssamling , BFS 2011:27, 2011). 

Queensland university report: This calculation method is depending on two equations, one 

including congestion and one with free walk. If evacuation time with the congestion formula 

has the longest time it means there will be queues and if free walk has the longest time there 

will be no queues. Compared with each other, the one with the highest evacuation time will be 

the one considered. It can be used for all building heights, different number of occupants and 

number of staircases. This equation is used in the fire protection documentation of Victoria 

Towers (Brandskyddslaget, 2009).  

 

Evacuation time free walking: 

   
 

    
         (eq. 5) 

Evacuation time congestion: 

   
   

    
        (eq. 6) 

The flow is then calculated by: 

  
         

       
      (eq. 7) 

Where 

  is occupants per floor and exit 

  is the number of floors evacuating 

   is the flow each meter [occupant/m/s] (Brandskyddslaget, 2009). 

  is the effective width of stairs and is calculated in the parts of the exit routes [m] 

   is the walking time per floor and are estimated [s] (Brandskyddslaget, 2009). 
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   is the time to evacuate by staircases for free walking [s] 

   is the time to evacuate by staircases for congestion [s] (Sharma, 2008). 

  is the flow occupancies each minute out of the exit route [occupants/min] 

See Table 14 in Appendix D for specific numbers. 

3.3. Evacuation by conventional elevator 

The recent high-rise buildings are often installed with double-decks elevators and the speed 

has been faster since the first passenger elevator.  The upper floors are often installed with the 

high-speed double-deck elevators, such as Burj Khalifa, Shanghai Tower (Figure 7. Shanghai 

Tower elevator shaft design (Sloan)below), Ping An Finance center. There are several shafts 

in high-rise building and Figure 7 illustrates the design of the Shanghai Tower. 

 

Figure 7. Shanghai Tower elevator shaft design (Sloan). 
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Three calculation methods at the conventional elevator movement time are described, from 

ELVAC, Sekizawa and Siikonen. The method Sekizawa is the method used in the report and 

is therefore fully described with equations. 

Sekizawa: This method including delays in the round trip because of the acceleration and 

deceleration when occupants get on and off the elevator. The time for the occupants to wait 

for the elevator is not included and it calculated the round trip only. There are though large 

differences in movement time for the variables included. (Hall, Efficient evacuation of tall 

buildings in fires using lifts, 2010). 

The total movement time by elevators is the time it takes for the occupants to get on and off 

the elevator plus the total round-trip (transfer time). (Hall, Efficient evacuation of tall 

buildings in fires using lifts, 2010). They are divided in two equations and are explained 

below. 

The time for occupants to get on and off a conventional elevator can be calculated with the 

following equation (Hall, Efficient evacuation of tall buildings in fires using lifts, 2010): 

   
          

                   
                    (eq. 8) 

Where 

    is the time for evacuees to get on and off a lift [s] 

            is the capacity of people in one elevator 

            is the flow factor of lift doors [persons/(m*s)] 

           is the width of the door and is assumed to be 1,6 [m] 

       is the time for doors to open [s] (Hall, table 3.3.5.3 Efficient evacuation of tall 

builings in fires using lifts, 2010) 

        is the time for doors to close [s] (Hall, table 3.3.5.3 Efficient evacuation of tall 

builings in fires using lifts, 2010) 

See Table 11 in Appendix C for specific numbers to the explained variables above. 
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Equation on the transfer time by a conventional elevator can be calculated with the following 

equation (Hall, Efficient evacuation of tall buildings in fires using lifts, 2010): 

 
  

    

    
 

    
 

     (eq. 9) 

Where 

   is the elevator transfer time for one round-trip [s] 

     is the vertical distance between the lowest chosen floor and the highest chosen 

floor. (Council on Tall Buildings and Urban Habitat, 2013) 

   is the highest floor, follow the cases separately in part B for the different number 

of floors and the result parts describe at which height it is 

   is the lowest floor. Is always 0 because the elevator is assumed to travel from the 

highest to the lowest floor 

      is the elevator velocity and is assumed to be 7 m/s when evacuation floors travel 

to Articulated Funiculator station and 16 m/s when evacuation floors travel to 

the exit of the building. It is assumed from the study cases, see Table 3. 

   is the elevator acceleration m/s
2
 (Hall, Efficient evacuation of tall buildings in 

fires using lifts, 2010). 

See Table 12 in Appendix C for specific numbers to the explained variables above. 

ELVAC: This method includes delays of the elevator, when it goes to the ground floor before 

starting the evacuation process only. It also includes the delays when occupants get on and off 

the elevator. There are assumptions because the users of this program choose what to include 

and not include. It has though difficulties to handle a lot of terms in the input data.  (Hall, 

Efficient evacuation of tall buildings in fires using lifts, 2010). 

Siikonen: This is the exactly same for the Sekizawa method although there is small variance 

between the result of Siikonen and the ELVAC values. (Hall, Efficient evacuation of tall 

buildings in fires using lifts, 2010). 
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3.4. The Articulated Funiculator 

For the Articulated Funiculator system the velocity, cycle times and flow of occupants per 

minute for different executions of the system, such as different number of cars in each train 

and station separation, are calculated. The time of phased and total evacuation is calculated 

for the reference building. Definitions on calculations are presented in this section and these 

are based on information about the Articulated Funiculator. 

To calculate the velocities the travel times of ½ leg are calculated for different station 

separations. The time is then doubled to get the travel time of one leg, see Figure 8. The 

acceleration and deceleration is 1 g, 9,81 m/s
2
 (King, 2013).The acceleration and deceleration 

are the same since the trains are fixed in pairs on the track so that there always is one train 

going up and one going down. Each train takes advantage of the other trains acceleration or 

deceleration.  

 
Figure 8. Definition of calculations on the Articulated Funiculator system. 

The formula for calculating the distance travelled is 

        
 

 
    

     (eq. 10) 

where:      

  Explanation:   In this case: 

      is the distance travelled [m] ½ leg  
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     is the initial velocity [m/s]  0 m/s 

     is time [s]   halfway time 

   is acceleration [m/s
2
]  one g, 9,82 m/s

2
 

The initial velocity is zero which takes out the first term and after rewriting the formula the 

halfway time can be calculated through 

    √
   

 
   √

                  

    
   (eq. 11) 

The maximum velocity is calculated midway through one leg, at the break point where 

acceleration turns into deceleration or vice versa.   

              (eq. 12) 

where:   in this case: 

    s acceleration [m/s
2
]  one g,          

     is time [s]   halfway time 

       is the maximum velocity reached intermediate stations [m/s]

    

The time for a train to travel one cycle is, other than the calculated fall or rise time, the load or 

unload time, 10 seconds and the time for transitions, 2 seconds each, (King, 2013). The 

numbers of cycles travelled per minute are then calculated. 

The passenger flow rate is depending on the number of cars (units) in each train, its capacity 

and the number of cycles travelled per minute. Each unit is set to carry 40 occupants (King, 

2013). 

The travel time from top to bottom of a building are calculated for station separations of 100, 

120, 140, 160, 180 and 200 meters and for building heights of 100, 200, 300, 400, 500, 600, 

700, 800 and 900 meters. 

The lag time is the initial travel time for the first car that transports occupants from the top 

station to the exit station. It is the time until the flow of the Articulated Funiculator 
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commences. The lag time is the total time of transportation along with the travel time for the 

passengers.  
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4. Method  

Initially the evacuation strategy and the rescue effort of the Articulated Funiculator in a high-

rise building are identified. Later a comparison of the new system and the conventional 

elevator system is made using a reference building, which features are the same as the initial 

Articulated Funiculator building. This is to identify at which height the new system is the 

most beneficial and if it can transport a large number of occupants to and from the top of a 

building. Comparisons are performed both for phased- and total evacuation. 

4.1. Reference building  

High-rise buildings have different shapes and structure. In this thesis a reference building is 

chosen. The building is assumed to have the assembly floor at the top and the office floors 

adjacent, Figure 9. Its floor plan is illustrated in Figure 9. Illustration of the initial reference 

building with the Articulated Funiculator system. The first task is to find facts about the 

building used for the study; floor area, utilization factor, occupancy classes, number of 

occupant’s at each evacuating floor and number and width of emergency exits, see Appendix 

A. Calculations on the most optimal location of the assembly are performed, these show that 

the assembly have to be placed in close connection to the station. The floors are therefore 

shifted with the final layout of the floors showing in Figure 11. The building will be 

considered at heights of 900, 800, 700, 600, 500, 400, 300, 200 and 100 meters.  
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Figure 9. Illustration of the initial reference building with the Articulated Funiculator system. 

Calculations on the total floor area and the usable area of the building are of importance to be 

able to calculate the amount of occupants at each floor. Each floor is measuring 40x45 meters 

and the utilization ratio of the building is 0,745 (King, 2013).  

 

Figure 10. The usable area of each floor. 

4.2. Strategy for evacuation and the rescue effort 

To outline an evacuation strategy for the Articulated Funiculator system in high-rise buildings 

a reference building was implemented, see Figure 11.  The building codes from the NFPA and 

BBR, found in section 2.1 and “The building codes of BBR and NFPA” in the literature 
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review, set the demands of the phased evacuation strategy from the top of the building down 

to the exit. 

 

Figure 11. The layout of the top floors of the reference building. 

The strategy is first to form an area of refuge, where the occupants can be safe while waiting 

for the transportation all way down to the exit. The evacuation times from evacuating floors 

(1-25 floors above the station) to the Articulated Funiculator station and the flow of the 

system to the exit gives the total number of occupants queuing at the station and the total 

waiting time. 

The combination of conventional elevators, staircases and floor height that are the most 

burdening for the Articulated Funiculator system of the following cases will be used for a new 

layout of the evacuating floors; 

Case I five staircases and one conventional elevator evacuate occupants to station  

Case II three staircases and three conventional elevators evacuate occupants to station 

Case III  one staircase and five conventional elevators evacuate occupants to station 

The transportation from the area of refuge to the exit with the Articulated Funiculator shall be 

safe from hazards for the passengers. The strategy is formed by the building codes. The rescue 

effort with the Articulated Funiculator shall be outlined with the same possibilities as the 

emergency services elevators today.  



28 

 

4.3. Cases of evacuation 

To identify at which height the new system is the most beneficial and if it can transport a 

large number of occupants in a shorter time than conventional elevators from the top of the 

building, comparisons of evacuation time between the conventional system and the 

Articulated Funiculator are made for phased- and total evacuation. The worst case scenario 

will be considered where one assembly floor and two office floors are chosen as this gives a 

large amount of occupants. The evacuating floors are placed at the top of the building to have 

the longest travel distance to the exit. The method compares two similar buildings, illustrated 

in Figure 12, one with a conventional elevator system (comparison building) and the other 

with the Articulated Funiculator system (Articulated Funiculator building) as a means of 

egress.  

  

Figure 12. The Articulated Funiculator building (left) and the comparison building (right) 

4.3.1. Phased evacuation 

In the Articulated Funiculator building the phased evacuation is assumed to be from the 

evacuating floors to the station and from there via the vertical transportation system to the exit 

floor. In the comparison building only conventional elevators are evacuating occupants and 

these are assumed to take occupants directly from the evacuating floors to the exit floor. 

There is also one staircase running from top to bottom in both buildings but as the staircases 
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have the same capacity to evacuate occupants in both buildings, these are neglected. The 

chosen layouts of the buildings are illustrated in Figure 12. The time of a phased evacuation in 

the Articulated Funiculator building will then be used to find the number of conventional 

elevators that corresponds to the same time of evacuation.  

Articulated Funiculator building 

The Articulated Funiculator station is located on its own floor and therefore there has to be a 

vertical transportation system from adjacent floors to the station. This transportation system 

consists of a combination of conventional elevators and staircases. The configuration of 

numbers of elevators and staircases, and their formation, are based on the most burdening 

transportation system for the Articulated Funiculator system and building regulations. 

The number of floors between the evacuated floors and the station will be considered at 

different heights above the station to find what distance (number of floors) from the 

evacuating floors to the station that is the most burdening for the Articulated Funiculator 

system. This is found through case I-III. The assembly floor is considered at 1, 5, 10, 15, 20, 

25 floors above the station and the floors with miscellaneous occupancy class are adjacent. 

These floors are chosen because 25 floors are equal to 100 meters, which is the longest 

distance occupants have to travel to get to an Articulated Funiculator station. This is at 200 

meter station separation.  

The occupant flow from assembly and office floors to the Articulated Funiculator station are 

calculated for different numbers of occupants per exit which, by iteration, gives the shortest 

time of evacuation by combining conventional elevators and staircases for each floor distance. 

The combination of elevators and staircases with the highest total occupant flow is then used 

when designing new exit routes according to NFPA.  

The total flow into the Articulated Funiculator station with new exit routes is calculated. This 

flow is then compared with the flow out of the station which the Articulated Funiculator 

stands for. Combining these times also gives the maximum number of people that will reside 

within the station at once. The travel- and lag time of the Articulated Funiculator is then 

added which gives the time of evacuation from the Articulated Funiculator station to the exit 

floor. Calculations are presented in Appendix E. Time of evacuation with conventional 

elevators and staircases at phased evacuation.  
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Comparison building 

The comparison building has six exit routes because BBR demands it for this occupancy load. 

One exit is a staircase, which is neglected, and five are conventional elevators. The elevators 

are located on the same floor as the assembly and office floors. The total time of evacuation is 

thus the time it takes for five conventional elevators to transport occupants from the assembly 

floor to the exit floor.  

The time from evacuating floors to the exit of the following case is calculated: 

Case IV five conventional elevators evacuate occupants to the exit 

The numbers of conventional elevators that evacuate occupants to the exit in the same time as 

the Articulated Funiculator system does are calculated: 

Case V X conventional elevators evacuate occupants to the exit in the same time as the 

Articulated Funiculator system 

Three office floors, to complete a conservative comparison between Articulated Funiculator- 

and comparison building, are listed as follows. 

Case VI two, three, four and five conventional elevators evacuate occupants from three 

office floors to the exit  

4.3.2. Total evacuation  

Time of total evacuation with the Articulated Funiculator is compared to the time of 

evacuation from the buildings studied in the literature review.   

In this Articulated Funiculator building the numbers of occupants are based on the occupancy 

class office, the station separation is set to 100 meters and all floors are evacuated. The 

number of occupants at each floor is 144 and the building is divided in sections where there is 

one station servicing two sections.  
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Figure 13. Sectioning of the Articulated Funiculator building 

The calculations are as follows: 

               

 
              

                                       

                     

              
                 ⁄  

                ⁄

                   
                               

                                                                          

                                                               

4.4. Comparisons of the Articulated Funiculator to conventional 

elevator systems 

The total number of units in the Articulated Funiculator system is compared to the total 

number of units of the buildings studied in the study case in section 2.4 Case studies. These 

are plotted in a graph to get an overview of the ratio of the two systems. 
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The flow of the Articulated Funiculator is calculated and compared to flow calculations on 

conventional elevators. This is to get a first insight in the flow ration between the two 

systems.  
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5. Results 

The results of the methods described are presented in this chapter. They are listed in 

chronological order in the same order they are described.  

5.1. Occupants at Articulated Funiculator station 

The total number of occupants residing within the station in the Articulated Funiculator 

building is read from Figure 14 and is about: 

 1680 with one Articulated Funiculator car in each train 

 1260 with two Articulated Funiculator cars in each train  

 900 with three Articulated Funiculator cars in each train  

 560 with four Articulated Funiculator cars in each train.  

The waiting time at the station is equal to the time it takes to empty the station. 

 

Figure 14. Number of occupants at the Articulated Funiculator station depending on time. 
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5.2. Time of phased evacuation comparison 

The Articulated Funiculator evacuates the assembly- and the two office floors in a shorter 

time than the conventional elevators at all heights of the building, Figure 15. 

The number of conventional elevators required to achieve the same time for a phased 

evacuation as one Articulated Funiculator car is ranging between 6 to 13, and for two 

Articulated Funiculator cars it takes between 11 to 23 conventional elevators, Figure 16. 

 

Figure 15. The time of a phased evacuation for the Articulated Funiculator building with 1 

assembly and 2 office floors and the comparison building with 1 assembly and 2 office floors. 
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Figure 16. The number of conventional elevators that gives the same time of a phased evacuation 

as the Articulated Funiculator.  

5.3. Conservative comparison of time of phased evacuation  

The following comparison is between the Articulated Funiculator building with 1 assembly 

and 2 office floors with a total of 2350 occupants and the comparison building with 3 office 

floors with 430 occupants. Despite to larger number of occupants the Articulated Funiculator 

is evacuating it is still more beneficial than the conventional elevator system at certain 

heights, this can be seen in Figure 17. One car in each train evacuates buildings higher than 

700 meters in the same- or a shorter time than two conventional elevators. Two Articulated 

Funiculator cars evacuate buildings of 500 meters, three cars evacuate in the same time as 

four conventional elevators at height of 450 or higher and buildings of 800 meters in the same 

time as five conventional elevators. Four Articulated Funiculator cars evacuate buildings of 

450 meters in the same time as four conventional elevators.  
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Figure 17. Comparison in time of a phased evacuation of the Articulated Funiculator building 

with 1 assembly and 2 office floors and the comparison building with 3 office floors 

5.4. Time of total evacuation with the Articulated Funiculator 

A building with NFPAs occupancy class “office” is fully evacuated with the Articulated 

Funiculator system with one car per train  in one hour at a height of about 400 meters whereas 

it takes two hours to evacuate a building of 800 meters. The time of a full evacuation is linear 

and is halved when the numbers of Articulated Funiculator cars are doubled.  
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Figure 18. Time of total evacuation by the Articulated Funiculator 

5.5. Unit comparison 

The total number of units with the Articulated Funiculator is linearly depending on the 

building height and the numbers of cars in each train which are chosen depending on the 

needed passenger capacity. The total number of units within the compared buildings is 

increasing more rapidly as the buildings heights increase. The total number of units for the 

Articulated Funiculator is less than the compared buildings for all number of cars per train. 

The Articulated Funiculator with two cars per train has for example 50% less units than Jin 

Mao Tower and 25% less units than Wuhan Greenland Center. Taipei 101 is the only 

compared building with the same number of units as the Articulated Funiculator; this is with 

four cars per train. These numbers are plotted in the graph of Figure 19. 

This shows that the numbers of units are less with the Articulated Funiculator system than 

conventional elevators at heights between 300-600 meters. It is assumed that that the 

Articulated Funiculator most likely is more beneficial in regards of total number of units the 

higher the buildings are. 
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Figure 19. Comparison of total number of units between the Articulated Funiculator and 

existing elevator systems. 

5.6. Flow comparison 

The Articulated Funiculator is able to maintain the same flow at all heights. The lag time is 

though excluded in these calculations but it is assumed not to influence the final results. The 

passenger flow for one, two, three and four Articulated Funiculator cars is independent of the 

building height, except for the lag time, compared to conventional elevators whose flow is 

depending on height. The differences in flow can be seen in Figure 20.   

The numbers of conventional elevators required to maintain the passenger flow of the 

Articulated Funiculator are depending on the building heights and are increasing with height. 

For example: At the height of 650 meters the flow of two Articulated Funiculator cars equals 

the flow of 25 conventional elevators.  
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Figure 20. Flow comparison for the Articulated Funiculator and the conventional elevators 
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6. Analysis 

The results will be analysed according to the questionnaire in section 1.3 Questionnaire. 

 

6.1. Question one 

How should an evacuation strategy be outlined in a high-rise building with the Articulated 

Funiculator used as a means of egress?  

 

Based on the demands of BBR and NFPA, listed in 2.12.1 The building codes of BBR and 

NFPA, the evacuation strategy could be as follows: 

In an emergency in the Articulated Funiculator building, the assembly and two office floors 

evacuates down to an area of refuge, Figure 21. The area of refuge is a safe place for the 

occupants to stay in and need to have fire separation. The Articulated Funiculator systems 

have to accomplish to evacuate all the occupants without long large waiting times. The areas 

of refuge have to at least be 354 m
2
. 

 

Figure 21. Area of refuge 

With one Articulated Funiculator car there will be 1685 waiting occupants at the most at 

once which demands an area of refuge at 506 m
2
.  
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Two Articulated Funiculator cars give 1265 occupants at most which demands an area of 

refuge at 380 m
2
.  

Three Articulated Funiculator cars give 911 occupants at most which demands an area of 

refuge at 273 m
2
.  

Four Articulated Funiculator cars give 557 occupants at most which demands an area of 

refuge at 167 m
2
.  

From the area of refuge the exit routes are the staircase, conventional elevators and the 

Articulated Funiculator. All exit routes are placed in the core and must be classed as 

separate fire compartments. The refuge area shall be designed to prevent the spread of 

fire and smoke by pressurizing the area and if fire or smoke is detected the ventilation 

shall be shut down to prevent the spread to adjacent compartments.  

Every Articulated Funiculator car must run through a floor exposed to fire. The system 

will handle this because each station shall have separation between the shaft and the 

station. The Articulated Funiculator cars and the separation door that lead to the station 

would not open at the affected fire floor.  

If smoke is detected in the area of refuge the occupants at the affected floor has to 

evacuate to adjacent stations or all the way down to the exit. The Articulated Funiculator 

will proceed, but when the train stops the doors doesn’t open and either do the doors to 

the refuge area. 

The Articulated Funiculator shaft will have some kind of separation. Separation between 

each station for three and four cars, separation between every second station for two cars 

and separation after every fourth station for one car, see Figure 22. 
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Figure 22. Examples of separation within the shaft of a 400 meter high building. 

6.2. Question two 

Is the Articulated Funiculator applicable to rescue effort?  

The Articulated Funiculator building needs to have two emergency elevators. The 

emergency elevators will be placed in a separate fire compartment according to the 

emergency elevators used today, which is equal to the analyse in question two.   

The Articulated Funiculator could be the solution of both of the emergency elevators 

because the capacity is so high that it corresponds with two elevators in all heights and all 

number of cars. But, if the Articulated Funiculator would fail, both of the emergency 

services elevators are out of system. One of the intermediate conventional elevators could be 

designed as an emergency services elevator. The emergency services could also need to be 

transported to the floors in-between two stations and therefore there must also be two 

conventional emergency elevators between all stations. The Articulated Funiculator is 
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applicable for the emergency services as they use the emergency elevators today, but 

improved with a fast way to travel many floors directly. When the emergency services needs 

to use the Articulated Funiculator, a solution is that they are able to stop the system while 

they load and unload their equipment.  

6.3. Question three  

Is the Articulated Funiculator beneficial to use in high-rise buildings? 

According to Figure 19. Comparison of total number of units the Articulated Funiculator 

system is beneficial in regards of total number of units compared to a number of existing 

high-rise buildings. The units/building height-ratio is less for one to four Articulated 

Funiculator cars for all building heights.  

The flow of two Articulated Funiculator cars is equal to the flow of 25 conventional elevators 

at 650 meters of height. The number of shafts that 25 conventional elevators needs is 

immoderate to have to the top of a high-rise building.  

The result of the time of phased evacuation shows that the Articulated Funiculator evacuates 

faster than conventional elevators. From the comparison of total evacuation time the 

assumption that there is a higher limitation in the number of occupants at the top floors and 

within the whole building is made. 

The numbers of conventional elevators needed to evacuate the occupants are larger than 

applicable.  

All these facts add up to the conclusion that when using the Articulated Funiculator the 

passenger flow can be maintained with a fewer number of units and shafts, which would 

increase the usable area at each floor. Or the same number of shafts can be used and the 

Articulated Funiculator would have a larger passenger flow which increases the number of 

occupants that can reside within the building. This opens up the possibility for having large 

assemblies at the top of high-rise buildings.  

6.4. Question four 

Can the Articulated Funiculator transport a large amount of occupants in the top of the 

building in a reasonable time? 
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Comparing a phased evacuation of three office floors from the top of the comparison building 

with one assembly and two office floors from the top of the Articulated Funiculator building 

shows that the Articulated Funiculator can in some cases evacuate more than 2300 occupants 

in the same time, or faster, than the conventional elevators evacuate just over 400 occupants, 

see Figure 17. The taller the building is the fewer shafts are wanted running to the top floors. 

In for example the Shanghai Tower there are three elevators running to the top floors 

(Ryosuke, 2013). The fact that two Articulated Funiculator cars evacuate a larger number of 

occupants than 3 conventional elevators at heights over 500 meters shows that a safe 

evacuation could be possible from a high-rise building with an assembly at the top floors 

when using the Articulated Funiculator.  

The comparison can also tell that with the same evacuation time from the top of a building it 

is possible to place an occupancy class with a higher occupancy load factor than office (9,3 

m
2
/person) when using the Articulated Funiculator. 

The time of a total evacuation of for example a building with a height of 500 meters, range 

between 70 minutes, for one car in each train, and 20 minute for four cars in each train 

(Figure 18). A total evacuation of Taipei 101 which is 438 meters high took 2,5 hours and the 

Word Trace Centres took four hours and did not totally evacuate when only using staircases. 

The Victoria towers, 117 meters, are predicted to evacuate in up to 80 minutes when full 

occupancy and the Petronas Towers, 375 meters, have improved its evacuation system to be 

able to totally evacuate in 30. As the time of evacuation by the Articulated Funiculator is 

lower or within the range of the existing buildings it is assumed that the system has the 

potential to perform a safe evacuation of a large assembly in the top of a building. 
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7. Discussion  

Motivations on the authors’ choices on the method used, how and why the occupancy classes 

are chosen, how facts on Articulated Funiculator affects the study and proposals to further 

studies are is explained in this chapter.  

7.1. The calculation method 

There are a number of methods which can be used for calculations in this matter. The 

methods considered are described below.  

Staircases 

The method used to calculate the time of evacuation by staircase is based on the report 

“Feasibility and design considerations for the use of lifts as an emergency exit in apartment 

buildings” by Than Singh Sharma. This method considers two types of calculations: free walk 

and congestion. Other methods considered were the method by BBRAD. However, the 

BBRAD method does not consider whether the evacuation is during congestion or not. As this 

study examines the occupancy class assembly the authors consider congestion as a factor that 

should be considered when performing calculations on evacuation. 

Conventional elevators 

Calculations on evacuation by conventional elevators were performed using the method of 

Sekizawa. This method achieved the accuracy needed for the comparison with the Articulated 

Funiculator, it was easily manageable with truthful parameters and a combination of realistic 

equations. The method by Siikonen is another option but as it is more complex than the 

method by Sekizawa it was not used. The simulation program ELVAC could have been used 

but the lack of knowledge and the limited time to learn how to use it made the authors exclude 

this method.  

Articulated Funiculator 

Calculations on the Articulated Funiculator are based on facts by engineers on the product 

development team at Tyréns. The facts given are their vision of how the system will work. 

Variables and facts that affect the calculations are; acceleration, time of transitions, the trains 

accelerate halfway through one leg until it breaks with the corresponding deceleration, time to 

load and unloading passengers and the capacity of the cars. 
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The calculations could can be done by several methods. As there are no previous calculations 

on the system the authors had to make assumptions when performing calculations. To give a 

more clear comparison the assumptions are conservative and favourable to the conventional 

elevators system.  

Conservative assumption and calculations 

The calculations are performed with conservative assumptions for the Articulated Funiculator 

building, for example distances, elevator speed, manually performed iterations where the most 

conservative values was chosen. All of which gives the reference building with the 

conventional elevator system advantages.  The information on the Articulated Funiculator is 

based on facts which the project group expect from the system and has yet not been proven to 

be possible to obtain. The Articulated Funiculator should not have advantages over the 

conventional system as the aim is to find its potential compared to the conventional system.   

The facts on the Articulated Funiculator are expectations and the conservative assumptions 

give a more clear comparison between the two systems.  

7.2. Occupancy class 

The chosen occupancy classes 

The cases studied are involving the occupancy classes’ assembly and office. Assembly is 

chosen because it is the occupancy class with the highest occupancy load factor per square 

meter. The large number of occupants will be a burden for the Articulated Funiculator system 

and will show if a large number of occupants can be evacuated from a high-rise building in 

reasonable time. With reasonable time means a time which consists with- or is faster than a 

conventional elevator system. Of the three most common occupancy classes within high-rise 

buildings, which are hotel, dwellings and office, the occupancy class office is chosen because 

it has the largest occupancy load factor. 

Assemblies within high-rise buildings 

There are few examples of large assemblies placed far up in high-rise buildings today because 

of the cost of the space which vertical transportation needed for evacuation occupies. The 

NFPA has for examples only regulations of assemblies at the bottom of buildings. The 

Articulated Funiculator is intended to transport large numbers of occupants in a reasonable 

time. The study showed that it has the same flow all through the building, except for the 
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initial lag time, and the placing of an assembly is therefore not depending on height when 

using the new system.  

Allocation of an assembly in the top of a high-rise building  

The assembly is placed in the top of the building for a conservative analysis; if the Articulated 

Funiculator system can handle an evacuation from an assembly in the top of the building it is 

proposed that the assembly can be places elsewhere in the building. 

To find the most beneficial allocation at the top of a building for an assembly in regards of 

evacuation time, the time to transport the occupants by staircases and conventional elevators  

to the Articulated Funiculator station were calculated. The question was if the capacity of the 

Articulated Funiculator could handle the arriving numbers of occupants without the waiting 

area (refuge area) having to cover the majority of the floor. If this was the case the thought 

was to place the assembly at a distance to achieve the optimal flow of occupants arriving at 

the station at a certain time period. The flow capacity of the Articulated Funiculator was 

however not an issue as it was able to transport the occupants without requiring a large 

waiting area. The largest waiting area needed is 500 m
2 

when one car in each train. This is 

less than 30% of the total floor area and the conclusions was that the assembly should be 

located as close to the station as possible. 

7.3. The Articulated Funiculator 

The Articulated Funiculator system is designed differently from the vertical transportation 

systems which high-rise building are using today. This becomes a problem when the building 

regulations are adapted for this specific layout of vertical transportation.  

The purpose of the Articulated Funiculator 

Evacuation is an issue of high-rise buildings as there are a large number of occupants residing 

within the building and the transportation system are limited in terms of that all occupants not 

are able to evacuate simultaneously. The current edition of NFPA is permitting conventional 

elevators to be used as a second means of egress for people with disabilities or difficulties of 

walking in stairs. However, most people have difficulties walking several hundreds of meters 

vertically at stressed conditions. To be able to evacuate occupants in a high-rise building, a 

large number of conventional elevators are needed. The shafts needed occupy a large area, 

which reduces the usable area of each floor. The Articulated Funiculator is intended to 
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transport the occupants in the same time or faster than conventional elevators at a smaller 

number of shafts. 

Number of cars 

The ideal number of cars that is most beneficial for buildings similar to those examined in the 

study in terms of height, floor area, and number of occupants is two or three. One car is 

beneficial compared to conventional elevators, but not to the same extent as more cars. Two 

cars give a more beneficial flow and correspond to an unrealistic number of conventional 

elevators when transporting occupants from the top floors. The layout of the shaft system is 

slimmer for two cars than three or four cars as they require a larger station area at the top and 

bottom stations. The transportation plan of the intermediate stations for two cars in each train 

resembles of the plans for existing double decker elevators, making the Articulated 

Funiculator system more quickly adaptable for the industry. Three or four cars are beneficial 

from the flow perspective but may need more modifications of the existing transportation 

system than two cars need. The number of cars that are the most beneficial for the building is 

individual and is depending on the buildings properties such as height, total number of 

occupants and number of occupants at the different floors.  

The building regulations 

The NFPA says that all forms of egress shall be considered. The Articulated Funiculator is a 

new egress system that could develop nowadays high-rise buildings to a safer place and 

should therefore be considered.  

The building regulations are adapted to conventional elevator systems and are right now, not 

applicable to the Articulated Funiculator system. For example, the number of elevator units in 

one shaft shall not exceed four and there are 8 units in the Articulated Funiculate shaft at the 

least. The system is designed with only one shaft but could it be designed with separation to 

achieve the same level of safety as several shafts? When floor areas exceed 900 m
2
 two 

emergency elevators are required. The emergency services shall be able to control these 

manually and have them to their own use. This is not possible with the new system as the 

trains constantly are moving along the track. The question is then, can the speed and 

efficiency of the new system give the emergency services the same level of use in terms of 

speed and efficient transportation as one conventional elevator to their use?  
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The building regulations are based on studies to frame safe buildings therefore the building 

regulations are of important to be followed. For the Articulated Funiculator system new 

studies are needed to specify the demands that should shape the new system to withstand the 

standards that NFPA and BBR requires. 

The hazard of fire and smoke 

The construction of the Articulated Funiculator system could be a potential hazard to the 

system. It is constructed so it could emphasize the effects of spread of fire and smoke within 

the building. A single shaft, high-speed cars and several elevator doors that opened at 

different levels at the same time could cause the spread with the piston- and the stack effect. 

Each stations should be sealed against the spread of gases which could be done with some 

construction similar to sliding doors which, are installed at underground stations today, see 

Figure 23. These doors would have to be sealed around the opening of each elevator door not 

to let gases thru. These gas-proof doors would protect occupants waiting at the station from 

possible smoke within the shaft or vice versa, protect the shaft from smoke if a fire occurs at a 

station. The stations should be used as areas of refuge as they are safe from the spread of fire 

and smoke.  

 

Figure 23. Sliding doors (Railway-technology.com). 
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There could be some kind of separation within the shaft to prevent the spread of fire and 

smoke within in and to other parts of the building. An illustration of where the separations 

could be is in Figure 22. 

 

Figure 23. Examples of separation within the shaft of a 400 meter high building. 

Emergency services elevator 

If the Articulated Funiculator corresponds to the emergency services elevator, they should be 

able to control it manually. If the emergency services stop the system with the aim to load and 

unload the cars with their equipment, it would take negligible time of the evacuation process. 

Most likely have the most critical part of the evacuation process passed once the emergency 

services are travelling up the building. One thing the emergency services cannot do with the 

Articulated Funiculator system is to control the system to go directly to their designated 

station. They will have to stop at stations along the way.  
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This system will not cause counter flow as the occupants travel with the cars going down 

while the emergency services uses the cars travelling up. The area of refuge should be 

designed to separate the cars going down and up to prevent any counter flow at the station. 

The fact that passengers enter and exit the elevator cars from opposite sides is making this 

easier. This separation will lower the risk of confusion for occupants on which cars that are 

heading up or down. 

If the system fails and the trains are trapped in between stations there shall be a solution to get 

the occupants out of the cars and to a safe place. If, for example, the building is 500 meters 

high with 100 meter station separation there are ten trains (Table 45-48), if all these trains 

stop in between stations the assistance from the emergency services would be limited. A 

solution could be to build pedestrian paths within the shaft so that the occupants can get out of 

the shaft on their own, or if the emergency services manually could wind the trains to the 

nearest station. If the occupants shall use any kind of pedestrian paths, the system must be 

controlled not to start while occupants are within the shaft. By using cameras monitoring of 

the shaft would be possible is this case. Monitoring the shaft is also a way of controlling 

possible fire or smoke within in.   

7.4. Proposal to further studies 

This is a first study on the Articulated Funiculator system, how it may be designed, what 

building regulation that applies to the system and what regulations contradict the use of such a 

transportation system, and a first comparison in capacity and travel time compared to 

conventional elevator systems. There are several areas which need further research.  

The comparison could have been more precise if more information was found about 

conventional elevator systems. Such as layout of the shafts, how flow calculations of the 

whole system is performed, capacity of the elevator cars, number of single- and double decker 

elevators used in existing high-rise buildings etc., more information on full evacuations of 

existing buildings would also have contributed to a more thorough study. More precise 

information in the matter will give a more refined result.  

As the development of the Articulated Funiculator system proceeds more detailed results will 

be able to get which can give a more precise comparison between the system and 

conventional systems.  
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The calculation method could be more precise by using fewer assumptions and less 

conservative values. If a study would involve more values of existing high-rise buildings 

evacuation system, such as more precise values of flow of evacuation, total shaft length and 

total number of units, it would result in better comparison building for this thesis.  

Heights higher than 900 meters or below ground, for example a mine could be of interest to 

do more research on. It would also be of interest to look at a wider station separation 

regarding the mines. 

 The carrying capacity at fire with the Articulated Funiculator system would be a study of 

importance and also how the human behaviour could affect the system.  

Studies should also be don on either how the Articulated Funiculator should be designed to 

follow the building regulations, or on how the building regulations can be adjusted to 

maintain the same level of safety at the same time as it applies to all kinds of vertical 

transportation systems. 
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8. Conclusion 

Advantages with the Articulated Funiculator are; 

 The higher passenger flow. This can increase the number of occupants that can reside 

within the building, it can reduce the time of evacuation in case of an emergency or it 

gives the opportunity to place a large assembly elsewhere in a building than the 

bottom. 

 The total numbers of units are lower which decreases the number of shafts needed. 

Less shafts leaves space for more sellable area at each floor. 

 The results shows that the Articulated Funiculator are more beneficial compared to 

conventional elevator systems the higher the building is. As the buildings are 

increasing in height more rapidly and the first building over 1000 meter is under 

construction, the usability of the system is clear.   

Disadvantages with the Articulated Funiculator are; 

 The system is vulnerable as it is depending on one shaft only. If there is a smaller 

incident within the shaft it will most likely stop the whole system. 

 The emergency services do not have the same opportunity to control the Articulated 

Funiculator, however there are ways to get around this problem. 

 The current building regulations are hard to obey as they not are adjusted to this new 

transportation system. Research is needed to either find how to design the Articulated 

Funiculator according to regulations, or on how the regulations can be changed to 

better comply with the Articulated Funiculator but still maintain the same level of 

safety. 
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Appendix A. Initial calculations 

Usable area of the studied building 

The buildings are designed according to Figure 24. 

 

Figure 24. The usable area of each floor in the reference building. 

Occupant load 

The most relevant number of occupancy is from the NFPA and will be used in the further 

calculations, see Table 4. 

Table 4. Number of occupants 

 
NUMBER OF OCCUPANTS 

 
BBR NFPA 

Assembly 4023 2063 

Office 134 144 

 

Exit routes 

Because of the large assembly it will be designed with 6 exit routes and withstand the demands 

of the minimum standards of door width and number of exit routes according to BBR, see Table 

5. 

Table 5. Exit routes and door width 

 

Exits 

 

Door width 

[m] 

Assembly 6 2,29 

Office 2 0,80 

 

According to NPFA the number of exit routes shall not be less than four.  
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Appendix B. The Articulated Funiculator 

Table 6.  Summary of travel times and velocities 

Station separation Halfway time Fall/rise time Max velocity Max velocity 

[m] [s] [s] [m/s] [km/h] 

100 3 6 31 113 

120 3 7 34 124 

140 4 8 37 134 

160 4 8 40 143 

180 4 9 42 151 

200 5 9 44 160 

225 5 10 47 169 

250 5 10 50 178 

275 5 11 52 187 

300 6 11 54 195 

350 6 12 59 211 

400 6 13 63 226 

450 7 14 67 239 

500 7 14 70 252 

 

The cycle times are the load/unload time, transition time and the fall/rise time (travel time 

between stations) summed up.  
 

Table 7. Cycle times 

 CYCLE TIME  

Station Load/unload  Vertical to  Fall/rise Total Total Cycles/minute 

separation  horizontal transitions     

[m] [s] [s] [s] [s] [min]  

100 10 4 6,4 20 0,34 2,9 

120 10 4 7,0 21 0,35 2,9 

140 10 4 7,6 22 0,36 2,8 

160 10 4 8,1 22 0,37 2,7 

180 10 4 8,6 23 0,38 2,7 

200 10 4 9,0 23 0,38 2,6 

225 10 4 9,6 24 0,39 2,5 

250 10 4 10,1 24 0,40 2,5 

275 10 4 10,6 25 0,41 2,4 

300 10 4 11,1 25 0,42 2,4 

350 10 4 11,9 26 0,43 2,3 

400 10 4 12,8 27 0,45 2,2 

450 10 4 13,5 28 0,46 2,2 

500 10 4 14,3 28 0,47 2,1 

 

The passenger flow rate is based on 40 passengers per car. The number of cycles/minute times 

the number of passengers in each train gives the passenger flow per minute.  
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Table 8. Passenger flow rate 

PASSENGER FLOW RATE AT BOTTSOM OF BUILDING  [occupants/minute] 

Station separation No. of cars 

 [m] 1 2 3 4 

100 118 235 353 471 

120 114 229 343 457 

140 111 223 334 445 

160 109 217 326 435 

180 106 213 319 425 

200 104 208 313 417 

 

The time to travel from the top of the building depending on building height is denoted lag 

time. It is this time it takes until the passenger flow is reached. 
 

Table 9. Travel time from top of the building to bottom 

ADDITIONAL LAG TIME 

Vertical distance between stations 

100m  120m  140m 

Building Height Time Building Height Time Building Height Time 

[m] [s] [m] [s] [m] [s] 

100 22 120 23 140 24 

200 45 240 46 280 47 

300 67 360 69 420 71 

400 90 480 92 560 94 

500 112 600 115 700 118 

600 134 720 138 840 141 

700 157 840 161 980 165 

800 179 960 184 -   - 

900 201 -  -   -  - 

 

ADDITIONAL LAG TIME 

Vertical distance between stations 

160m 180m 200m 

Building Height Time Building Height Time Building Height Time 

[m] [s] [m] [s] [m] [s] 

160 24 180 25 200 25 

320 48 360 49 400 50 

480 72 540 74 600 75 

640 96 720 98 800 100 

800 120 900 123 1000 125 

960 144 -  -   -  - 
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Table 10. Additional lag time from the top of buildings for 100m station separation 

ADDITIONAL LAG TIME  AT 100m STATION SEPARATION 

Building height  Lag time Lag time 

[m] [s] [minutes] 

900 22 0,4 

800 45 0,8 

700 67 1,1 

600 90 1,5 

500 112 1,9 

400 134 2,2 

300 157 2,6 

200 179 3,0 

100 201 3,4 
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Appendix C. Conventional elevators 

The time for evacuees to enter and exit an elevator plus the transfer time of one trip times two 

gives the total time of one round trip. The number of passengers per elevator is assumed to be 

20. This gives the flow (passengers/minute). 

 

Table 11. The time for passengers to enter and exit the conventional elevator 

TIME FOR EVACUEES TO ENTER AND EXIT THE ELEVATOR 

Pelevator 20 

Nelv 1,5 

Welv 1,6 

Top 6 

Tcl 6,0 

Te 20,3 

 
Table 12. The transfer time of one trip by conventional elevator 

TRANSFER TIME OF ONE TRIP [s] 

  Assembly Office LF Office UF 

i 1 2 3 

j 0 0 0 

hf 3,7 3,7 3,7 

Hij 3,7 7,4 11,1 

Velv 7 7 7 

α  1,2 1,2 1,2 

t 6,4 6,9 7,4 

Office LF: Lower office floor 

Office UF: Upper office floor 

 

Table 13. Flow of conventional elevators depending on building height 

Evacuating floors Time of one round trip Flow 

Height [m] Floor [min] [passengers/minute] 

900 243 2,7 7,5 

800 216 2,5 8,2 

700 189 2,2 8,9 

600 162 2,0 9,8 

500 135 1,8 11,0 

400 108 1,6 12,4 

300 81 1,4 14,2 

200 54 2,0 16,7 

100 27 1,0 20,2 
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Appendix D. Staircases 

After designing new exit routes according to NFPA the time for one person to evacuate by 

stairs to the Articulated Funiculator station is the. It also tells what minute the flow of 

occupants arriving into the station starts and therefore the time until the flow of the Articulated 

Funiculator starts.  

The time to evacuate by the assembly main staircase and the assembly staircases gives the flow 

of occupants into the station per minute; this is used when calculating the total number of 

occupants at the station depending on time, table 23-26. 
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Table 14. Staircase evacuation times 

STAIRCASE EVACUATION TIME 

 
Occupants/floor and 

exit Floors Width Walking time Flow Egress time Egress time Flow 

 N n W ts Fs tcong tcong f 

Occupancy class [#]  [m] [s] [occupancy/m/s] [s] [min] [Occupant/min] 

Office UF 1 3 1,12 30 1 33 0,54 1,8 

Office LF 1 2 1,12 30 1 32 0,53 1,9 

Office UF 72 3 1,12 30 1 223 3,71 19,4 

Office LF 72 2 1,12 30 1 159 2,64 27,2 

Assembly Main Stairs 1 1 7,95 30 1 30 0,50 2,0 

Assembly Main Stairs 1400 1 7,95 30 1 206 3,43 407,6 

Assembly Stairs 350 1 2,23 30 1 187 3,12 112,2 

Assembly Stairs 340 1 2,17 30 1 186 3,11 109,4 

Assembly Stairs 330 1 2,12 30 1 186 3,10 106,6 

Assembly Stairs 320 1 2,06 30 1 185 3,08 103,8 

Assembly Stairs 310 1 2,01 30 1 184 3,07 101,0 

Assembly Stairs 300 1 1,96 30 1 183 3,06 98,1 

Assembly Stairs 290 1 1,90 30 1 183 3,04 95,3 

Assembly Stairs 280 1 1,85 30 1 182 3,03 92,5 

Assembly Stairs 270 1 1,79 30 1 181 3,01 89,7 

Assembly Stairs 260 1 1,74 30 1 180 2,99 86,8 

Assembly Stairs 250 1 1,68 30 1 179 2,98 84,0 

Assembly Stairs 240 1 1,63 30 1 177 2,96 81,2 

Assembly Stairs 230 1 1,57 30 1 176 2,94 78,4 

Assembly Stairs 220 1 1,52 30 1 175 2,91 75,5 

Assembly Stairs 210 1 1,46 30 1 173 2,89 72,7 

Assembly Stairs 200 1 1,41 30 1 172 2,86 69,9 

Assembly Stairs 190 1 1,36 30 1 170 2,84 67,0 

   (Eq.4)      
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Appendix E. Time of evacuation with conventional 

elevators and staircases at phased evacuation 

The times of evacuation by staircases are compared to the times of evacuation by conventional 

elevators from 1-25 floors by iteration. Several calculations of evacuation by staircase and 

conventional elevators are performed previously and the time of these are compared to get the 

time of a simultaneous evacuation of 1-5 staircases combined with 5-1 conventional elevators 

respectively. This also gives the number of occupants evacuating by each exit route. 

The evacuation time by conventional elevators are calculated according to equation 8 and 9 in 

“Conventional elevator evacuation time”. 

The evacuation time by staircases are calculated according to equation 5 and 6 in “staircase 

evacuation time”.
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Table 15. Evacuation time for conventional elevators 

CONVENTIONAL ELEVATORS 

No. of 

floors Flow [Occupants/min] Evacuation time[min] 

25 21 4,9 7,3 12,2 17,6 18,5 19,0 19,5 22,9 24,9 26,3 26,8 29,3 36,6 40,0 42,4 

20 23 4,4 6,6 11,1 15,9 16,8 17,3 17,7 20,8 22,6 23,9 24,3 26,5 33,2 36,3 38,5 

15 25 4,0 6,0 10,0 14,3 15,1 15,5 15,9 18,7 20,3 21,5 21,9 23,9 29,9 32,7 34,7 

10 28 3,5 5,3 8,9 12,8 13,5 13,8 14,2 16,7 18,1 19,1 19,5 21,3 26,6 29,1 30,9 

5 32 3,1 4,7 7,8 11,3 11,9 12,2 12,5 14,7 15,9 16,9 17,2 18,8 23,4 25,6 27,2 

1 36 2,8 4,2 6,9 10,0 10,6 10,8 11,1 13,1 14,2 15,0 15,3 16,7 20,8 22,8 24,2 

 No. of elevators No. of occupants evacuated 

 1 100 150 250 360 380 390 400 470 510 540 550 600 750 820 870 

 3 300 450 750 1080 1140 1170 1200 1410 1530 1620 1650 1800 2250 2460 2610 

 5 500 750 1250 1800 1900 1950 2000 2350 2550 2700 2750 3000 3750 4100 4350 

 

Table 16. Evacuation time for staircases 

STAIRCASE 

No. of floors Evacuation time [min] 

25 20,2 27,4 29,2 31,0 32,9 34,7 41,9 43,7 45,5 49,2 54,6 58,2 61,8 72,7 99,9 145,2 

20 16,2 22,0 23,4 24,9 26,3 27,8 33,6 35,0 36,5 39,4 43,7 46,6 49,5 58,2 80,0 116,2 

15 12,2 16,6 17,6 18,7 19,8 20,9 25,3 26,3 27,4 29,6 32,9 35,0 37,2 43,7 60,0 87,2 

10 8,2 11,1 11,8 12,6 13,3 14,0 16,9 17,6 18,4 19,8 22,0 23,4 24,9 29,2 40,1 58,2 

5 4,2 5,7 6,0 6,4 6,8 7,1 8,6 8,9 9,3 10,0 11,1 11,8 12,6 14,7 20,2 29,2 

1 1,0 1,3 1,4 1,5 1,6 1,6 1,9 2,0 2,1 2,2 2,4 2,6 2,7 3,1 4,2 6,0 

No. of staircases No. of occupants evacuated 

1 110 150 160 170 180 190 230 240 250 270 300 320 340 400 550 800 

3 330 450 480 510 540 570 690 720 750 810 900 960 1020 1200 1650 2400 

5 550 750 800 850 900 950 1150 1200 1250 1350 1500 1600 1700 2000 2750 4000 
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The results from the iteration with the differences in time: 

 
Table 17. Time for phased evacuation to the Articulated Funiculator station 

TIMES OF EVACUATION FROM ASSEMBLY TO ARTICULATED FUNICULATOR STATION 

[minutes] 1 elevator 5 staircases 3 elevators 3 staircases 5 elevators 1 staircase 

Floors Elevator Staircase Diff Elevator Staircase Diff Elevator Staircase Diff 

25 42,4 43,7 -1,3 26,8 27,4 -0,6 19,5 20,2 -0,7 

20 36,3 36,5 -0,2 23,9 23,4 0,5 17,7 16,2 1,5 

15 29,9 29,6 0,3 20,3 20,9 -0,6 15,5 16,6 -1,0 

10 21,3 22,0 -0,7 16,7 16,9 -0,3 13,8 13,3 0,5 

5 12,5 12,6 -0,1 11,9 11,8 0,0 11,3 11,1 0,1 

1 2,8 3,1 -0,4 4,2 4,2 -0,1 6,9 6,0 0,9 

 

The average time of evacuation by staircases and elevators: 

 
Table 18. Time for phased evacuation to the Articulated Funiculator station 

TIMES OF EVACUATION FROM ASSEMBLY TO ARTICULATED FUNICULATOR STATION [minutes] 

Floors 1 elevator 5 staircases 3 elevators 3 staircases 5 elevators 1 staircase 

25 43,1 27,1 19,8 

20 36,4 23,7 16,9 

15 29,7 20,6 16,0 

10 21,6 16,8 13,6 

5 12,5 11,9 11,2 

1 3,0 4,2 6,5 

 

The results of people per exit from the iteration:  

 
Table 19. Number of people per exit at different floor levels 

NUMBER OF PEOPLE PER EXIT 

  1 elevator 5 staircases 3 elevators 3 staircases 5 elevators 1 staircase 

Floors Elevator Staircase Elevator Staircase Per Elevator Staircase 

25 870 240 550 150 400 110 

20 820 250 540 160 400 110 

15 750 270 510 190 234 150 

10 600 300 470 230 390 180 

5 400 340 380 320 360 300 

1 100 400 150 550 300 800 
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Table 20. Amount of occupants per exit in percental 

PEOPLE PER EXIT 

  1 elevator 5 staircases 3 elevators 3 staircases 5 elevators 1 staircase 

Floors Elevator Staircase Elevator Staircase Per Elevator Staircase 

25 41% 57% 79% 21% 95% 5% 

20 39% 60% 77% 23% 95% 5% 

15 36% 64% 73% 27% 56% 7% 

10 29% 71% 67% 33% 93% 9% 

5 19% 81% 54% 46% 86% 14% 

1 5% 95% 21% 79% 71% 38% 

 

After designing new exit routes according to NFPA the new evacuation times are as follows: 

 
Table 21. Evacuation times 

EGRESS TIME CONVENTIONAL ELEVATOR EGRESS TIME STAIRCASES 

Flow Occupants Evacuation time Flow Occupants/exit Evacuation time 

 [Occupants/min]   [min]  [Occupants/min]    [min] 

36,3 20 0,55 112,2 350 3,12 

 40 1,10 109,4 340 3,11 

 60 1,65 106,6 330 3,10 

 80 2,20 103,8 320 3,08 

 100 2,75 101,0 310 3,07 

 120 3,31 98,1 300 3,06 

 140 3,86 95,3 290 3,04 

 160 4,41 92,5 280 3,03 

 180 4,96 89,7 270 3,01 

 200 5,51 86,8 260 2,99 

 220 6,06 84,0 250 2,98 

 240 6,61 81,2 240 2,96 

 260 7,16 78,4 230 2,94 

 280 7,71 75,5 220 2,91 

 300 8,26 72,7 210 2,89 

 320 8,82 69,9 200 2,86 

 340 9,37 67,0 190 2,84 

 

Table 22. Egress time for the main staircase 

EGRESS TIME  MAIN STAIRCASE 

Flow Occupants Evacuation time 

 [Occupants/min]    [min] 

407,6 1400 3,43 
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The arriving flow of occupants per minute (Table 15 and 16) gives the following total number 

of occupants at the station per minute: 

Table 23. Total number of occupants at the station with one Articulated Funiculator car 

1 car 

Minute Existing no. Arriving Departing Total no. of  

 of occupants Assembly Office LF Office UF AF occupants at station 

1 0 640 0 0 118 522 

2 522 640 0 0 118 1044 

3 1044 690 0 0 118 1616 

4 1616 93 54 39 118 1685 

5 1685 0 54 39 118 1660 

6 1660 0 35 39 118 1616 

7 1616 0 0 28 118 1526 

8 1526 0 0 0 118 1408 

9 1408 0 0 0 118 1290 

10 1290 0 0 0 118 1172 

11 1172 0 0 0 118 1054 

12 1054 0 0 0 118 936 

13 936 0 0 0 118 818 

14 818 0 0 0 118 700 

15 700 0 0 0 118 582 

16 582 0 0 0 118 464 

17 464 0 0 0 118 346 

18 346 0 0 0 118 228 

19 228 0 0 0 118 110 

20 110 0 0 0 118 -8 

 Total no. of occupants 2063 144 144   
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Table 24. Total number of occupants at the station with two Articulated Funiculator cars 

2 cars 

Minute Existing no. Arriving Departing Total no. of  

 of occupants Assembly Office LF Office UF AF occupants at station 

1 0 640 0 0 235 405 

2 405 640 0 0 235 810 

3 810 690 0 0 235 1265 

4 1265 93 54 39 235 1217 

5 1217 0 54 39 235 1075 

6 1075 0 35 39 235 914 

7 914 0 0 28 235 707 

8 707 0 0 0 235 472 

9 472 0 0 0 235 237 

10 237 0 0 0 235 2 

11 2 0 0 0 235 -233 

 
Total no. of 

occupants 2063 144 144   

 

Table 25. Total number of occupants at the station with three Articulated Funiculator cars 

3 cars 

Minute Existing no. Arriving Departing Total no. of  

 of occupants Assembly Office LF Office UF AF occupants at station 

1 0 640 0 0 353 287 

2 287 640 0 0 353 574 

3 574 690 0 0 353 911 

4 911 93 54 39 353 745 

5 745 0 54 39 353 485 

6 485 0 35 39 353 206 

7 206 0 0 28 353 -119 

 Total no. of occupants 2063 144 144   
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Table 26. Total number of occupants at the station with four Articulated Funiculator cars 

4 cars 

Minute Existing no. Arriving Departing Total no. of  

 of occupants Assembly Office LF Office UF AF occupants at station 

1 0 640 0 0 471 169 

2 169 640 0 0 471 338 

3 338 690 0 0 471 557 

4 557 93 54 39 471 273 

5 273 0 54 39 471 -105 

6 -105 0 35 39 471 -502 

7 -502 0 0 28 471 -945 

 Total no. of occupants 2063 144 144   

 

The total time of evaluation from the assembly and two office floors is the time for occupants to 

travel to the Articulated Funiculator station, the waiting time plus the lag time. 

  

The time for the first occupants to arrive at the Articulated Funiculator station is the time until 

the flow of the Articulated Funiculator commences. The waiting time is the time it takes for the 

Articulated Funiculator to empty the station and the travel time from the Articulated 

Funiculator to the exit floor is the total travel time for all occupants. The travel times for 

occupants are excluded as it is simultaneous with the waiting time and the waiting time is 

longer. 
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Table 27 Total time of evacuation with 100 m station separation 

TOTAL TIME OF EVACUATION -100m STATION SEPARATION [minutes] 

First person from evacuating floors  
0,5 

to Articulated Funiculator station 

Number of cars 1 car 2 cars 3 cars 4 cars 

Waiting time 21 11 7 5 

AF station to exit 19,9 10,0 6,7 5,0 

Building height Lag time 
AF station to exit + Lag time 

[m] [minutes] 

900 3,4 24,9 14,9 24,9 8,9 

800 3,0 24,5 14,5 24,5 8,5 

700 2,6 24,1 14,1 24,1 8,1 

600 2,2 23,7 13,7 23,7 7,7 

500 1,9 23,4 13,4 23,4 7,4 

400 1,5 23,0 13,0 23,0 7,0 

300 1,1 22,6 12,6 22,6 6,6 

200 0,8 22,3 12,3 22,3 6,3 

100 0,4 21,9 11,9 21,9 5,9 
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Appendix F. Time of total evacuation of Articulated 

Funiculator building 

The time of a total evacuation of the Articulated Funiculator building are calculated as follows: 

Table 28. Time of total evacuation of Articluated Funiculator building 

Building 

height No. Of stations        

[m] 100m station separation Sections No. Of floors Total occupants Occupants/station 

900 10 19 225 32400 1705 

800 9 17 200 28800 1694 

700 8 15 175 25200 1680 

600 7 13 150 21600 1662 

500 6 11 125 18000 1636 

400 5 9 100 14400 1600 

300 4 7 75 10800 1543 

200 3 5 50 7200 1440 

100 2 3 25 3600 1200 

    
Building 

hieght/4 

Floors*144 

(office) total occupants/Sections 

 

Travel time for each station[minutes] Total travel time for stations [minutes] 

1 2 3 4 1 2 3 4 

14,5 7,3 4,8 3,6 130,1 65,3 43,5 32,6 

14,4 7,2 4,8 3,6 114,9 57,7 38,4 28,8 

14,2 7,1 4,8 3,6 99,7 50,0 33,3 25,0 

14,1 7,1 4,7 3,5 84,5 42,4 28,2 21,2 

13,9 7,0 4,6 3,5 69,3 34,8 23,2 17,4 

13,6 6,8 4,5 3,4 54,2 27,2 18,1 13,6 

13,1 6,6 4,4 3,3 39,2 19,7 13,1 9,8 

12,2 6,1 4,1 3,1 24,4 12,3 8,2 6,1 

10,2 5,1 3,4 2,5 10,2 5,1 3,4 2,5 

(Occupants/station)/passenger flow rate Travel time for each station*No. Of stations 
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Lag time Total evacuation time [minutes] 

[minutes] 
1 2 3 4 

3,4 133 69 47 36 

3,0 118 61 41 32 

2,6 102 53 36 28 

2,2 87 45 30 23 

1,9 71 37 25 19 

1,5 56 29 20 15 

1,1 40 21 14 11 

0,8 25 13 9 7 

0,4 11 5 4 3 

 Total travel time for stations+Lag time 
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Appendix G. The comparison building 

Phased evacuation with one assembly and two office floors 

Based on 5 elevators the evacuation time is as follows for different building heights for 

assemblys, see Table 29. The Table 29 is based on the sum of Table 30 and Table 31. 

 
Table 29. Evacuation time for phased evacuation with five conventional elevators 

Assembly at Based on 5 elevators 

Height [m] Floor Evacuation time [min] 

900 243 62.5 

800 216 57.6 

700 189 52.7 

600 162 47.0 

500 135 42.9 

400 108 37.9 

300 81 33.1 

200 54 28.2 

100 27 23.3 

 

Based on 5 elevators the total evacuation time is as follows for different building heights for 

office, see Table 30. 

Table 30. Evacuation time for the assembly in the top with five conventional elevators 

Assembly at 

Evacuation time/ 

20 occupants Flow Evacuation time 5 elevators 

Height [m] Floor [min] [Occupants/minute] [min] 

900 243 2.7 7.5 54.8 

800 216 2.5 8.2 50.5  

700 189 2.2 8.9 46.3 

600 162 2.0 9.8 41.9 

500 135 1.8 11.0 37.7 

400 108 1.6 12.4 33.3 

300 81 1.4 14.2 29.0 

200 54 2.0 16.7 24.8 

100 27 1.0 20.2 20.5 

 

 

Based on 5 elevators the total evacuation time is as follows for different building heights, 1 and 

2 floors below the assembly, for the offices, see Table 31. 
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Table 31. Evacuation time for the two office floors below the assembly with five conventional 

elevators 

    Evacuation time 

Office at Evacuation time/ 20 occupants Flow 5 elevators 

Height[m]  Floor [min] [Occupants/minute] [min] 

896 242 2.7 7.6 3.8 

892 241 2.6 7.6 3.8 

796 215 2.4 8.2 3.5 

792 214 2.4 8.2 3.5 

696 188 2.2 9.0 3.2 

692 187 2.2 9.0 3.2 

596 161 2.0 9.9 2.9 

592 160 2.0 9.9 2.9 

496 134 1.8 11.0 2.6 

492 133 1.8 11.1 2.6 

396 107 1.6 12.4 2.3 

392 106 1.6 12.5 2.3 

296 80 1.4 14.0 2.1 

292 79 1.4 14.4 2.0 

196 53 1.2 16.8 1.7 

192 52 1.2 16.9 1.7 

96 26 1.0 20.3 1.4 

92 25 1.0 20.4 1.4 

 

The capacity of conventional elevators 

The capacity of conventional elevators compared with the total evacuation time for the 

Articulated Funiculator. 

 
Table 32. Number of conventional elevators 

Assembly at 1 AF car 2 AF cars 

Height [m] Floor 
Evacuation time 

[min] 
Number of elevators 

Evacuation time 

[min] 

Number of 

elevators 

900 243 24,4 13 13,4 23 

800 216 23,9 12 12,9 23 

700 189 23,6 11 12,6 22 

600 162 23,2 10 12,2 20 

500 135 22,9 10 11,9 18 

400 108 22,5 9 11,5 17 

300 81 22,1 8 11,1 15 

200 54 21,5 7 10,5 13 

100 27 21,2 6 10,2 11 
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Phased evacuation time with three office floors 

Evacuation time with phased evacuation and three office floors in the top of the building with 

two conventional elevators. Table 33 is the sum of the three office floors in Table 34 and Table 

35. 

 
Table 33. Evacuation time for phased evacuation with two conventional elevators 

Top office at Based on 2 elevators 

height floor Evacuation time 

[m]   [min] 

900 243 28,6 

800 216 26,4 

700 189 24,1 

600 162 21,9 

500 135 19,6 

400 108 17,5 

300 81 15,3 

200 54 12,9 

100 27 10,6 

 
Based on two elevators the total evacuation time is as follows for different building heights for 

office, see Table 34. 

Table 34. Evacuation time for the office in the top with two conventional elevators 

Top office at Evacuation time/ 20 occupants Flow Evacuation time 

height [m] floor [min] [Occupants/minute] [min] 

900 243 2,7 7,5 3,8 

800 216 2,5 8,2 3,5 

700 189 2,2 8,9 3,2 

600 162 2,0 9,8 2,9 

500 135 1,8 11,0 2,6 

400 108 1,6 12,4 2,3 

300 81 1,4 14,2 2,0 

200 54 2,0 16,7 1,7 

100 27 1,0 20,2 1,4 

 
Based on two elevators the total evacuation time is as follows for different building heights, one 

and two floors below the top office, see Table 35. 
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Table 35. Evacuation time for the two office floors below the top office floor with two conventional 

elevators 

Office at Evacuation time/ 20 occupants Flow Evacuation time 

Height [m] floor [min] [Occupants/minute] [min] 

896 242 2,6 7,6 3,8 

892 241 2,6 7,6 3,8 

796 215 2,4 8,2 3,5 

792 214 2,4 8,2 3,5 

69 188 2,2 9,0 3,2 

692 187 2,2 9,0 3,2 

596 161 2,0 9,9 2,9 

592 160 2,0 9,9 2,9 

496 134 1,8 11,0 2,6 

492 133 1,8 11,1 2,6 

396 107 1,6 12,4 2,3 

392 106 1,6 12,5 2,3 

296 80 1,4 13,9 2,1 

292 79 1,4 14,4 2,0 

196 53 1,2 16,8 1,7 

192 52 1,2 16,9 1,7 

96 26 1,0 20,3 1,4 

92 25 1,0 20,3 1,4 

 
Evacuation time with phased evacuation and three office floors in the top of the building with 

three conventional elevators. Table 36 is the sum of the three office floors in Table 37 and 

Table 38. 

 
Table 36. Evacuation time for phased evacuation with three conventional elevators 

Top office at Based on 3 elevators 

height floor Evacuation time 

[m]   [min] 

900 243 19,1 

800 216 17,6 

700 189 16,1 

600 162 14,6 

500 135 13,1 

400 108 11,6 

300 81 10,2 

200 54 8,6 

100 27 7,1 
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Based on three elevators the total evacuation time is as follows for different building heights for 

office, see Table 37. 

Table 37. Evacuation time for the office in the top with three conventional elevators 

Office at Evacuation time/ 20 occupants Flow Evacuation time 

height [m] floor [min] [Occupants/minute] [min] 

900 243 2,7 7,5 6,38 

800 216 2,5 8,2 5,88 

700 189 2,2 8,9 5,38 

600 162 2,0 9,8 4,88 

500 135 1,8 10,9 4,38 

400 108 1,6 12,4 3,88 

300 81 1,4 14,2 3,38 

200 54 2,0 16,7 2,88 

100 27 1,0 20,2 2,38 

 

Based on three elevators the total evacuation time is as follows for different building heights, 

one and two floors below the top office, see Table 38. 

 

Table 38. Evacuation time for the two office floors below the top office floor with three 

conventional elevators 

Office at Evacuation time/ 20 occupants Flow Evacuation time 

Height [m] floor [min] [Occupants/minute] [min] 

896 242 2,7 7,6 6,4 

892 241 2,6 7,6 6,3 

796 215 2,4 8,2 5,86 

792 214 2,4 8,2 5,85 

696 188 2,2 9,0 5,36 

692 187 2,2 9,0 5,34 

596 161 2,0 9,9 4,86 

592 160 2,0 9,9 4,84 

496 134 1,8 11,0 4,36 

492 133 1,8 11,1 4,34 

396 107 1,6 12,4 3,86 

392 106 1,6 12,5 3,84 

296 80 1,4 13,9 3,45 

292 79 1,4 14,4 3,34 

196 53 1,2 16,8 2,86 

192 52 1,2 16,9 2,84 

96 26 1,0 20,3 2,36 

92 25 1,0 20,3 2,36 
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Evacuation time with phased evacuation and three office floors in the top of the building with 

four conventional elevators. Table 39 is the sum of the three office floors in Table 40 and Table 

41. 

 
Table 39. Evacuation time for phased evacuation with four conventional elevators 

Top office at Based on 4 elevators 

height floor Evacuation time 

[m]   [min] 

900 243 14,3 

800 216 13,2 

700 189 12,1 

600 162 10,9 

500 135 9,8 

400 108 8,7 

300 81 7,6 

200 54 6,4 

100 27 5,3 

 

Based on four elevators the total evacuation time is as follows for different building heights for 

office, see Table 40. 

Table 40. Evacuation time for the office in the top with four conventional elevators 

Office at Evacuation time/ 20 occupants Flow Evacuation time 

height [m] floor [min] [Occupants/minute] [min] 

900 243 2,7 7,5 4,79 

800 216 2,5 8,2 4,41 

700 189 2,2 8,9 4,03 

600 162 2,0 9,8 3,66 

500 135 1,8 10,9 3,28 

400 108 1,6 12,4 2,91 

300 81 1,4 14,2 2,53 

200 54 2,0 16,7 2,16 

100 27 1,0 20,2 1,78 

 

Based on four elevators the total evacuation time is as follows for different building heights, 

one and two floors below the top office, see Table 41. 
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Table 41. Evacuation time for the two office floors below the top office floor with four 

conventional elevators 

Office at Evacuation time/ 20 occupants Flow Evacuation time 

Height [m] floor [min] [Occupants/minute] [min] 

896 242 2,7 7,5 4,77 

892 241 2,6 7,6 4,75 

796 215 2,4 8,2 4,39 

792 214 2,4 8,2 4,39 

696 188 2,2 9,0 4,02 

692 187 2,2 9,0 4,00 

596 161 2,0 9,9 3,64 

592 160 2,0 9,9 3,63 

496 134 1,8 11,0 3,27 

492 133 1,8 11,1 3,26 

396 107 1,6 12,4 2,89 

392 106 1,6 12,5 2,88 

296 80 1,4 13,9 2,59 

292 79 1,4 14,4 2,51 

196 53 1,2 16,8 2,15 

192 52 1,2 16,9 2,13 

96 26 1,0  20,3 1,77 

92 25 1,0 20,3 1,77 

 

Evacuation time with phased evacuation and three office floors in the top of the building with 

five conventional elevators. Table 39 is the sum of the three office floors in Table 43 and Table 

44  

 
Table 42. Evacuation time for phased evacuation with five conventional elevators 

Top office at Based on 5 elevators 

height floor Evacuation time 

[m]   [min] 

900 243 11,4 

800 216 10,6 

700 189 9,6 

600 162 8,7 

500 135 7,8 

400 108 6,9 

300 81 6,1 

200 54 5,1 

100 27 4,2 
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Based on five elevators the total evacuation time is as follows for different building heights for 

office, see Table 43. 

Table 43. Evacuation time for the office in the top with five conventional elevators 

assembly at Evacuation time/ 20 occupants Flow Evacuation time 

height [m] floor [min] [Occupants/minute] [min] 

900 243 2,7 7,5 3,8 

800 216 2,5 8,2 3,5 

700 189 2,2 8,9 3,2 

600 162 2,0 9,8 2,9 

500 135 1,8 11,0 2,6 

400 108 1,6 12,4 2,3 

300 81 1,4 14,2 2,0 

200 54 2,0 16,7 1,7 

100 27 1,0 20,2 1,4 

 

Based on five elevators the total evacuation time is as follows for different building heights, one 

and two floors below the top office, see Table 44. 

 

Table 44. Evacuation time for the two office floors below the top office floor with five conventional 

elevators 

Office at Evacuation time/ 20 occupants Flow Evacuation time 

Height [m] floor [min] [Occupants/minute] [min] 

896 242 2,6 7,6 3,8 

892 241 2,6 7,6 3,8 

796 215 2,4 8,2 3,5 

792 214 2,4 8,2 3,5 

696 188 2,2 9,0 3,2 

692 187 2,2 9,0 3,2 

596 161 2,0 9,9 2,9 

592 160 2,0 9,9 2,9 

496 134 1,8 11,0 2,6 

492 133 1,8 11,1 2,6 

396 107 1,6 12,4 2,3 

392 106 1,6 12,5 2,3 

296 80 1,4 13,9 2,1 

292 79 1,4 14,4 2,0 

196 53 1,2 16,8 1,7 

192 52 1,2 16,9 1,7 

96 26 1,0 20,3 1,4 

92 25 1,0 20,3 1,4 
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Appendix H. Units 

The trains consist of between one to four cars and there is one train per station so that when the 

system stops there is one train at each station. The number of stations depends on the building 

height and the vertical distance between stations (station separation). Intermediate the 

Articulated Funiculator stations are a number of conventional elevators. This number is also 

depending on the vertical distance between the Articulated Funiculator stations, table 1. 

According to these facts the numbers of units are calculated: 
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1 car per train 

 
Table 45. Total number of units, 1 car per train 

100m station separation  120m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

100 2 6 8  120 2 7 9 

200 4 12 16  240 4 14 18 

300 6 18 24  360 6 21 27 

400 8 24 32  480 8 28 36 

500 10 30 40  600 10 35 45 

600 12 36 48  720 12 42 54 

700 14 42 56  840 14 49 63 

800 16 48 64  960 16 56 72 

900 18 54 72  1080 18 63 81 

1000 20 60 80  1200 20 70 90 

1100 22 66 88      

1200 24 72 96      

         

140m station separation  160m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

140 2 8 10  160 2 10 12 

280 4 16 20  320 4 20 24 

420 6 24 30  480 6 30 36 

560 8 32 40  640 8 40 48 

700 10 40 50  800 10 50 60 

840 12 48 60  960 12 60 72 

980 14 56 70  1120 14 70 84 

1120 16 64 80  1280 16 80 96 

1260 18 72 90      

         

180m station separation  200m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

180 2 12 14  200 2 14 16 

360 4 24 28  400 4 28 32 

540 6 36 42  600 6 42 48 

720 8 48 56  800 8 56 64 

900 10 60 70  1000 10 70 80 

1080 12 72 84  1200 12 84 96 

1260 14 84 98      

         

AF: Articulated Funiculator     

CE: Conventional Elevators      
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2 cars per train 

 
Table 46. Total number of units, 2 cars per train 

100m station separation  120m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

100 4 6 10  120 4 7 11 

200 8 12 20  240 8 14 22 

300 12 18 30  360 12 21 33 

400 16 24 40  480 16 28 44 

500 20 30 50  600 20 35 55 

600 24 36 60  720 24 42 66 

700 28 42 70  840 28 49 77 

800 32 48 80  960 32 56 88 

900 36 54 90  1080 36 63 99 

1000 40 60 100  1200 40 70 110 

1100 44 66 110      

1200 48 72 120      

         

140m station separation  160m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

140 4 8 12  160 4 10 14 

280 8 16 24  320 8 20 28 

420 12 24 36  480 12 30 42 

560 16 32 48  640 16 40 56 

700 20 40 60  800 20 50 70 

840 24 48 72  960 24 60 84 

980 28 56 84  1120 28 70 98 

1120 32 64 96  1280 32 80 112 

1260 36 72 108      

         

180m station separation  200m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

180 4 12 16  200 4 14 18 

360 8 24 32  400 8 28 36 

540 12 36 48  600 12 42 54 

720 16 48 64  800 16 56 72 

900 20 60 80  1000 20 70 90 

1080 24 72 96  1200 24 84 108 

1260 28 84 112      

         

AF: Articulated Funiculator        

CE: Conventional Elevators        
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3 cars per train 

 
Table 47. Total number of units, 3 cars per train 

 

100m station separation  120m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

100 6 6 12  120 6 7 13 

200 12 12 24  240 12 14 26 

300 18 18 36  360 18 21 39 

400 24 24 48  480 24 28 52 

500 30 30 60  600 30 35 65 

600 36 36 72  720 36 42 78 

700 42 42 84  840 42 49 91 

800 48 48 96  960 48 56 104 

900 54 54 108  1080 54 63 117 

1000 60 60 120  1200 60 70 130 

1100 66 66 132      

1200 72 72 144      

         

140m station separation  160m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

140 6 8 14  160 6 10 16 

280 12 16 28  320 12 20 32 

420 18 24 42  480 18 30 48 

560 24 32 56  640 24 40 64 

700 30 40 70  800 30 50 80 

840 36 48 84  960 36 60 96 

980 42 56 98  1120 42 70 112 

1120 48 64 112  1280 48 80 128 

1260 54 72 126      

         

180m station separation  200m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

180 6 12 18  200 6 14 20 

360 12 24 36  400 12 28 40 

540 18 36 54  600 18 42 60 

720 24 48 72  800 24 56 80 

900 30 60 90  1000 30 70 100 

1080 36 72 108  1200 36 84 120 

1260 42 84 126      

         

AF: Articulated Funiculator        

CE: Conventional Elevators        
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4 cars per train 

 
Table 48. Total number of units, 4 cars per train 

100m station separation  120m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

100 8 6 14  120 8 7 15 

200 16 12 28  240 16 14 30 

300 24 18 42  360 24 21 45 

400 32 24 56  480 32 28 60 

500 40 30 70  600 40 35 75 

600 48 36 84  720 48 42 90 

700 56 42 98  840 56 49 105 

800 64 48 112  960 64 56 120 

900 72 54 126  1080 72 63 135 

1000 80 60 140  1200 80 70 150 

1100 88 66 154      

1200 96 72 168      

         

140m station separation  160m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

140 8 8 16  160 8 10 18 

280 16 16 32  320 16 20 36 

420 24 24 48  480 24 30 54 

560 32 32 64  640 32 40 72 

700 40 40 80  800 40 50 90 

840 48 48 96  960 48 60 108 

980 56 56 112  1120 56 70 126 

1120 64 64 128  1280 64 80 144 

1260 72 72 144      

         

180m station separation  200m station separation 

Building height Number of units  Building height Number of units 

[m] AF CE Total   [m] AF CE Total  

180 8 12 20  200 8 14 22 

360 16 24 40  400 16 28 44 

540 24 36 60  600 24 42 66 

720 32 48 80  800 32 56 88 

900 40 60 100  1000 40 70 110 

1080 48 72 120  1200 48 84 132 

1260 56 84 140      

         

AF: Articulated Funiculator        

CE: Conventional Elevators        

 


