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Abstract

A model for simulation and calculation of energy consption and air pollutant

emissions fronrail traffic is developed, evaluated and described. Todeis

designed especially for sulating a sinplified transport pattern, which is divided in to
several elerants of an operationatrix. Each elerant is bounded by an interval related

to acceleration, and an interval related to speed. A transport pattern can be divided into
a conparative low nurber ofintervals related to speed, while it's necessary to apply
several nurbers of intervals related to acceleration in order to receive a realistic result.
A normal haulage can for instance be divided into tree or four intervals of speed, and
ten intervals related to acceleration. Thayrgive about 30 to 40 elaents.

This means that by application of theodel a nore sinple transport pattern can be

used instead dhe usual dén very detailed total transport patterns. This "block-
method” is sinple, nostly because a transport pattern divided into different intervals of
speed and acceleration can be constructazhreasier and without use of @asured
pattern of transport. In addition, it is possible tgbasize the tendencies and
relationships, which should be analyzed and calculated. Bdelrnan siralate both in
relation to tine spent (tine distribution), and to distances run (position distribution).
The approach can be applied to a varietgaaes, froman indivdual train to a national
average.

Given the speed and acceleration of a train, the operating resistance due to rolling
resistance, aerodynaoresistance, gradients and acceleration can be calculated from
basic principles. The energy conqutian and ernssions are then related to

fundanental technical parasters, which depend on the train type, easition. In
principle, the mdel can be applied to any type of train bydifying a few constants.

The basic eleent of the calculation is the detamation of the araunt of energy used

to move the train wagons themlves. The final energy consption is then

deternined by the drive train efficiency, which depends on the type of drive unit. The
standard regulated essions of CO, HC, NQ and particulate after are determed

from the fuel consumtion and fuel specifiemssions factors in the case of diesel
powered trains, or electrical energynsunption and national electrical energy
generation emssion factors for electric trains.

A calculation based on a noalnmeasured transport pattern usually haasared
speeds or distances recorded at intervals of one to ten seconds. The opetekon m
principle, however, is based on the percentage of each operati@nelamelation to
the total transport pattern, i.e., a statistical distribution of operating conditions. The
assumption is mede that the operation in individual elents is independent of




operation in any other eleant. That is, there is no historical effect, and the efds
may be analyzed in any order.

The nodel is designed for a transport pattern (transport distribution) selected by the
user. The radel is designed for evaluation of the drivingtnx because it provides a
comparison of the two ®thods of calculation. A series of tests were conducted to test
the principle, in which second-by-second calculations were pestofon a real

transport pattern and the results paned with results obtained by calculations based
on the load pattern for the transport in question.

The overall goal of the adel was that the calculated energy constions and —
emissions did not deviate are than about 20% fromxperinental values.

The nodel and the principles have been tested bypamison between the calculated
energy consuption and enssions for a series of selected transports on one side and
corresponding data for the satnansports calculated by DSB on the other. This has
been perforred for 13 transports with different goods and 19 transports with different
passenger trains.

For the passenger trains the deviations relative to the figures of DSB were on the
average 7-8%. The largest discrepancy is close to 15%, which is also satisfactory. For
the goods trains the average deviation ftbecalculated figures of DSB was 15%,

with single discrepancies of up to 25%. The fact that the deviations for the goods trains
are approxirately twice those for the passenger trairay ine due to that the

uncertainties with regard to data for@mt of goods and to resistance are considerably
larger for the goods trains. M¥reas the details of wagon content are known for the
passenger trains, this is not the case for the goods trains. Onlydbatahgoods, the

total weight of the wagons and the length of the train are known. Altogetheotied m

can, however, be considered to carry out the calculations satisfactorily.

Subsequently, the adel has been applied for analysis of several actual preblem
connected with transport by train and the relation of these to energy quisuand —
emissions. For evaluation of the transport euderistics of different types of trains, the
transport and the transport distribution for these trains (InterCity and "regional”
passenger trains and goods trains) have been analyzed.

First, the influence of the numer of stops on the energy congiimn and enssions

has been analyzed for a train. 8lations have been perfomah for three different types

of trains on the Coast Line betweersiBbre and Copenhagen H. A non-stop express
train consuras 50-56% less energy than a conventional "regional” train stopping at all
stations. Conformmg to this, a train at peak hours having atkah nunber of stops
consunes 20-36% less energy cpaned than the conventional "regional” train.




Second, the influence of the quality of the transport has been investigated, by
simulating two goods transports with MF train sets frGopenhagen H to Hgje
Taastrup. The first transport is without interruptions fi@qn signals or other trains.

The second is less steady, witbre pull-ups and subsequent accelerations during the
run. The unsteady transport used 40-608tenenergy than the are steady one. Thus,
signal stops, decreasing speed and poor capacity result in this case in an increase in
energy consuption of app. 50%.

Third, the influence of eximum speed has been investigated. @atons have been
carried out in and intercity train for three differerdximum speeds of 140, 160 and

180 kmih, between Copenhagen H and Korsgr. The pattern of transport is steady for all
maximum speeds, i.e., no significant speed changes or other patterns of interruption. A
decrease in speed frab80 to 140 kith results in a decrease in energy cornstion of
20-25%, and a decrease in speed fid@f to 160 kith gives a decrease in energy
consunption of 10-14%.

Fourth, the reduction in energy congutian through covering the wagons of an
ordinary freight train to becoahonogeneous has been calculated. On the average the
reduction is 2-6%, which ust considered low copared to the problesnof carrying

out the covering in an actual situation.

Further, a series of sitar simulations hae been carried out for different types of
trains and train transports. This includedh electric and diesel trains, ranging over
almost all kinds of train types (IC, IC¢ghtening, urban trains, freight trains etc.)
This has been done in order to provide a kind of statistic basis for energy ptinsum
and enmssions for different types of trains.




P 0 1] £ 1= U] PR I.........

I [0 Yo [T 1 [ o PO SR PPPPPUTPPRUPRPR 4.
P2 L | - TP S
2.1 Types of trains analyzZed...........cooiiiiiiiii e 5......
2.2 DesCription Of train tYPeS.......ccoiiiiiieeeeeiiireee e a e 6......
2.2.1 GOOUS trAINS:....ceeiiiiiiiiiiaaae e e e e e e e ettt e e e e e e e e e eeeeererennnn e eeeesd B........
2.2.2 PaSSENQEI traINS......cceeeeeiieeeeeeiiiieise e s e e e e e e e e e e e e e e e e a e e e e e e e aaaeeeeees 6.......
2.2.3 Inter@y and InterCity "Lightning'........ccoooirriiiiiiei e 6....
2.2.4 International train (EXPress train)......ccooovveeeeeeeeeeeeeeeiiccees e e e e e e e e 7...
2.2.4 ReQIONAI traIN......coiiiiiiieeiiieiei e e e e e e e e eeeaeaneees A
2.3.6 GOOUS TrAINS......uueiiiiiiiiiiiie ittt e e e e e e e e e r e e e e e e e e aeeeas 8.
2.3 Short description of type of @qUIBML.........covviiiiiiiiiiee e 9....
2.3.1 LOCOMOTIVES. .....uiiiiiiiiiiiieieeeeee ettt e e e e e e e e e e e e e e s s s e e e e e e e e e aeeaeas 9.
2.3.2 THAIN SBES. ittt e ettt et e e e e e e e e e e e e e e e eeeaeananaa 9........
2.3.3 PaSSENQEr WAGONS. ....uuiiiiinieeeiiaeteie e e et e e eaieeaeai e e e et e e eesneaeenaneeeenns 10.....
2.3.4 GOOUS WAGONS. ...iiie e eeeeee ettt e e e e e e e e e e e e e e e e e e ee b e e e e e e e e aaeaaas 10.....
3 Calculation of driving restance and energy CONSPIION .............ceeeeeieeeeeeeeeeeenne. 11
3.1 DIiVING MESISTANCE.....cceiiiiiiiiiiiiee e e e e ettt e e e e e e e e e e e eeeeebb s 11.....
3.2 The individual driving reSIiStanCes. ............uuuereiiiiieeee e 12...
3.3 ENErgy CONSUREION......cciiiiiiiiiiiiiiiiiee e e e e e e e e e e e e e e eeeettabtasaa s s e e e e e e e e e e e eeeeeeesnnnnns 13....
3.3.1 Conbustion engine effiCiIeNCY..........cuuuvuuiiiiiiiie e 14...
3.3.2 FUEI CONSUPTION ...ttt e e e e e 14.....
3.3.3 Units for energy CONSUMMON. ..........ccevveieriiiiiiiiieee e ee e e e e eeeeeeeeerenne 15
I 1 S15] (0] KPP 16.......
3.4.1 Calculations for @nbustion ENQINES...........cccovvviiviiiiiiiiiiiiiiiee e 16..
3.4.2 Enissions for electrical Operation..........coooeeeeeeeiiieiiieiiiiiiccee e 17..
4 Theoretical cons&tatons for driving patterns.............euvviiiiiiiii e 18.
5 Calculation of EQUIPIENt data............cuvuuiiiiiiiiieiieeeiieeeeeeeii e 22...
5.1 Traction EffiCIENCY ....uuiiiii i 22.....
o0t 0t R I = 1 S 1 & 15 [ PP PPR R 22.....
5.1.2 CONIIOIEL....cc e 24......
5.1.3 Track electrical SYSteIN..........cooeiiiiiiiiiiei e 25....
5.2 Energy EffiCIENCY.......ccooiiiieeeeee e 25.....
5.2.1 Calculation of efficiezies for diesel engines............ccceeeeeieiiiiiiiiiiiinnne. 25
5.2.5 Efficiency for electrical |oCOOtVE..............cccovvriiieiiiiiiciiie e, 21..
5.3 Calculation of Driving ReSISIANCE...........cuuuuuiiiiiiiiieeeeee e 28...
5.3.1 Calculation Of @....cccuuiiiiiiiiiii e 28.....
5.3.2 Calculation Of L. 29.....
(I, oTo L= I o T o1 o L= PSP 31l......
G R 1T a1 = | SRR 31.......
6.2 The Model IN PractiCe..........uueiiiiiiiiiiiiiiee e 34.....
6.3 Analysis of @ driving Pattern............coiiiiiiii e 37....
6.4 Operation with constant SPEed............ccoo ittt 38...
T IMOAEL .. 41........
7.1 CYClIE ANAIYSIS....coiiiiiieeeeieee ettt 41......
7.2 Energy Consuption and Enssons Model...........cooooeiiiiiiiiiiiccciceee e, 43.



R =T A0 ) 1 0o =] TR 44.......

G 00 R I PP 7 S
8.2 Conparison Of reSUItS.......ceuuviiiiiiiiie e 4D
ENergy CONSUIDKION..........covveieiiiieiise e e e e e e e e e e e eeeeeeeseeea s s e e e e e e e e aeeeeeeensnnnnnnns 49.....
[ 0 RSSO PTUUPRPPPRR 51.......
8.3 SUMMAY ...t e e et e e e e e e e e ea e e e eaa s 51.......
8.4 Evaluation of mmdel pararBters.............uuvuiiiiiiiiieeie e 58...
8.4.1 Evaluation of goods WeIghL.............cceiiiiiiieiieeei e h9...
8.4.2 Evaluation of the nupar of PasSENgerS........ooooveiiiiiiiiiiiii e 6Q.
8.4.3 Traction EffiCIENCY........ccciiiiiiieee et e e e 6L1....
8.4.4 GradiNtS......cce i 62......
8.4.5 WINA TINECHION. .....uuiiiiiiiiiiiiiiiiee et e e e e e e 64.....
8.4.6 Driving resSiStanCe Para@iBrsS............ccuuuvuuriiiiiiiieeeee e 65...
8.4.7 Sinulation with variationin the operating matrix size.............ccc.ccvvveee. 67
8.4.8 SPEEM.....euuiiiii i eeeeeenn ) 68.......
8.4.9 ACCEIEIALION ...ttt 68.....
9 SUMNANY Of MOEL......coiiiiiiiiiiee e L D
10 Idle operation SIgNIfICANCE...........cccviiieeeiiiciee e e e e 71....
10.1 R@4557. @sterport-Kalundborg.........ooovviiiiiiiiiiiiii e 71..
10.2 GP7523. GloStrup-FrederiCiaL..........uuuvuueiiiiiiee e 12...
10.3 RV5249. Aalborg-Frederikshavin............cccoooiiiiiiiiiiee, 72..
10,4 SUMIMBIY ..oeviiiiieee et e e et e e et e e e et e e e e e e e eaa e e eenas 13......
11 Analysis of driving diStriDULIONS.........cooiiiii s 74....
11.1 IC 545 Kgbenhavn-OdenSe. ..........ccuuuiiiiiiiiiiiiiiiieeee e 76....
11.2 RA4557 @sterport-Kalundborg .........eeiiiiiee e 79...
11.3 GP7513 GIOStrup-FrederiCia..........uuiiiiiiieeee e e e e e 82...
11.4 GST7499 GB-ATNUS......coiiveeeeeeee e 85.....
115 SUMPMBIY. oottt e e et e e e e e b r e e e e e e e e e eeeennnnnned a8......
12 Sinmulation of Operating Paraglers..............oovvvuiiviiiiiiiiiee e 89...
12.1 Analysis of NUMDET OF STOPS ...t 89...
12.1.1 Operating distributiQn...........cccooeeieiiiiiiice e 0....
12.1.2 ENErgy CONSUBIION. .....uueerieiiiiiiiiaeeeeaeaaaaaaa s e eeeeeeeaeeeaaeeeas 94....
12.2 Analysis of driving patterns.............oooveiiiiiiiiiiii e 95....
12.2.1 DriviNg PATEIMIS .. .cooiiiiiiiiiiie et 95.....
12.2.2 Energy CONSUDKION..........cceeeeeiriiiiiiiiieee e e e eeeeeeeeeeeeeeennnnne e e e e e eeeeaaaes 98....
12.3 Analysis Of rXimMuUM SPEEQL.......uuuuiiiiiiiiiiiiiiiee e 98...
12.3.1 Operation Profiles...........ouuuiiiiiiiiiee e 99....
12.3.2 ENergy CONSUDIION........cceeiiiiiiaiaiiiiiiitteieeee e e et e e ee e e e e e e e e e e e s eaannnes 102..
i YU [ 10 Y AP TOPT 103....
13 Trends for Energy CONSEIMMIN. .........uuurruurrrereiiieeeeeeeeaeeeeeeaaessssessssneeneneneens 104.
G T8 R T Lo T 30 = 1 o PP TP PR 107....
13.2 PaSSENQET TIAINS ...citiiiiiiiiiaeeeeeeee et e e e e e e e e e e e e e e e e e e e e e aaans 11Q...
14 Quantitéive Desciption of Operation............cccceeeeiiieeeeeeiiceeeeee e 113
14.1 Driving CRAraCteriStICS......uuveiiiiiiiiiiieeee e 113..
14.2 Load factors of goods traiNS........ccceeeeeeeiiiiiiiiiiicce e e 114.
15 IMProval ACTOAYNAITES. .....evveiiiiiiiiieeeeeee e e e e e e e e e e e e e e e e e e e e e e e e e aaans 119...
16 Auxiliary Energy Consupption for Passengerrains............cccoevvvvvvvvvvvvnineeenn. 122
G R CT=T o 1T - 1 S 122....
16.2 Power Consuption in LOCONMDLIVES..............coovvviiiiiiiiiiiie e eeeeeeeeeeeeeeiianns 122



16.2 Auxiliary power ad equipn@nt in the Wagies.............ccovvvvviiiiiiiiiiinee e, 123

16.3 Power loss for passenger trains as a. Unil...........cccceeeeeeiieeeeeeereeeeeennnnnns 126
17 CONCIUSION. ...ttt ettt e e e e e e e e e e e e e eeeeeeeennnne 128.....
RETEIENCES. ... e e 131.....



1. Introduction

Railways play a significant role in the European transport network. The railway
network for the EU 15 countries encpasses on the order of 160 thousand Krhis
represents a significant transport resource as well as a large iavestrthe part of
society. The developemt of the future transport network and the wise use of resources
require that this network be utilized in an appropriadéamer.

A significant factor in the evaluation of a part of the transport network is its
contribution to the probleraf air pollution. This can be iportant on both the local
level (HC, CO, PM and N@ and an international scale (g®Q;, NO,). Since there

is interest in evaluations on different levels, it would be advantageous to have
calculation (nedeling) nethods for air pollution fromail transport that could be used
at a variety of spatial levels. The advantages with this approach gpartson
consistency and reduced develatime. When one uses differentadels for
different spatial scales, there is the risk of bias between the daelsy unless special
care is taken in pdel developrant. A conmon nodel encorpassing a range of spatial
scales should reduce this risk. If adel can be produced to cover a range of spatial
scales, there should be aahar anount of tine required for radel developrant than

in the case o$everal mdels br several spatial levels.

Another goal for the develomnt of a nodel for railway enssions is that it be
technologically based. Wt this neans is that the fundaamtal physical processes
deternining the energy consystion and air pollution emsions should be an integral,
identifiable part of the wdel. There are serad advantages with this approach. One of
themis that this rakes the mdel easier to upgrade in the future. Technological
improvenents in areas such as aerodymesntrain weight, rolling resistance, engine
efficiency or enssion control can be readily incorporated into future calculations. This
is because the influences of these patars on operation and thereforeissions and
energy consuption have been correctly included in thedrl. Cross influences that
result fromcurve fitting (black box) approaches are d@tiated with this approach.
Rather than generating an entire neadel when technical iprovenents appear, only

a few readily identifiable paragters need be changed. This approach has been very
successful in the application of sifation models for engine control system

(Hendricks and Sorenson, 1990)

Changes in operating conditions can also be incorporated in a correct fashion, since the
influences of variables such as acceleration and speed are correddiechfroma
physical point of view.



2 Data

2.1 Types of trains analy zed

The purpose athe analysis is to illustrate a serieperating patterns with the goal of
construction of madels for the way in which these types of train operate. Therefore, it
is necessary to have a significant rneanof train types represented. In addition, there
should be a statistical relevance of the analysis. That is, it is advantageous to have a
large database.

The driving pattern data wereade available fronthe Danish State Railways, DSB.
Most of these are printouts frotine crash logs ("black box"). The infoatron
contained here included tamnlocation, speed, arimum speed, ATC-speed and the
load on the engine. ATC (autaiic train control) is the tram'safety systepwhich is
built to intervene ifa train goes toabt or if it passes a stop signal.

The data is not logged according to defined intervals e tmocation. But the data
is logged every tim there is a change in operating conditions. This could include a
change in traction force, brake pressure, or if the train receives atfomon new
speed linits or such. This represents very detaileshsurerants, since the length of
the train, braking percent and theximum allowable speed are also included. It was
necessary to read the logger data specifically for each individual run, base@ @amdm
number of driven km The neasurerants for the IC3 (MF) trains are not frahe

"black box" but are specific @asurerants, which were recorded every tenth second.

In addition to these results, so@aries about which train type and operation conditions
were used. That is to say, nben of wagons, which kind of traction was used, as well

as which stations were involved. Arrival and departuregiand nutoer of driven
kilometers were included. Inforation was also available on the roen of seats in the

train or how nany tons of goods were transported, and in both cases, the total weight of
the train.

Of great inportance is the fact that inamy cases, the load collective was available.
This is a list over how och of the tine the engine operates in its different
load/controller steps. Exates of load collectives are shown in Appendix 2 for a
goods train and two passenger trains.

All the data was obtained frothe Danish State Railway, DSB. The operations
occurred over a period froearly 1999 to the spring of 2000.



2.2 Description of trainty pes

As mentioned, the radels are intended to be used to test and verify ttlea of
calculations and as tools for the calculation of energy copomand operating
characteristics. They will be used to calculate the overall operation data as well as the
energy consuption and enssions for these data.

To acconplish this, the crash logs have been used to select operations for different train
types. Due to tima limits, only a few trains can be analyzed in detail, and it is therefore
necessary to select as broad a representation of train types as possible. Overall, there
are two general types of trains to consider: Passenger trains and goods trains. They can
be subdivided into categories:

2.2.1 Goods trains:

X Post (nail) trains (GP)

X Material trains (GM)

X Regular goods trains (G, GS)

2.2.2 Passenger trains:

X Regional trains (Re)

X Intercity trains (IC)

X ("Lightning") trains (IC-Lyn)
X Express trains (IN, EP)

High-speed trains are not included, since operation in Bewwith speeds over 200
km/hisnot yet found. Therefore, only the above types of trains are included in the
calculations. An overview of these in found in Chapter 13 (Tables 13.1 to 13.5).
Froma technical point ofiew, the energy consiption of high speed trainswill be
deternined by the samfactors as all other trains: aerodynamesistance, rolling
resistance, acceleration and gradients. DHfiees encountered in operation are higher
speed, and fewer acceleration periods. Therefore, rolling and aeraodyeasance
will have a greater relative portance that with trains that stoma often.
Nevertheless, frora technical point of @w, establishmnt of nodeling principles on
the above types of trains is adequate to contengeneral approach, which should
also be valid for high-speed trains when appropriate data is applied.

2.2.3 InterCity and InterCity "Lightning"
Intercity and "Lightning" trains are operated with IC3 equepiitype MF) and ER.
An overview of the equipent covered in this report is found in Appendix 1. For



operation with the 1C3, the nuoar of train sets in the total train was not available, in
most cases two, three or four sets are used, so an average value of 4 was used. Since
each set is powered by the saemgine, there should not be a great effect of the
number of sets. Previous results (MEET report) showed that aerodyresstance

for trains with more than one set is not strongly affected by thebemof sets.

In addition to equiprant data, weight and size, an atptimas also beenade to cover
a many different routes as possible. For the IC and IC-"lightning" it has only been
possible to obtain operating data for the runs between:

X Kgbenhavn H. - Arhus,
X @sterport - Kgbenhavn H. - Odense - Fredericia
X Kgbenhavn H.- Sgnderborg

2.2.4 International train (Express train)

There are only a few of these trains. Thtains run fronDslo and Stockholrto
Copenhagen via the Coast Route. That is to say, they operate between Elsinore and
Copenhagen without inteetiate stop. They are relatively large trains with between

seven and 11 wagons. In all cases, the latim@used isthe MZ4. The trains are
designated IN (InterNord). Most of the wagons are standard Swedish wagons.

2.2.4 Regional train

The regional trains are divided into trains east and west of the Great Belt. This is
because different equipemt has traditionally been used for these two regions. Inthe
east, conventional trains with locotives and a nuiver of cars have been used,
including a control car at the end opposite the loatora for operation in the opposite
direction. MZ4 and ME are used for locomotive and Bn passenger wagons are used
along with the control wagon ABns.

In the west, operation is noaty made with the type MR-MRD, which consists of two
nearly identical mator coaches. The calculations have beedeator asingle train set,
the nost common operational de. In addition, calculations were made on regional
trains on Funen and in South Jutland driven with ER ecgipm.

For the regional trains in the east (R@) calculations were performed for basically all
regional train routes on Zealand. That is operation between:

X Copenhagen - Elsinore

X @sterport - Copenhagen H - Kalundborg

X @sterport - Copenhagen H - Naestved — Nykabing F.

These trips were operated with conventional passenger train equipment consisting of a
loconmotive and a nurner of wagons.



The regional trains west of the Great Belt (RV) are distributed on the routes:
X Arhus - Thisted

X Arhus - Alborg - Frederikshavn

X Arhus - Viborg — Struer

X Arhus - Grena

X Arhus — Skanderborg - Silkeborg - Herning

X Arhus - Fredericia

X Fredericia — Kolding - Esbjerg

X Esbjerg - Struer
All of these are operated with MR equipment.

In addition there is aregional train route driven by the electric train set ER
X Odense - Fredericia

2.3.6 Goods trains

The goods trains have aone mxed character.

With respect to the routes, trains were chosen ftanfollowing routes (the train
operates between the following towns):

X GB (Copenhagen Goods Y ard) - Kalundborg
X GB - Hgje Tastrup

GB - Ringsted

Ringsted - Fredericia

Fredericia - Arhus

Fredericia— Arhus - Torsevej (near Risskov, Arhus)
Arhus - Aalborg

Odense - Ringsted

Fredericia - Ringsted — Glostrup

Slagelse - Glostrup

GB - Kagge

Kgge - Neestved

Neestved - Ringsted

X X X X X X X X X X X X

Neestved - Nykagbing F.

As expected, the goods trains have different shapes and aremge@onmon for all
the goods trains, though, is that either MZ4 or ME locomotives are used for traction.
An attenpt was nade to choose a representative and @hensive selection of goods
trains, the first and foreost criterion being a wide range of sizes. Size in this regard



means prinarily train weight, nurber of wagons being the second factor of choice. As
Table 13.5 shows, these two quantities are not necessarily proportional. Thisisdueto
variations in the load factor.

As mentioned, post trains consist of the samagon type, which eans that the actual
arrangerent of these trains is known. The wagons here are long, closed 4-axle wagons
of the type Habbinss-y. Thisakes the calculations of the trarphysical
characteristics sipter, and reduces the uncertainties concerned with the driving
resistance values.

2.3 Short description of type of equipment

The following naterial is a suppleent to Appendix 1, where s@wof the nost
common types of equipent are described. Theatarial used has been obtained from
"DSB-materiel i drit" (DSB, 1996). See also (Lindgreen and Sorenson, 2005)

2.3.1 Locomotives

The loconotive types used are the ME and MZ4. They are used to power regional
trains and goods trains. The loaatives have a diesel-electric transaon system.

The diesel engine in the MZ4 isone powerful (2685 kWthan in the ME (2460 k\V
On the other hand, the ME has aternating current, while the MZ4 uses an older direct
current systemwhich equalizes soeof the difference. The diesel engine in the MZ4
supplies power to heating and such, while the ME has an auxiliary motor for such
purposes. Both operate with fixed controller steps for regulating power output.

2.3.2 Train sets

The naterial used for longer range trips are the types. MF (IC3) and ER (IR4). The MF

is a diesel rachanical powered unit consisting of three wagons.

The ER isan electrical powered four-wagon train for both longer range and regional

traffic. It'sinternal layout and slow door closingake it better suited to longer-range
operation. Both train sets have fixed controller settings, and well as cruise control for
regulating the traction force. The cruise control allows the trairatotamn a constant
speed but allowing free adjustnt of torque, without regard to which controller step is
engaged. In this case, the conventional loading collective does not exist, since the
controller stages are not used in this type of operation.

The third train set used isthe type MR, which isintended for regional traffic. Thetrain
consists of two nearly identical motor wagons, each with a power of 237 KIVSB 1).
The train used fixed controller steps with accompanying power steps as with the
MZ4/ME. This is the only train set that used a diesel-hydraulic trissgm.



2.3.3 Passenger agons

Since nost of the passenger traffic in Deark has been taken over by train sets, the
passenger wagon plays a dnimshing role in the total passenger transport picture. In
the regional trdfc east othe Great Belt, regional trains with the traditional type of
passenger wagon, type Bn, operate between Copenhagen/@sterport to
Neestved/Nykgbing F. and Kalundborg, as well asesenv operations on the Coast
Line. Thesetrainsconsist of an ME/MZ4 |locomotive + n Bn wagons + one Abns
controller wagon, which corresponds to the Bn. The international trains use sleepers,
couch and coupé wagons. Most of these wagons are Swedish wagons of standard
construction. This type was chosen to be represented by the type B7. This is a
relatively heavy wagon with a weight of 44 tofisikazewicz, 1995). For cqparison,
the Bn wagon weighs 36 tons.

2.3.4 Goods vagons

Most goods trains consist of alarge number of different wagon types. It is rarely

known which types of wagonsake up a specific goods train. This was not given for
the post trains either, but since the Danish post trains are alwapseunof the saen
type of wagon, it is possible to evaluate the characteristics. The preferred type of
wagon is the type Habbinss-y. This is a closed, 4-axle goods wagon with a length of
23,24m

A complete list with data and drawings is given in Appendix 1.
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3 Calculation of driving resist ance and energy consumption

3.1 Driving resistance

Under ideal conditions, that is steady speed on flat straight stretches, there are two
kinds of driving resistance that areportant:

X Aerodynanic resistance, F
X Rolling resistance,

In actual operation the conditionsyrbe sonewhat different. Gradients give rise to
extra resistance due to gravitational attraction, and curves cause extra friction between
the wheels and the rails. This causes two extra resistances:

X Gradient resistancegF
X Curve resistance xF

The ability to calculate curve resistance deds a very detailed knowledge of the

tracks. Since this knowledge is rarely availableistot considered.
The resistances used are shown in Figure. 3.1.

FL+Fr+FstFa

/ . X m-g  m-gsin. J

Figure 3.1 Sketch of driving resistances.

Using Newtors 2nd law in the direction of travel, the connection between the driving
resistances andation is given as:

ma kR, (R R Rp)ema R, R R K (3.2)
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m-a is nornally called the acceleration force For acceleration resistancey Fsthe
locomotive's traction force at the wheels. Equation 3.1 can then be rewritten:
ma F, F, F,L Fs cF, F F F F, (3.2)

The renaining resistances are described in the following.

3.2 The individual driving resistances

The driving resistance of @at importance: aerodynamand rolling, are dependent on
avariety of factors. The techniques for calculating these factors and their relative
importance for a variety of train types are described in an g@ooyimg report
(Lindgreen and Sorenson, 2005). The basic principles are reviewed here.

The aerodynamic resistance is dependent on the frontal area of the train, its shape and
its speed. In addition, atgpheric factors as air density and wind direction have an
effect:
Fo 0571 T Ay T wind )2 (3.3)
Where: F_ is the total aerodynamresistancein N
is the train’s speed in/s
wind 1S the (head) wind speed in m/s
is the air density in kg/m
C. isthe drag coefficient.
Ay is the frontal area in foften assumed to be 10

The rolling resistance is ariction ofthe total nass ofthe train and the rolling
resistance coefficient.

Fr Cr My G (34)
Where: Fristhetotal rolling resistancein N

Cr is the rolling resistance coefficient

Mot IS the train mass in kg

g is the acceleration of gravity ( 9,82M)

The gradient resistance is dependent on the weight of the train and the size of the
gradient to which the train is exposed.
K mg, gsin. ce
' 3.5
F m.,0 -h 1000 (3:5)
X
Where: Fsis the total gradient resistance in N
Mot IS the trairs mess in kg
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g is the acceleration of gravity ( 9,82
. is the angle of the gradient.
th is the height difference [nover the horizontal distance x [m

It is also possible to use the value.ah radians instead of Sin); In the calculation of
an operating pattern fropoint to point, it is not necessary to calculate the gradient
resistance for each individual grade. In general, it is sufficient to calculate the height
difference at the origin and destination, and use that for the total route. This givesthe
net gradient resistance. This assumes that the extra power the train uses to force a
grade is returned when the train goes down corresponding grades.

Curve resistance is nosfty not too large. It is one of the sftest driving resistances
and since it is very complicated to calculate, and since it requires very detailed route
information, it is excluded frorfurther consideration (Friis Hansen, 1991).

Calculation of driving resistance for goods trains.
It is generally mach nore conplicated to calculate driving resistance for goods trains,

since they typically have an inh@geneous coposition, and vary greatly in forand
appearance (in contrast to a passenger train set, fopi&)ann nany cases, goods
trains are comosed of many different wagon types, each having its own resistance
values and frontal area. For a gwehensive explanation, see Lindgreen and
Sorenson, 2005.

3.3 Energy consumption

The total energy consuption can be calculated in several ways.

Based on knowledge of driving resistance (first and foremost aerodynai and rolling
resistance), the energy consumption can be calculated by integrating the instantaneous
force over the traveled distance:

X2

E ¥

tot

dx Thatis, (3.6)

Xy

Where kot is the sunof the driving resistances, that is;, Fr, Fs and . Then:

E :QO!SNI ~CL Anorm ( train Wind)2 mtrain(CR ~g g NSIn(D a))dX (37)

In the case where the velocity is constant, asin amatrix element, the resistances do not
change, so.

E {015 ~! CL Anorm h( tog vind)2 mtrain(CR ~g g ~S|n(D a)} ~(X2 Xl) (38)
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Alternatively, The power, P. can be calculated as:

P (F

e tot

(3.9)
Where:
Pe is the power in W
is the speed in fa
Fiot IS the sunof the driving resistancesi A, Fs and F.

Fromthis, the energy consumption can be calculated as:
t
E P 0t (3.10)

0
Where:
E is the energy consutionin J
Pe is the power in W
tis the elapsed timin s

If Peisconstant, the energy consumption is:

E P 1 (3.11)

e

3.3.1 Combustion engine efficiency
As an extension of the above, there are a series of factors, which depend on the specific
equipnent at hand.

3.3.2 Fuel consumption:
If the brake specific fuel consumption of the engine is known, the flow of diesel fuel
can be calculated as:

m b, P, /3600000 (3.12)
where:

nflisthefuel flow to the enginein kg/s
be is brake specific fuel consuyption of the engine in g/kW
Peis the engine power in kW

Fromthis, the brake therahefficiency of the engine can be calculated:
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P 36 10°

K —= (3.13)
mH, P H

u

where;:

nflis the engine fuel flow in k/s

Hy isthe lower heating value of the fuel. (assumed to be 42700 kJ/kQ).
beis brake specific fuel consytion of the engine in g/kW

Peis the engine power in kW

3.3.3 Units for energy consumption

There are several ways to denote the energy cgrtgumand enssions. In
comparison between trains and other transport types, cgrtgsamin k\Wh or kJ for
exanple, is not always useful. For these purposes, it is more useful to use weighted
parameters in terns of driven kmor weight hauled. In general, kJ/ton-ksrused for
energy consuption and g/ton-knfior emssion, regardless of the type of train. Inthis
comparison, the tonnage is usually the total weight of the train for calculation purposes
and per ton carried for transport emissions.

In addition, a few other parasters are useful, depending on whether a passenger or
goods train is being considered.

Passenger train
In addition to kJ/ton-km one can express energy congtion in terns of either
passenger transported lonseat km

X kJ per passenger k(kJ/pass-km
X kJ per seat knfkJ/seat-km

In termrs of transport perfored, weighting in terma of the nurber of passengers
transported is probably theost useful. The nuber of passenger km is often known
from rail statistics. Wden looking at individual trains, though, it is usually not known
how many passengers they carry. Therefore, from the point of view of individual
trains, it is often rare accurate to use kJ/seat.kirhe difference between these two
parangtersis, of course, the loading or occupancy factor.

Goodstrains
In addition to the units of kJ per train-ton km, one can also use:

X kJ per goods-ton krtkJ/goods-ton km

X kJ per ton kmwhere the weight is only that of the train wagons and the load, that is
the loconotive weight is not included.

15



Normally weighting according to the tonnage of goods will be o$trimterest, since
the inmportance othe loconative will vary from small trains to large train. Locootive
weights are on the order of 80-100 tons per traction unit.

3.4 Emissions

The procedure for calculating &sions depends on whether the train is diesel or
electric powered.
If emissions are to be calculated for trains with diesel power, tigsiEms can be
estimated on the basis of the amount of diesel fuel consusal.
For electric trains, there are no significanigsions fronthe train itself. The
emissions nust be calculated from the source of electric energy, according to the
energy that the train has consan The enssions considered are:

X CO,
CO
NOy
HC

SG;
Particulate retter (PM)

X X X X X

3.4.1 Calculationsfor Combustion Engines

Sone enissions, such as CO, and SQ are solely related to the aomt of fuel

consuned, while the others are related to the engine condition, operating point, and
driving characteristics.

The different types of eissions can beapproximated by using typical average values
(Jargensen and Sorenson, 1997)

Emission, giGJ
Emission Spread Average
CG, 70000-76000 74440
CO 160-350 246
NOXx 1200-1500 1320
HC 44-120 66
SO, 20-100 75
PM 41-140 76

Table 3.1. Emissions factors for diesel engines in g/GJ fuel energy (Bvheating
value).

16



3.4.2 Emissionsfor electrical operation

The emissions used here are the emissions based on an average of a givengand'
electricity production. The eigsion factors are very dependent on the way the
electricity is generated. The productionstbe weighted according to how much of a
land's electricity is produced by fossil fuel power plant, nuclear power, and renewable
energy, such aswind and water.

Land CO,,g/GJ | CO,g/GJ | NO,,g/GJ | HC, g/GJ | SO,, g/GJ | PM, g/GJ
Austria 62900 14,5 92,7 16 74,2 6,9
Belgium 94300 16,7 289,4 12,2 533,5 27,2
Denmark 257300 43 811,6 24,7 912,9 62,7
Finland 155100 38,6 307,3 15,6 198 23,4
France 17600 3,2 61 3,2 183,9 79
Germany 189700 27,3 306,3 9,4 931,5 56,2
Greece 296400 38,7 393,6 389 979,2 62,4
Ireland 212900 33,8 672 44.6 1639,5 74,3

Italy 162500 33,4 551,7 105,3 977,2 41,1

Luxenbourg 101900 16,2 90,1 16,9 71,1 3,7
Holland 175700 31,6 281,8 32 185,2 19
Porugal 170400 34 507,1 53,7 1260,7 59,4

Spah 126800 19,4 414,2 16 1235,8 57,8

Sweden 20600 6 42,2 6,6 34,7 3,1
GreatBritain 167800 27,4 631,8 20,2 1445,8 69,9

Table 3.2. Emissions factors for electricityproduction in the EU 15 countries
on the basis of GJ electricity produced (Levs, 1997)

Even these figures are subject to interpretation. For geam Dennark, waste heat
from electricity generation is used in distrheating, raising the probleof allocation
of emissions to different sectors.
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4 Theoretical considerations for driving p  atterns

This chapter will look at the nature of typical driving patterns. A driving pattern can
describe a train operation either as a function of the elapsedtithe nurber of

driven kiloreters. Each of these is described with a set of equations that describe the
operation in any phase.

In general, there are 4 types of operation thakkenup a driving pattern: acceleration,
constant speed operation, rolling and braking. In addition, there is s&@p tim

X Acceleration
The trains speed is increasing. This can be due to startdretation, signal or in
connection with a change in speeditsn Sone limiting cases would be constant
acceleration, constant traction force, or constant engine power.
During the acceleration, the traction force required is usually significantly larger
than the aerodyna rolling or possibly gradient resistance.

x Constant speed operation.
Since the speed is considered constant, the required traction force is equal to the
sumof the driving resistances (aerodynamolling and gradient). In atel
developed here, aimimum acceleration is defined, under which it is asatithat
the acceleration is zero.

x Rolling
Both rolling and braking are portions of the operation where the speed decreases.
In the case of rolling, the braking force and the traction force are both equal to O.
That is, it is alone the driving resistances that datexitihe speed dhe train. This
condition is useful for masuring the resistance partens in a so-called "coast-
down test".

x Braking
In this condition the brakes are active. That is, the traction force is 0, while both

the braking and driving resistances slow the train down.

As mentioned before, a driving pattern can be expressed either as a functioe ¢ tim
or distance (x). Noraily the speed is used as the dependent variable.

In the Pbllowing the nature ofhe elenents ofdriving patterns will be discussed.
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The nost important paramers describing a driving pattern; that is, & and x, are
connected through s@equations of mtion.

In the case of constant acceleration:

Q at Q J(2ax & (4.1)

Where: 2 and ; are theiinal and initial speeds, respectively
a is the acceleration in/&
tis the elapsed timin s
x is the driven distance in m

For constant speed operation, there is glgimelationship between tienand distance:

0 (4.2)

Figures 4.1 and 4.2 show the 4 general tygegperation. Both figures are individual

segnents froman operation of a Danish MFain between Copenhagen Central Station
and Ringsted:
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Figure 4.1 Train speed as a function of distance for an MF train.
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Figure 4.2 Train speed as a function of elapsed time for an MF train.

In this particular eleent, there are three situations when the train isatiom The

first is the acceleration. On the basis of the distance driven, the velocity hasd form
roughly second order dependence on speed, which results fcomstant acceleration
according to Equation 4.1. Figure 4.2 shows that the velocity is nearly linear with
respect to tira, indicating a nearly constant acceleration. The average acceleration is
about 0.15 i in this case.

For the section of operation shown, the speed increases to a roughly constant value of
about 140 krfh, which it naintains until braking occurs after about 18 km600

seconds. In this case there is no observable rolling, as the spegutdiite abruptly

shows a linear decrease in the train speed. Hgaitade of the deceleration is about -
0.44 mis’.
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Figure 4.3 Ten-second average accelerations for the operation in Figures
4.1 and 4.2.
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Figure 4.3 shows the actual accelerations calculatedtireraspeed tim profile. The
values are calculated on the basis of 10-secoraititervals. There is sascatter of
the acceleration and deceleration valuesbably due to the differencing technique,
which accentuates tienand speed error.

The data can also be plotted showing the acceleration as a function of the speed, as
shown in Figure 4.4. This is for an entire operation ff@mpenhagen Central to

Ringsted, of which Figures 4.1 and 4.2 represent a single portion between two stations
along the route. Each point represents a 10-second average. Here it is a little clearer
that the acceleration slowly decreases as the velocity increases, and that the
deceleration is nearly independent of speed. The largararof time spent at the

highest speed and constant velocity can be seen by the large concentration of points
with very snall acceleration and theaximum speed. This diagram the basis of the
model method.

For a given value of speed and acceleration, there is an energy reguit@move the

train at that condition. The basiodelingtechnique is based dividing the operation up
into elenents characterized by a speed and acceleration range, and then calculating the
energy consuption for the average speed and acceleration of thesalenif the

frequency of occurrence of each etarhis known, the total energy consutiron for an
operation can be obtained by the weighted average of the cptisarnm all the points.

The weighting can be ade on either a teporal or spatial basis.
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Figure 4.4 Acceleration as a function of speed for the data of Figures 4.1 and 4.2
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5 Calculation of Equipment dat a

In order to calculate the desired results, the overadlehneeds two formof input
data: Operation data and equigmhdata. In the following, ehods of calculation of
the equiprent data are described. The equamtnpararaters of interest are:

X Traction efficiency
X Cr (Rolling resistance coefficient see section 3.1.1)
X C. (Aerodynanic resistance coefficient see section 3.1.1)

All of these paramters depend on the actual equgrhat hand, and can be difficult to
calculate exactly without a good knowledge of the egeim In the rodel, sone
reasonable default values will be provided, though the uagchange themDetailed
illustrations of the calculation of these paehens are given in an acc@anying report
(Lindgreen and Sorenson, 2005).

5.1 Traction Efficiency

The efficiencies of different types of traiage discussed in the following. hat is of

interest is a total efficiency, that is, the efficiency frtima electricity lines or frorthe
oil tank. Sone of the traction systesused in trains are discussed in the following
sections. The trainsentioned are DSB locoation types, since they were used in
evaluating the mdel. They are typical of a large nben of European trains.

5.1.1 Transmission

In loconotives/motor wagons with colyustion engines, basically three general types of
transnission are used. Each type of trarssion has its own characteristics and
therefore efficiency.

x Diesel electric
Here, the machanical power frorthe diesel engine’s crankshatt is transferred
directly to an electric generator. This converts tleemanical power to electric
power, which is then trarnsfred to the traction ators at the wheels. The traction
motors are connected to the wheel axles through a gearbox. Theissioans
designed such that there areitsrfor how nmuch power can be transferred frdhe
generator to the tractionators. This nakes it alnost impossible to overload the
diesel engine. This alsoakes it possible to operate the diesel engine in an
optimum condition a large portion of the ten
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Figure 5.1 Principle of diesel-electric transmission

This construction has the disadvantage of being relatively heavy, but since it is
robust, it is often used. In goods trains, lootwe weight is not necessarily a
disadvantage, as a heavy loative has better traction than a light. This system
used on DSB locountive types MZ4 and ME.

x Diesel nechanical: The echanical power here is transferred directly to the wheel
axles through a ethanical gearbox. This type of transsion is used on DEB
type, on InterCity trains. The systaswumuch like than in a heavy lorry. It has the
advantage that there is only aahtransnission loss. The efficiency is on the order
of 95-98% (DSB).

Diesel Hydro - Torque Wheels
Engne P mechanical ear Converer

Fiaure 5.2 Princinle in dieselmechanicaltransmissior

x Diesel hydraulic: In this case, a hydraulic gearbox is used to transfer the traction
force. Transfer of power frotte engine occurs through a gunwvhich gives an
oil pressure, which is transtted to the gear case at the wheels. Tdrisfof
transnission has a relatively poor transfer capability, and is found on older versions
of trains, for exarple those used in regional train sets of the type MR by DSB.

Hydro- Gear Wheels

dynamic gear

Figure 5.3 Principle of diesel hydraulic transmission
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In general, both the echanical forra of transnission are lighter and less
conplicated than the diesel electric farn®n the other hand, the construction is not
as robust, due to a larger nloien of nechanical parts such as universal joint, drive
shafts and gearboxes. Itis also easier to overload a diesel engine with these
systens than with the diesel electric system

X Electric: This formof transnission is used on electric trains, and uses daim
principle as the diesel electric locotive. The difference is that the locotive
receives electricity for the electric tractiomtaors directly fromthe electricity lines
along the track. Electrical equigmt on the locowmtive adapts the electricity to that
type used by the tractionators. The Danish ER- train set is equipped with
Asynchronous A/C mtors. They have a better output efficiency (about 90%) than
older, nore conventional electric ators.

Net Intermediate Traction motor
Rectifier Circuits rectifier

Main-
transforme

Traction Wheels
Motor

Figure 5.4 Principle of transmission for electric trains

5.1.2 Controller

Control of loconatives and mtor wagons is done in a differenamrmer than road
vehicles. The following is a short description of the regulation principles for rail
loconotion equipnent.

MZ4, ME and MR.

The regulation of the engine power is not step less like road vehicles, but occurs
through the use of a controller, that in addition to a basic forward and reverse selection
function has a controller adjusént with a nunber of fixed positions. Each of these
positions corresponds to a given power for the tractiotors. By changing the

controller position it is possible to adjust the speed of the train according to signals,
gradients or speed lits. The MZ4 and ME have eight controller positions. The type

MR train set has only seven controller positions, the last two being stop and idle.

MF and ER.
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A given controller position corresponds to a torque at the tractmoriwheel. This is
valid, unless linted by the power hyperbola of the engine, that is, as long as the power
supplied by the traction otor does not exceed its rating. For both types of train, when
the desired speed is achieved, a "Cruise-Control” systanbe activated. This keeps

the train running at the desired speed, by using thgt appropriate torque. In other
words, there is step less regulation in this condition.

5.1.3 Track electrical systems

In general, two different current system@re used in European countries. Tlostm
conmmon is an alternating current at a frequency of 16 2/3 Hz.

In a few countries like Denank and France aare powerful alternating current at
1500 volt 50 Hertz is used. 50 Hz is a frequency that gives a higher power for the
traction notors.

5.2 Energy Efficiency

As the above shows, the power systmsists of several parts. For diesel power:
Diesel engine, transssion and gearing. For electric trains: Main trans@rmectifiers
and traction rators. For diesel power, there are different fermoih transrssion.

5.2.1 Calculation of efficiencies for diesel engines

Regardless of the kind of transsion, the Hiciency of the engine itself should be
known. In the following, there is a short description of tlethid of deterrming the
efficiency of the engine.

The engine efficiency is:

P, 3,6 10°
K —— 14 (5.1)
m; H, e U

Where:
e IS the brake efficiency.
m; is the rate of fuel flow
be is the brake specific fuel consption in g/kWh. (assured 224 g/kWh)
Pe is the power in kW
Hy is the lower heating value of the diesel oil (assdid2700 kJ/kg)

The efficiencies for the different diesel locotmes are calculated in the following.
The efficiency is calculated for the highest operating step. Té@sithat the
efficiency will be a bit higher than for other operating conditions, since the engine
usually works best in the high controller steps.
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Efficiency for MF
The efficiency of the engine is calculated fr&muation 5.1 to be:

X x 2249/ kWh 294kW

m, b, P, cem, s 182910 *kg/s
3600°> 10009
h kg
K 294KW 0378

18,29 10 *kg/s 4250kJ/ kg

This type of train is equipped with a diesetehanical transmssion, which has an
efficiency of about 95%. The total efficiency is therefore: 0,36.

Efficiency for MR

The engine efficiency is calculated frahe individual operating steps. Only one
motor coach is considered, but the efficiency is theesfmmboth. In this case,
controller step 7 is used, the highest for this type of train.

K 3237,515w 0376
14,7 710 *kg/ s 4250J/ kg

The MR is equipped with an older version of a diesel-hydraulic triasgm. As
mentioned in the section dbrms oftransnission, there is a relatively large loss
associated with this type of transsion. For the best conditions, this lossoants to
about 20%, and will otherwise be larger. The average tiassm efficiency is

assunad to be about 70%.

By using this efficiency, the total efficiency is about 0,26. This value corresponds to
similar simulations for two operations between Arhus — Hornslet - Arhus and Arhus —
Skjern - Arhus(Nielsen, 1983). For these operations, the eifficiencies were found to
be 22,7 and 26% respectively. In qaarison to the other engines, the efficiency is low.
This is partially due to the fact that the engines used here are not turbocharged.
The MR has an efficiency that isone than about 10% lower than the MF.

As mentioned, the values should be taken with seeservation, because of factors
such as idling losses and auxiliary power, which can be quite ispleciflifferent
operations. An averagefefiency of0,24 will be used.
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Efficiency for MZ 4
For the diesel engine itself, one obtains:

290KkW

K 3 — 0,386
1765 710 “kg/s 4270kJ/ kg

For the transigsion (it is electric) is used:

Generator: 0,9

Traction notor: 0,85

With this, a total efficiency for the entire locotive is obtained of about 0,3.

Efficiency for ME
For the diesel engine itself, one obtains:

246kW

140710 ° 4270kJ/k 0411
g

K

The ME has basically the sartransnission as the MZ4. But where the MZ4 utilizes
conventional direct current, the ME utilizes arexnodern alternating current with
asynchronous generator and tractioston It is assured that the traction otor has the
sane efficiency as the ER (0,9). For the generator, a higher value of 0,95 is chosen
anmong other things because of its sizeitithat, a total efficiency of about 0,35 is
attained.

5.2.5 Efficiency for electrical locomotive

As opposed to the diesel equipm, the ER does not need to convert doahenergy
to electricity and therefore does not have an internabastion engine. \th this, its
utilization of the energy it receives is higher. The total efficiency is 0,65. This was
deternined partially ater discussion with DSB and partially on the basiSwfss
values (Frauenfelder, 2000). The values used are fadam electric locoumtive (type
Re 466). Consuption values fronthe study can be seen in Chapter 16. Auxiliary
losses are not included directly in theael. This could be acconodated in mdel
calculations be adjusting the electrical loabe efficiency. A lower value could be
used for passenger trains, to account for the needs @ltelirontrol, electronics and
other passenger facilities not found on goods trains. See Chapter 16 ¢or som
indications of values.
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The values used are:

Component Loss Efficiency
Main transforner 4,2% 95,8%
Net currentrecifier 7,5% 92,5%
Intermediate circuit 0,4% 99,6%
Traction notor recffier 5,7% 94,3%

Tracion notor 10% 90%

Auxiliary equipmert 7,4% 92,6%
Total 35,2% 64,8%

Table 5.1 Efficiencies for components of electric locomotives (Frauenfelder, 2000).

This gives a total efficiency of 64,8%, which is rounded to 0,65. This is quite a bit
higher than that for diesel powered equgom In corparison, a train set of the type
MF has an efficiency of about 36%. But #féiciency of the electric train is based on
the anount of electricity entering the locative. One nast therefore take in to
consideration the efficiency of the electrical energy source.

5.3 Calculation of Driving Resistance

In somre cases the resistance values are known aheadefdimd can be used directly.
In other cases, especially for goods trains, where the wagon order is not known, to
achieve high accuracy, it is necessary to calculate the resistance.ethbdsrare
described in detail in the accpanying report (Lindgreen and Sorenson, 2005).

5.3.1 Calculation of G

The rolling resistance coefficient is calculated using teihad described in (\@hde

and Gralle, 1997). Theethod is based on a series of constants that depend on the type
of train, as well as the nurer of axles, speed and weight of the train. Exasof the
application of the mthod and somalternatives are presented in an agoanying

report (Lindgreen and Sorenson, 2005). An illustration of the genetlabdhis given

in the following. Train sets are calculated as looctves.

The general expression for(:

c. ¢ ¢-Yc =9 (5.2)

Where:
Cris rolling resistance coefficient
Co, Ciand G constants in %o.
#is the train speed in/s
#is a constant reference speed of 100hkm27,78 n's
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The constant E£can be calculated as:

fSL m,
m

fsy, M

C, w (5.3

train
fsLis the initial value dr the loconetive driving resistance (diemnsionless)
m_ and n, are the total weights for the locotive and wagons respectively.

fsyis calculated to be:

Fat NnAX
Miain O
Where: Gyis a constant in %o
Fa: the axle weight constant of 100 N
Nax IS the nurber of axles
Mirain IS the total weight ofhe train (np+my)

fsv Csv (5.4)

Table 5.2 below shows typical valukes different types of equipent (Wende and
Gralla, 1997):

Equipment type Constants Constants
4-Axle locomotive fg=2,5-3,5 %o
6-Axle locomotive fg=3,5-4,5 %0
Pass train cars: Csy = 0,40 %o

C,=0,25 %o C, = 0,50 %o
Goods tain cars: Csy = 0,60 %o

C; = 0,50 %o C, = 0,60 %o

Table 5.2 Typical values rolling resistance constants for different types of
equipment.

The results for the calculations of the trains considered are given in Appendix 3. The
constants and values used can also be fowerd.tiithe values fromable 5.2 were used

as a starting point.

5.3.2 Calculation of G

In other cases, especially goods trains, where the wagon order is usually not known, it

may be possible to calculate the aerodyimamsistance frorexperinental results. The
method and programfor this are also described in detail in the aquamging report
(Lindgreen and Sorenson, 2005). One cansite different types of operation,
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estimate resistance values by adjuatitnuntil agreerant is obtained. Three types of
operation are siolated, coast down, acceleration or constant speed. Of these, the coast
down operating is the preferred type, since no data with respect to traction force
(controller stage or efficiency) is required. A problanses if the portion of track

where data is available has a significant gradient, whichallgrie not known. Itis
necessary to use a significant ngnof operations to try to cqpansate for the effects

of gradients.

The simulation is perforned by using suitable portions of an operating pattern, which
are obtained fronthe train black box/cradbg. A portion of operation satisfying the
requirenents for type of operation nst be chosen frorthe log. The longer the
elenent, in general, the satier is the errorrbm the calculation. In addition to the
speed tine/distance data, aterial data lile weight, frontal area, and gradient (if
available) are needed.

For the train sets, values frddEB were used along witheasurerants fromWs-
Atkins. The calculations of these can be seen in Appendix 4.

The values used for,Cand the constants for the calculation aff@ the equiprant
used, with the exception of the train sets, are shown in Table 5.3.

MZ 4 ME Bn/ABns B7 (svensk) Habbinssy
C. |11 1,1 0,11 0,11 0,15
fs. 0,004 0,004 |- - -

Table 5.3 Constants for the calculation of rolling resistance.

The values for Care per unit.
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6 Model Principle

6.1 General

It can often be quite cqgplicated to obtain and process detailed driving patterns. It is
often difficult to obtain a driving pattern forgmisely that type of operation or runs that
are desired to be sifated. It can also be cqficated to process and calculate, since
detailed data for such a driving pattern can quickly beogery extensive. At the
sanetime, there is a limation as to what can be sitated. Nornally it is possible to
use detailed simlation nodels, fromwhich with the use of detailed route and
equipnent data it is possible to sitate operation for a given stretch of railway.

The purpose of the @hod developed here is to offer an alternative to the detailed
second-by-second calculatiorodel, which operates in a giter and nore transparent
method. The rethod should give wre flexibility in connection with the application of
the nodel to a variety of needs.

In place of the use of a cqfete driving pattern with detailed sequentiaasurerants

of time, speed and/or distance, attention is focused on the calculation of energy
consunption in a nore general way. As described in the section of driving resistance,
the energy consuption is equal to the product of the driving resistanatiplied by

the driven distance. For a given train, the patarms used to calculate steady state
driving resistance are atast a function obpeed. The force used to obtain acceleration
is directly proportional to this acceleration. Thus by specifying the speed and
acceleration, all the forces involved in traiovenent on a level line can be obtained.
To be completely accurate, gradient resistance should be included too. However,
detailed gradient imrmation for rail lines is nost difficult to obtain. Therefe, the

model will be based on the asspion of flat operation. Since it isare likely that
elevation differences between cities can be found. Gradient corrections will be added
for an over all trip, with which it is asswhthat only the net elevation thfence

affects the energy consyion of a route. Up and down operation are agsiuim be
equivalent with opposite signs, thereby canceling each other.

Using the natrix approach, then operation is divided into a collection of efés) each

having a naximum and minimum velocity and acceleration. For the detgration of

the driving resistance and energy conption, the average value efch is used for the
calculation ofany operation point that lies within the Itsof the elenent. Since both
acceleration and gradient resistance are proportional to the assgradient

resistances could be included in calculations by a correction to either rolling resistance
or acceleration resistance. Therefore, it is apparent that speed and acceleration are good
choices for the fundaental paraneters in a simlified model.
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Duration operation between two locations, an ideal operation consists obamaim
accelerations, operations at constant speed, and then brakings. This pattern will be
similar between every stop. By constting a distribution of how often different

driving conditions (speed, acceleration) occur, in principle it is possible tdasaran
arbitrary driving pattern. Such aoatel includes the assymion that all operation

modes are independent of each other. Under this gismnthe nodel can be used

for any sized network, froran individual tram route to a large network. For different
types of trains, the physical pareters nust be changed. Since the physical
parangters of the train are directly accessible, this is readily aplsimed.

The principle used then is aatrix of operating conditions described by speed and
acceleration. This principle has been used in thelatian of on-road heavy-duty

vehicle operation. By dividing the driving pattern into speed intervals and then further
dividing these into accelerations it is possible to describe the operation of the train.
Each natrix element has its speed interval and acceleration interval. By the use of an
average speed and acceleration for each interval, and the driving resistance of the train,
it is possible to estiate the energy consyation of the train for that atrix element.

For an entire driving pattern, the total egyeconsurption can be estiated buy using a
distribution natrix for the elenents, that is distribution of driving conditions, and then
sunming the weighted energy consption of the entire operation.

Ideally, the erssions are a function of each operating condition, that is, they can vary
between the operating elemts. But in this work, eissions will be calculateddm

the integrated energy consption, since reliable data concerning actuaissions for

the individual nedes in not available. This is only relevant in the case of diesel train
emissions, since electricity generation is fremtirely different kinds of sources, where
there is no connection to the actual operation of the train. The principle obtie is
shown in Figure 6.1.
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Figure 6.1 Overall structure of the calculation model.

Figure 6.1 shows that the driving pattern can be characterized on the basis of either
driving time or distance. The latteragnprove to be rare useful for conditions where
the geographical features of a railway net are available.

The nodel then is not based on a detailed driving pattern, but on a general distribution
of the types of operationalades - speeds and accelerations. It can then be called a
model on the racro-level, where the calculation of the detailed driving patteist be

done on the mero-level, i.e., second-by-second oeter-by-neter. The size in the
intervals in the distribution atrix is of course important to the accuracy of thesthod.

This issue will be addressed in subsequent sections on testing and evaluatiogeghe m

As earlier nentioned, a driving pattern is typibaa description othe velocity as either

a function of elapsed tienor driven distance. The two are equivalent, and a speed tim
history can easily be integrated to obtain a distanoe hilstory. However, it is

expected that the userstbfs nodel will not be interested in detailed driving cycles,

but rather in a position to analyze rail operations on a larger scale. In this case, it is of
interest to evaluate rail operations in terafa tenporal or spatial distribution dhe

chosen speed acceleration edents. It should be possible to obtain representative
values or different types obperation. This will also be addressed in subsequent
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sections. Data availability or type application will deterenwhich brm, tenporal or
spatial, is nost usetil. Both forms will be investigated in this report.

6.2 The Model in Practice

After discussing the reasons behind the nature of the driving profiles, it is possible to
use thento attain theihal goal: Modeling othe driving pattern and analysistog
temporal and spatial distributions tife driving patterns. The purpose is initially to
illustrate the distribution of speeds and accelerations for a driving operation.

As mentioned earlier, a driving pattern can be written in seafeither the elapsed
time or the driven distance. By using éras the paragter, one can see howueh of
the time a train spends in a given operationale (speed - acceleration).
Correspondingly, by using a spatial distribution, one obtains a knowledge of which
percentages of the driven kil@ers are driven within a given operationajdae.

It may be interest to show how large a portion of the operating ismused for the
different driving nodes, for exaple acceleratin, or how nuch of the traveled distance

is driven at constant speed. The resutimfusing these two diérent bases will not
appear the samn This is because the equations @tion expressed with x and t
respectively are not identical. According to equation 4.1 for constant acceleration, v(t)
is given by a second order equation, while v(x) is linear. In addition, a stopped train
will indicate only one point in a spatial distribution, regardlesheftime spent

stopped. This will have an influence on the appearance of the distribution. In
principle, a spatial distribution by itself cannot calculate thesgons froma train

when stopped. In general, energy congtiom is low when a train is stopped and the
error is not large, especially considering other uncertainties. This will be shown later.
Corrections can be ade using an estiate of average stop tarn the case of

passenger trains. Freight trains a@erdifficult to describe in this respect.

As an illustration, Figure 6.2 shows a speed-distance diaigramperation othe
Danish IC3 (MF) between Copenhageamstation and the town of Ringsted.

The operation consists of 3 siar patterns of different lengths, which depend on the
distance between stationshén the train has been stopped and then starts, it
accelerates up to the desired speed, which is 140. kvihen this speed has been
achieved, it operates with constant speed until the next station is approached and
deceleration begins. It is this repetitive nature of operation thasrihe elemnt
matrix method appealing.

34



180

160 -
140

h
[
o N
S o

L

D (00}
o o
L L

Hastighed (km/ h)

N B
o o
L

o

50 60 70

30 40
Antal kgrte km

Figure 6.2. Driving Pattern for the Danish IC3 train between Copenhagen and

A more detailed presentation of the driving pattern can be seen in Figure 6.3. This is
the sare data as Figure 6.2, presented on speed acceleration co-ordinates with each
point corresponding to average values over a ten-second interval.

The grid lines in the figure give an expla of how one night select acceleration and
speed intervalsof further analysis. Not all eleents are relevanof this pattern, as

there are somconditions where the train does not operate. It is also characteristic for a
train, as for all wheeled vehicles, that as the velocity increases agiraum

acceleration decreases.
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Figure 6.3. Operation pattern in speed and acceleration for MF
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Figures 6.2 and 6.3 have been constructed &armeasured driving pattern, with an
interval of 10 seconds. Thatans that each point on the figure can be considered to
be a 10-second average value.

There are 90 eleemts in the ratrix of Figure 6.3, 10 acceleration intervals and 9 speed
intervals. These have been chogsartlie purpose aflustration here. On the
acceleration portion, it is clear the several of the el@mare never encountered in
operation. Itis likely that this is due to power/torquatitions ofthe equiprent,
although this cannot be stated definitely without a technical analysis of the train.

Figure 6.4 shows an individual elent. In this case theaxymin values for the
acceleration are 0.4 and 0.2sfrfor the speed 60 and 40 kmThe figure shows that
three of the 10 second operating points fall within the criteria of theealem
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Figure 6.4 Schematic figure of the elemenn the acceleration speed matrix.

Since the purpose of theoatel is to calculate energy consption and erssions, the

lower portion of the pattern in Figure 6.4 is not taken into consideration (that portion
including deceleration). This is satisfactory for this type of train, since there is no
regenerative braking. There is always amam of enission and fuel consyntion for
stop/idle conditions. However, in relation to the congtiom in the powered odes
(acceleration and constant speed), it is quitallsr\ppendix 2 gives an analysis of the
load collective for a goods train and a passenger train, and supports this observation.

Then for this train, it should be adequate only to calculate energy cptisaorand

emissions for conditions with acceleration greater than or equal to 0. In the case of
regenerative braking, the negative acceleration portion is relevant, since itideserm
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the anount of energy available to be put back into the electric lines. Thigagion is
more difficult than the energy consgtion, since regenerative braking could be
considered "optional", whereas the energy twenthe train with positive acceleration
must be supplied for any kind of train.

6.3 Analy sis of a driving pattern

The distribution of operating points could beda on the basis of either absolute

values or in term of percent, the latter being the giest and rost general. It will be

utilized here. Viden the distribution has been cgpleted, the calculation dhe energy
consunption for each relevant eleant case can be perfoeth This is done using the
physical properties of the train and a representative speed and acceleration for the given
block, nornally the average value for the elent. As nentioned previously, it is

theoretically possible to detemme emssions for each eleemt, but due to lack of data,
emissions calculations will be based on average energy cqisumover a coplete

driving pattern.

Each operating point ust be evaluated according to the criteria chosen for the size of
the netrix elements. These can be written as:

If

. Q@ @
<interval,min d<Iog d<IntervalmaxWhere' Qg 2 (61)
and if
. Q@ ¢
a1'nterval,min da'Iog dalntervalmaxWhere' a‘Iog 71: (62)
2 1
Then the percent valuerft is:
t tinterval and X, Xinterval (6 3)
% % .
tacc ao Qo0 acc Xa 0 XOO

Where:
interval,max @Nd ntenar,min @re the linits for the given speed interval.

Anterval,max aNd @henalmin @re the linits for the given acceleration interval.
log@nd @gare the speed and acceleration fribi logged driving pattern.
1and ;are the initial andihal speeddr the given neasurerant period.

a; and aare the initial and final acceleration for giverasurerant period.

tinterval @Nd Xoervai@re the tine or distance spent or driven in the edern

taco ta=o @nd t-pare the total tira of acceleration, constant speed and stop.
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Xaco Xa=0 @and X=pare the total distance of accel, constant speed and stop.
X =is naturally = 0.

That is to say again, that the energy corion in the case of deceleration is asedm
to be negligible.

The energy consuption can now be calculated as:
For the spatial distribution:

E(Xg) pet  — (6.4)

Where:

E(Xu%),net IS the total energy consyation "at the coupler” — that is, the
energy that mast be supplied to the wheels.

Fiot is the total driving resistance in the elam
Xaca Xa=0 0F X =0 are theotal distances traveled under acceleration, constant
speed and stopped.

Xy IS the percent of the distance the train covers in for the conditions of
the elenent.

Correspondingly for the tgmoral distribution:

| ~ ~
1 Ftot XtOt t

t

acc ta 0
~1
ttot It%

E(t%)’net Q0 (65)

Where:
E(t).net IS the total energy consymtion "at the coupler” — that is, the
energy that mast be supplied to the wheels.
Fiot IS the total driving resistance in the etarh
Xiot IS the length ofhe driven stretch
tor IS the total driving tire
taco ta=o0 0Q t=pare the total tiras for acceleration, constant speed and
stopping.
to, IS the percent athe total driving tire, during which the driving pattern
IS in the given eleent.

6.4 Operation w ith constant speed.

When dividing the operation intervals a probleem arise. That is, how does one in
practice define operation where the speamistant?As seen fronthe figure about

38



(Figure 6.4) the operation contains several stops. Eveeythlimtrain has stopped, it
must again be accelerated up to the desired speden Wiis is achieved, the speed is
held at this level until the next stop occurs, at whicletihe braking starts.

The speed is not cqutetely constant, but in practice varies in the range of 1 -/8.km
When the speed changes, strictly speaking this will either be acceleration or a
deceleration - even though in general this condition is regarded as constant speed
operation.

Some assumptions
In addition to the probleraf defining constant speed operation, there are other
uncertainties in the ethod. This applies to conditions such as:

X All operation with negative acceleration wasitbed fromthe calculation. The
model is applied to only about 50 to 70% of the total driving pattern. This applies
to either the spatial or teporal distribution. It also eans that losses at idle and
consunption during deceleration are dted.

X The efficiency for traction is based onarerage value. Efficiency varies according
to which operating condition the train is in. The highetigihcy will typically
occur in the highest loading levels, though not necessarily the highest.

X Local gradients are not included. Gradiealues used are based only on the height
difference between the origin and destination. It is asduhat there is 100%
recovery of potential energy.

X Tunnel operating is neglected. Several of theukitions to follow involve som
operation in the tunnel under the Great Belt, where there an additional air resistance
could be expected (tunnel factor).

X  The driving resistances included are the rolling resistangd,He aerodynain
resistance, | the acceleration resistanceg, &hd the gradient resistance FOther
driving resistances are abed. Anong these can be nad) Curve resistance, brake
disc resistance, and air [imlse resistance. Curve resistance is briefly described in
the section on driving resistance. The other resistances are described in Lindgreen
and Sorenson, 2005. These resistances are normally of minor significance and are
therefore not included.

A flow diagramfor model calculations is shown in Figure 6.5. Armdetailed of the

model programits structure, inputs and outputs in included in the users manual,
(Cordiero, Lindgreen and Sorenson, 2005).
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7 Model

The overall goal of the project is to be able to calculate driving resistance, energy
consunption and enssions for an arbitrary opation. This can be done frodifferent
points of view. The intention is to be able to calculate energy cqigmiromas
simple prerequisites as possible.

The nodel is constructed in MS Ex&el This involves advantages and disadvantages.
This platformwas chosen due to a general desire dkenthe nodel sinple to use. At

the same time, it should also give a large degree of availability and transparency, since
the programming is straightforward. In order toake the nodel nore user-friendly,

stabile and clear, the user interface containsesufithe data to be processed as well as
the results of the processing. All calculations are conducted vaithos) that is,

prograns written in the language Visual Basic Applications (VBA).

The nodel was built to calculate on the basisnfoperation @trix entered by the
user, and fronthat deterrnme energy consuption and enssions.

The nodel is constructed on the principle of operation distributions for velocity-
acceleration eleents, using the previously described technical basis.

7.1 Cycle Analy sis

A procedure was developed to perfazaiculdions fromthe detailed description of the
operation of the train. Two calculations were perfamThe first is the calculation of
the energy consuption fromthe detailed train ovenent. That is, for each easured
point of the driving pattern, the driving resistance was calculated. This wasdwnp
over the entire pattern, and used to pare withthe results othe analysis ofhe same
cycle by the ratrix approach. These cgarisons will be shown later. It is required
that the driving pattern includes values the location (distance) tie and speed, in
that order.

The second was to analyze the statistical aspects of the operation. That is, at the
amount of time or distance spent in the different drivingaes was detenmed for use
in a statistical description ¢tie driving cycle to be used in thetnix approach dér
analyzing the cycle and to detama typical statistical descriptions of the operation of
the various types of trains analyzed.

A series of sheets andagros were programed in MS Exce? to perbrm this analysis.
The following describes the structure of the individual sheets, their function and

41



connection with the other sheets. Only the sheets that are accessed under use and
therefore are visible are discussed. Figufeshows a sketch of the structure and the
connection between the sheets.

‘ Temporal distribution
T
P
Eqpt. data

Ematrix

‘ Spatial distribution ‘

Figure 7.1 Structure of cycle analysis model.

Raw data The driving pattern is read here. The data entered are the distance traveled,
the elapsed timand the speed. The data for the egeiprenvironrent etc. can also
be entered here.

Results

The results calculated were the overall characterisirabé driving pattern. That is,
driving time, traveled distance,immum, maximum and average values for &nspeed
and acceleration. Also calculated were the portions of the various types of operation
are calculated as on both the basis oétand distance. That is, howch time does

the train use for different types of operation, as well as haehrof the total distance

is used for these types of operation. The four types of operation are acceleration,
constant speed operation, deceleration and stop. Values are calculated on both an
absolute and relative basis.

Distribution Sheet: The distributions obperating conditions are written in two
distribution sheets. One is for the f@onal distribution and the other is for the spatial
distribution. The two distributions are calculated on the basis of the chosen speed and
acceleration intervals. The effects of intersiake will be shown later. The calculations
take place by suming the tine and distance values for all acceleration interval at a
given speed interval.

The distribution is expressed in both absolute and relative (%) values. For each speed
interval, the accopanying acceleration intervals and their respective values are listed.
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E-matrix: The natrix describing the frequency of the operating conditions is called the
E-matrix. It was calculated for individual tng cycles to corpare with the point-by-
point calculation, and to collect statisticalarrhation for the deterrmation oftypical
E-Matrices for the different types of tnai. The energy consuyntion based on the both

the spatial, E(x%) and tgraral, E(t%) distributions was calculated for qrmson
purposes.

Graphs: This sheet is only an output sheet where the driving pattern can be illustrated
in several form. To start with are found the conventiona and /t-diagrans. Then

there is the illustration of acceleration as a function of speedli@gran) and

acceleration as a function of its length (acceleration lengths). In addition, pie charts are
drawn for the distribution of the type of apgon. These are drawn in % of the total

time or distance traveled.

7.2 Energy Consumption and Emissions Model

Based on the procedures described previously, aredransive radel was developed
for the calculation of emssions and energy consption for rail transport. The
structure of the imdel and instructions on how to run it, anddify the data and other
important portions of the atdel are described in the useranual for the mdel
(Cordiero, Lindgreen and Sorenson, 2005)m&of the nore important features are
mentioned here. The adel allows changes in operating paetars of trains. An
acconpanying report discussed technical factors deit@ng the driving resistance of a
variety of train types (Lindgreen and Sorenson, 2005).

The nodel contains E-atrices for thefollowing types of trains, Goods, Urban

Passenger, Regional passenger, Inter-City passenger and High-speed. They are stored
in separate locations in the spreadsheet, and oceagération with the appropriate

train types. It is possible for the user to change the data, and sepairatesnare

established for each country.

The structure of the adel makes is possible to calculate individual trains, or to
calculate the trains from given country. \len written, the madel contains rail
network and traffic inforration consistet with the TRENDS study (Georgakaét, al,
2002). The mdel is programmed to read data after country codes, and the uagr m
readily nmodify existing network and traffic dia, or establish new route, countries or
even individual trains. Traffic data is entered on atgaries basis.
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8 Test of model

The principles othe nodel were tested to investigate the quality and topasenwith

more detailed procedures. Since there aarynsinplifications and approxi@tions in

the nodel, it cannot be expected that the results will be precise. But it is of interest to
investigate the overall accuracy of the calculation procedure and the general trends.

In the conparison, there are three different calculatiogthrods for the energy
consunption. The first is calculated on the basis of thepmral distribution of the
operating conditions using theatrix approach. The second is based on the spatial
distribution of the operating conditions, also using tlaimapproach. The third
procedure is the "conventionakthod", where based on the instantaneous condition of
the train, its energy consuyation is deternmed and then sumed over the entire driven
stretch. The last value is a reference value, since it uses te@kgsical paramters

as the operational atrix. The conparison between this value and that based on the
distribution natrix concept shows the errors introduced by breaking the operation into
driving elenents, and using the spatially or fgonally weighted sum

In this regard, then it is E(x%) and E(t%), that are to be evaluated. In addition, data
was obtained fronthe Danish National Railway (DSB) for the detailed operation of the
trains. For diesel-powered trains, it was possible to deterthe energy consuption
based on the logged values of the controller stage for the tbieemand a knowledge

of the energy consuyption of the diesel engine in each controller stage.

8.1 Test

The nodel was tested by calculating different expentally measured operating
patterns. The results were geemed with correspondingeasurerants fromthe DSB.
These runs were specially chosendvailability ofdata on the arrangemt of the train
and a loading collective for deteimng power consuption. The trains used in the
conmparison were diesel trains, but the basic energy copsomfor an actual train is
basically the samfor electrical and diesel engines. The only difference being in the
efficiency of the drive systesn In these cases, both the energy copsiomand
emssions have been calculated fr@8B data, based on available enginéssmans
measurerants. This gives an expemntally correct basis for coparison of nodel
predictions.

The energy consuption is straightforward to calculate. The ssapplies to C@Qog
SO, enissions, since these are directly related to fuel copsamin a diesel powered
train. The other emasions NQ, CO, HC and particles (PM) areore dependent on the
specifc material. In the nmdel, average eissions &ctors are utilized, which are not
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equipnent dependent, although this can in principle easily be changed in the

calculations.

To give the most useful results, the choice of run waadenfromthese criteria:

X The energy consuption and enssions were calculated by DSB.

The arrangemnt of the train, that is, nuper of wagons, total weight, ndoar of
seats/goods-tons and wagon weights were known.

X Driving resistance values known or calculable without risk fgonerror.

X Emphasis was placed on the knowledge pof<ihce G be calculateddrly
accurately, if the conditions of the arrangminof the train are satisfied, €an be
calculated for equipant specifications. Coast down tests were only used on the
two goods trains.

Since the calculations frodSB were based on knowledge of equgnm) this gives a
good basis for coparison.

In total, 25 runs were analyzed.

Passenger train

Three types of train were tested: Regidrah R@ (Regional East) and RV (Regional
West) as well as two express trains (InterNord):

X Regional train with ME power (2)

X Regional trains with MZ4 power (4)

X Express train with MZ4 power (2)

X Regional train with MR power (10)

For all MR operations, one train set was used.

The resistance values for the MR are calculated in (Lindgreen and Sorenson, 2005) For
the loconotive powered trains, (Cfor loconotives is 1,1 and for the passenger wagons
0.11. G can then be expressed in the following equation as a function of the number of
wagons:

C 11 Nnygens 011 (8.1)

Goods trains

Two types of trains were exaned here: amail train and a norra goods train:

X Goods train with MZ4 power (2)

X Goods trains with ME power (1)

X Post train with ME power (9)

Since several of these change the number of cars underway in reality there are 11
operating conditions.
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The general procedure in the data processing is, that everg tiann (usually goods
train) changes arrangent, the following operation is calcul ated as a separate
operation fronthe previous.

The goods trains tested have the advantage that they are frequently post trains. That is,
the trains consist of uniformvagons of a known type, whicheans that the trains are
homogeneous. Therefore, @nd G are relatively simple to calculate. Siolation of
coast-down or steady operation is not needed to calculaéh@e are goods wagons
with four axles and nearly uniforprofile (the type of car is seen in Appendix 1). C
for these cars is about 0,15, and for the loatora, in all cases is an ME, G 1,1. C_
can therefore be expressed in the following equation as a function of the number of
wagons:

G 11 Ny, "015 (8.2)

In addition to the post trains, there are also three @ayoods trains. For there, &
calculated fronsimulation of coast-down. &is calculated in the normal way, since all
the datafor the weight of goods and tare weight are known.

A summary of the conditions for all the goods trainsis shown in Table 8.1 and for all
passenger trains, the conditions are shown in Table 8.2.
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Table 8.1 Summary
of all goods trains
used. All weights are
in tons. A list of the
station abbreviations
is found in Appendix
5.
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Table 8.2
Summary of all
passenger trains
used. All weights
are in tons. A list
of the station
abbreviations is
found in Appendix
5.



8.2 Comparison of results

The calculated consystion fromthe nodel was corpared to the corresponding data
fromDSB. The latter were calculatewim the load collectives. That is they were
based on fuel consiption and engine eissions data.

For passenger trains, the congation is in kJ per seat kiand the emgsions in g/seat
km. For the goods trains the consutian is in kd/ton kmFor clarity, the results are
shown graphically. The an conparisons shown here are fuel congtion and
emissions of CQand NQ. DSB values are called reference values and they are
conpared to the calculations based on the spatial anpaeihdistributions E(x),
E(ty). Also shown is a calculation based on the integration of a detaildel rat every
data point (change in conditions). Results for HC, CO and particulésiens are
shown in Appendix 7.

Energy Consumption

For the passenger trains, the congtiom is divided into the locoative powered trains
(ME/MZ4) and the train set MR.

Figure 8.1 shows energy consption per seat knfor operation with the MR-train set.

350

Energy Consumptionfor MR

300
250 - &= 7 —

n
Q
o

(kJ/s eat-km)
5]
o

100 ——DSB | |
Summation
50 E(x%) -
—o— E(t%)

Rv3521 Rv3856 Rv5226 Rv5293 Rv3506 Rv3917 Rv5249 Rv5268 Rv5252 Rv5209

Figure 8.1 Energy consumption for the MR train set.

The figure shows that the values vary within an interval of about 50 kJ/se&hkm
line titled DSB, shows the actual consution from DSB. The relative changesom
train to train are well predicted.

The general picture frofaigure 8.1 indicates that the worst agreatrs actually with

the conventional detailed sutation sunmed throughout the actual driving pattern.

The difference between the reference and calculations is on average 15% with a range
between 5 and 25%. For B{xand E(4) the diference on average is 7%, a little larger

for E(x%). The largest differences are 15 and 12% respectively.
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For the locomtive powered passenger trains the picture is quitédasito the MR.
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Figure 8.2 Energy consumption for locomotive poered passenger trains.

The first two are express trains, after which follow the two regional trains powered by
ME. The final four use the MZ4 locative for power.

An average variation of 15% is found for the detailecuktion, while for E(x) it is

7% and for E@) 8%. In general, Ef) gives the highest values, the suation of the
detailed simlation gives the lowest values.

For goods train, the sapicture as the passenger trains is seen. The first 11 trains in
Figure 8.3 are post trains, while the last three are algyaods trains.
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Figure 8.3. Energy consumption for goods trains

In contrast with the passenger trains, better results are achieved in the detailed
calculation, where there is an average dexvmafrom of about 13 % fronDSB's values.
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The natrix method gives an average variation of about 16%, again with thg E(t
values being slightly higher than B{x The deviation varies between 0 and 25 % for
E(x%), E(ts) and DSB’s values. The variation is greatest for the goods trains. In one
single case (GS4909 ) a deviation of 32%, was found.

Emissions

Figures 8.5 and 8.5 show the £&hd NQ enissions for the MR operation. The
corresponding results for CO, HC and PM are shown in Appendix 7. Only a very few
SO, emissions were available fromSB, so if was not deesd appropriate to include
them
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Figure 8.4 CQ, emissions from MR
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Figure 8.5 NQ, emissions from MR

The general pattern is close to that of the energy caosumwhich is expected in the
case of since theadel uses average &sions factors on the basis of g/kg fuel. The
only variation in trends then would be frdhe neasurerant data, which is obtained
from condition dependent assion factors.This is only relevant for the N@nission.
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The average deviation for the detaileddal is 11% for C@and 6% for NG. For
E(X%) the differences are 7% and 13%, respectively and fg) B¢y are nearly the
sane 6% and 13%.

It should be noted that the differences for the energy cqrtsamand enssions are
not the samm This is because the values fr@8B are fronthe loading collective,
which used diesel oil consyntion for each operating ede individually. Table 8.3
shows the average deviations of the energy copgamand enssions fromthe values
from DSB.

Detailed E(Xo) E(to)

kJ/ton km 0.15 0.07 0,07
CO, 0,11 0.07 0.07
CO 0.27 0.21 0.20
NOy 0.06 0.11 0.13
HC 0.62 0.57 0.57
PM 0.16 0.18 0.17

Table 8.3 Relative differences beteen predictions of different methods and
results from DSB for the MR train unit.

The agreemnt between all approaches is within 20 % for allssians and the energy
consunption, with the exception of the HC &wsions. This in discussed at the end of
this chapter.

For loconotive powered passenger trains, gamresults are shown in Figures 8.6 and
8.7. The results resdie those of the MR described above.
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Figure 8.6 CQO, emissions from locomotive powred passenger trains.
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Figure 8.7 NQ, emissions from locomotive poered passenger trains.

The deviations are generally the sslor the two enssions types. For CQhe average
values or the detailed simation, E(x,) and E() are 15%, 8% and 9% respectively.
For NQ the corresponding values are: 16%, 9% and 10%.

The figures show that there are samdividual variations up to about 25%. Table 8.4
shows the deviations for energy conguiion in kJ/seat-knand all enssions in g/seat-

km.

Detailed E(Xos) E(tw)

Energy 0.15 0.07 0.05
CO, 0.16 0.08 0.06
CcoO 0.18 0.22 0.23
NO, 0.16 0.08 0.07
HC 0.25 0.28 0.19
PM 0.31 0.38 0.41

Table 8.4 Relative differences beteen predictions of different methods and
results from DSB for the locomotive powered passenger trains.
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The table shows that there is good agreenfor all enssions with the exception of
HC and CO. The eissions factors in Table 1 were not specially adapted toDSB'
conditions, indicating that general msions factors can be used satisfactorily.

For goods trains, the average results lie wiBirand 90 % of DSB's values, that is the
deviation is between 10 and 20%. The detailedisition here gives the best
agreenent with DSB's values and tigeeatest difference is found with X
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Figure 8.8 CO, emissions for goods trains

Relative to DSB values, the deviationerfthe detailed simation, E(x,) and E(i)

are, 11, 20 og 19% respectively. The general trends or relatigsiens between the
different operations are reproduced by adtimods, indication that relative trends can

be estinated with any of the three sifation nethods. Wth these simalations, the
matrix-based calculations have a tendency to be on the order of about 15% higher than
the actual emsions.
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Figure 8.9 NQ, emissions for goods trains

The general trends for NOx &mions fromgoods trains, shown in Figure 8.9 are
similar to those othe CGQ-emissions. For the detailedethod, E(x%:) and E(4) the
average deviations frolSB's values are 12, 15 og 13% respectively.

Table 8.5 shows the differences betweerukie results and those froDsB for all
emssions and energy consption for goods trains.

Summation E(Xop) E(to)

KJ/Ton km 0.12 0.15 0.14
CO; 0.11 0.20 0.19
ofe)] 0.25 0.36 0.37
NOy 0.12 0.15 0.13
HC 0.18 0.31 0.32
PM 0.30 0.40 0.41

Table 8.5 Differences betwen simulated and experimental emissions and energy
consumption for DSB goods trains.

As was the case for the locotive powered passenger trains, the differences are
greatest for CO, HC and PM. Since the deviations are of about teeasdor the
passenger trains, it is possible that théssimns factors used in theoael do not agree
with the actual emsions valuesar the MZ4 and ME locoumtives.
For MR the particulate eigsions were within 25% ddSB' values. For CO the
deviations were about the sawms for the MZ4 and ME. On the other hand, the
simulated HC-ernssions for the MR were only about 40%, of actual values D&B.
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Table 8.6 shows the essions factors used in theontel relative to the average values
from DSB. The results are averaged over all operatioges for specific operations,
which gives different emsions factors fiothe same engine under different operation
types. The madel factors used were frof@dgrgensen and Sorenson, 1997).

CO,[g/MJ]| SO, [g/MJ] | NOx [9/MJ] | HC [g/MJ] | CO [g/MJ] | Partikler [g/MJ]
ME, Passenger 76.54 0.02 1.47 0.06 0.23 0.05
MZ4, Passenger 74.4 0.017 1.292 0.046 0.273 0.051
ME, Goods 76.15 0.017 1.496 0.059 0.182 0.053
Mz4, Goods 72.53 0.017 1.323 0.084 0.312 0.132
RV with MR 71.445 0.017 1.116 0.181 0.343 0.077
Models 74,44 0,075 1,32 0,066 0,246 0,076

Table 8.6 Actual emissions factors for the different train types compared to model
values.

For CO the ergsions factors are sifar, and the deviation of about 25 % for the
loconmotive powered trains is likely due to othecfors. The mst likely is that the CO
emissions are mch nmore dependent on specific engine conditions than €fissions.
This is known fronother diesel engines (Heywood, 1988). For gxamCO

emissions at idle can be 10 t@® larger than those foradium loads. On the other

hand, erissions factors frorboth goods trais and MR vary fronthe DSB results by
between 20 and 30 %, which is also seen in thelation results. The error is then

only due to the CO eissions factor. The eissions factor for HC is in relatively good
agreenent with the ME locomtive, and the other hand, there are differences of 20 and
30 % for goods and passenger trains with the MZ4 respectively. For the MR the
variation is over 60%, which is in agreent with the siralation.

The particulate emsions are identical for the MR. For the MZ4 with passenger trains
and the ME, the difference is about 30% and for goods trains with MZ4 the difference
in 40%, which is also in agreemt with the siralations.

There is a question of which &sions factor is used. For G@nd NQ average values
appear to be adequate. For HC, CO and PM, it would be@owerrent to use
equipnent dependent assions factors. Gen the historical difficulty in obtaining
emissions factors and other relevant infation fromrailway organizations, this
appears to be an overly optstic approach. Siitarly, one could attept to use
operating condition spedif emssions &ctors. The difculties here are siihar,
especially for fleet operation, though itght be possible to obtain serdata for an
individual train. Given these ditulties, the mdel is programned using averageuél
specific enssions factors. They can readily be changed in the spreadsheet.
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8.3 Summary

In general the wdel calculations give good results for the passenger trains

investigated. Variations betweerodel calculations with the operationsitnx and the
results fromDSB are less than 10% for passenger trains. Using a detailaetsim

the differences were around 15%. Since the purpose of the calculations was to
investigate the utility of the atrix approach, it can be said that thethwod is viable.

For goods trains the results were not as good. There was a larger spread in results but
in most cases the variation frothe DSB nurbers was between 15 to 20 %. In this

case the detailed sulation gave better agreemt than the operationatnix approach.

It has been shown possible taka good estirates of energy consystion and
emissions for different types of trains spite of a nurber of sinplifying assunptions:

X All operation with negative acceleration was not included in the calculation.
Typically the energy consystion and enssions are deterimed by operation of
between 50 to 70% of the operatingdimr distance.

X Traction efficiencies were based on average values.

X Gradient effects were not included, though in Darkathe terrain is generally flat.
X Wind and tunnel conditions were not included.

X Only standard rolling, aerodynamand acceleration resistance was included.

There can be several reasons for the larger differences with the goods trains, some of
which are:

X Inexact values for loading. That is, theaumt of goods on the trains.
X Approximate values for the air resistance coefficiept C
X A less even operation patter for goods trainspared to passenger trains.

In addition, it would be advantageousutse specific emsions factors for individual
types of equipment, especially for CO, HC and particulateigsions.

Classification of operation relative to DSB’s values and calculation.
Since nost of the goods trains considered are post trains with unifi@gons, the

problens with the resistance values could be expected to Akesmin general, the

post train simlations did not give better results than for the other goods trains, where

the uncertainty of the air resistance coefficients was greater.

Uncertainties regarding the goods weight and other things were encountered in a few
cases nssing or nsleading values. There were 3 cases, where encountered where the
train arrangernt was changed during the trip, and in theusamon was divided into
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corresponding portions. Only one measured value was available for the entire trip,
even though there were cars taken off and added to the train enroute.

The overall arrangeent of the train is illustrated ore closely in Chapter 14 for all
types oftrain. It is dificult to evaluate the iportance othis factor in the agreement
between measurerants and radels. Regional train can also have varying
arrangerents, especially where the net is heavily loaded and atelthtapacity.

8.4 Evaluation of model parameters

The nodels utilize a variety of input data and infation. Several of these factors are
necessarily connected with uncertainties thdauamce the model result to somdegree.
In the following, the influence of a series of factors on the calculated resultsis
investigated for the conditions in Chapters 8.1 and 8.2.

In order to give a picture of these uncertainties, the followinglaiions were
performed. This is perforred by calculating the energy conspiion for different
values of the paraeters of interest. The factors investigated are:

Goods weight and number of passengers

Interval size for the speed accel eration matrix

Traction efficiency

Gradients

Head wind +/- 15 s

Aerodynannc and rolling resistance coefficients: &nd G

X X X X X X

Sone of the factors are relevant for both goods and passenger trains, while afew are
only relevant for one of the types. For clarity, only two runs are considered. The
choice of these runs wasade according to the following criteria:

X The range of speeds and accelerations should be alarge as possible.
X Ci and G should be fairly well known.

X The train weight and/or numer of passengers should cover a relatively large
interval.

X The gradients should be known and preferableut O +/-10 mor at nost 0,1 %e.

Based on these criteria, two runs were selected.

X R@ 4557. KBH - Kalundborg (Tare weight 412,5 tons 600 seats)
X GP7523. Glostrup - Fredericia (Tare wei@bB8 tons and goods weight 126 tons).
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8.4.1 Evaluation of goods wight
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Figure 8.10 Effect of goods wight on total energy
consumntionin kJ/train ton-km.
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Figure 8.11 Effect of goods wight on total energy
consumption in kJ/goods ton-km.

transported, the loading factor is an important factor.
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Figure8.10 and 8.11
show energy
consunption in kJ/ton
km and kJgoods-ton km
for the goods train.
Calculations were
performed for 5 different
weights of goods: 80,
100, 125, 150 and 170
tons.

Figure 8.10 shows that
on the basis dbtal
train weight, the weight
of the goods has little
effect on the specific
energy consuption.
Therefore, the energy
consunption per basis
of goods transported is
strongly dependent on
the loading factor, asis
readily seen in Figure
8.10. Thus, for
calculating energy
consunption for goods



8.4.2 Evaluation of the number of passengers
It is common to
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Figure 8.12 Effect of number of passengers on energy
consumption in kJ/train ton-km.

It is expected that only the
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a energy consuption per
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0 ‘ ‘ ‘ 400, 500 and 600
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Number of passengers passengers. The results are

shown in Figures 8.12 and
8.13.

As was the case for the

goods trains, there is no
difference in the energy consption per train ton-knas the nurfoer of passenger

trains, as is shown in Figure 8.12. This is because the weight of the passengalis is sm
in relation to the total train weight, and in addition, the weighhefpassengers is
included in the total weight, which is used to ndiee the energy consystion.

Figure 8.13 Effect of number of passengers in
energy consumption in kJ/passenger ton-km

As expected, when energy conqtioan on a per passenger basis is used, the occupancy
is a very inportant paramter, and on this basis, isone important than rany technical
factors in deterining the passenger specific energy constiom
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8.4.3 Traction Efficiency

The average traction efficiencies for the two trains are 0.30 for the MZ4 powered

passenger train and 0.35 for the ME powered goods train. Figures 8.14 and 8.15 show

600

Effect of traction efficiency on
Energy Consumption for GP7523
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- \
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Figure 8.14 Effect of traction efficiency on energy

consumption for a goods train.
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the changes in train
energy consuption
resulting froma
variation in the
traction efficiency.
For each train,
traction efficiencies
of 20, 25, 30, 35, and
40 percent were. As
expected, the energy
consunption is
significantly
dependent on the
traction efficiency.
The curves are not
linear, since energy
consunption is the
inverse of the
efficiency, and at
zero efficiency, an
infinite energy
consunption
would result.

Figure 8.15 The effect of traction efficiency on energy

consumption for a passenger train.
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8.4.4 Gradients

Though the terrain of Derawk is flat, the effects of elevation aream It is, however,

possible to estiate the effect of differencés elevation froma sinple theoretical point

of view. If regenerative braking is not cahered, the effects of elevation changes are

shown in Figure

400 8.16 for the

350 chosen goods

200 WW trains. Overalll
height changes of

+50m +100mand

km

sa00 | Effect of Height Increase on Energy

5 Consum ption for R@4557 = ?—"200 mW_ere
150 i included in the
——E(1%) )
100 operation patterns,
0 even though they
. exceed that
50 0 450 400 W 0 50 10 150 20 250 possible in the
Height Increase - m terrain driven.
Figure 8.16 Effect of heght increase for the operation ~ Since the routes
of the passenger train, total trip length = 113km for the goods and

passenger trains
were different, these correspond to relative gradients between 0 and 1%o. for the goods
train and 0 to 0 and 1,7 %o.

The changes in energy congution are essentially linear in the gradient for thexlest
grades included here. The energy corsion of the goods train on a ton-Krasis is
over 50% greater

400 Effect of gradients on —_—
Energy Consumption for GP7523 than that d)r the
350 passenger train.
300 Therefore, it ght
- QW be expected that the
£
< 200 relative contribution
2150 —+—EC%) | of the gradient
—— E(t%) .
100 could differ
50 between the two
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ train types. This is
250 200 -150  -100 ?_'(é gt ingrease _i? 100 150 200 250 not the case, as

Figure 8.17 shows.
This is a fgure
shown the relative
change in energy consytion for the two train types on the saourve. It is seen that

Figure 8.16 Effect of height increase for the operation
of the goods train, total trip length = 211km
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on a relative basis, there is no difference between the types. This is because the
gradient energy consyation is proportional to the ass of the train, and when the total
energy consuption is divided by the ass of the train, the gradient contribution
depends only on the gradient. The accelenatind rolling resistance contributions are
also proportional to the aas, and when norahzed by train nass, depends only on the
acceleration. In a siitar way, though not exactly, the aerodynamesistance
increases with the train size. Therefore, tblative contribution ahe gradient to the
specific energy consygtion is not dependewin train size, or in the cases shown type.

Since the changes are

Effect of Gradient on Energy Consum ption syrrmetrical to zero
E 1.zi R . gradients, the changes in
— <> .
E |, w @ energy consuption for
IS 081 transport on a stretch in both
§ 06 1 directions should be nearly
i 04 independent of gradient.
2 < Goods Train Lo . .
E 0:2 ® Passenger Train|"| This is because trains going
[0) .
2 ‘ 6 ‘ down will conpensate dr
02 01 0 01 02 the energy consuption
Gradient - % . . .
increase for trains going up.

Figure 8.17 Relative changes in energy There are somassumtions

consumption for both passenger and goods trains. here that ray not always
hold. One is that the aant

of goods and passenger traveling in each direction is the sHne other is that there
is no regenerative braking. In addition, the gradients considerecdestnand
operation in steep gradients can affect the operation characteristics (speeds and
accelerations). To evaluate this, actual driving patterns for steep gradistisem
evaluated.

63



8.4.5 Wind direction

500 Effect of Wind for GP7523
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Figure 8.18 Effect of relative wnd speed on

energy consunption for the goods train.

As mentioned previously,
all calculations were
performed for wind still
conditions. In practice,
there is wind fom all
directions, and trains do
not operate in a straight
line on nost routes.
Therebre, it is ofinterest
to show the effect of
relative wind direction on
energy consuption.

Here the diects will be
shown only in a head

wind/tail wind fashion. In practice, sidends have an effect on energy congtion,
both in terns of the relative wind velocity in the direction obon, and on the drag

coefficients. To investigate the effects of wind, relative wind speeds of +/- 10, 15 and
30 m's have been used with 0 being the reference condition. This covers the range of

moderate to extremwind.

500 Effect of Wind for R@4557
450 e
400 /‘-'
350 D\n——nfc/’/
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100 —o—E(t%) ||
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0 ‘ : : ; : ;
-40 -30 20 -10 0 10 20 30
Relative Wind Speed - m/s

40

Figure 8.19 Effect of relative wnd speed on energy

consumption for the passenger train.

The figures show
that a tail wind
does not give a
large reduction in
energy
consunption, even
for strong winds.
This applies to both
of the trains. The
wind resistance
termis proportional
to the square dhe
relative wind
speed. So a head

wind gives a dramttic increase in wind resistance, while a tail wind gives a aiam
decrease. In the case of the latter, aerodimegsistance no longer plays such an
important role, and the acceleration and rolling resistancesdtam Thus, the effect
of wind becones small for increasing tail wind speeds. A wind speed change ofsLOm
gives a relative change in energy conption of about 10%.
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8.4.6 Driving resistance parameters

The post goods trains chosen to evaluate the effect of driving resistancetpesavas
GP7523. This is priarily due to the greater potential for variation of the resistance
values for goods trains. Goods trains aremuosed of a variety of wagons, with
different shapes, heights and arrangets. The aerodynams resistance coefficient,
C. and the rolling resistance coefficien &e evaluated separately.

The following values were used for:.8, 2.0, 2.15, 2.3, 2.5, and 3.0 where 2,15 is
the basis reference value calculated ftbmequiprent specifications. This
corresponds approxitely to a variation in Cof £ 50 %.

280 C, for GP7523
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Figure 8.20 Energy consumption as a function of the aerodynamic drag
coefficient for the goods train.

Figure 8.20 shows that the energy congtiom is directly proportional to C The
energy consuption varies with between 10 and 12 % between tiamum and
minimum values for C.. This percent is about 1/5 of that of the variation in C

For the variation in the rolling resistance coefficienttie bllowing values were
chosen: 2.80° 3107, 3.210°, 3.510°, and 3.7L0>. The results of Figure 8.21 show
that the variation in the energy consutian as a function of the rolling resistance
coefficient for the GP 7523 post goods train. For variation in the rolling resistance
coefficient of + 13 %, the energy consation changes by about + 3.3 %. The
variation in the energy consytion corresponds to about 1/4 of the variation in the
rolling resistance coefficient.
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280 Ck for GP7523
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Figure 8.21. Energy consumption as a function of the rolling resistance
coefficient for the goods train.

The operation of this particular train representsxethoperation, domated by

neither steady state operation nor acceleration/deceleration. In the case of a train
traveling long distances between stops, the results willdse sensitive to the rolling
resistance paragters, since they deteme steady state loading. On the other hand, for
a train with large nuivers of accelerations and decelerations (for g@m@n urban

train or netro), the rolling resistance would play aafar role. This is because the
majority of the energy consuption occurs under accelerations, where the trassm

and propulsion efficiencies are the detigring factors.

The calculation of gis thought to be relatively accurate, since there is not a great
variation on the wheel types for these trainspf@sents a larger opportunity for error,
since the arrangemnt of the train can affect the flow characteristics, and the
arrangerent is not always known. The results of Figures 8.20 and 8.21 and the
previous comarisons with DSB data indicate that the driving resistance characteristics
of trains can be calculated to a good accuracy.
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8.4.7 Simulation wth variation in the operating matrix size

It is especially irportant to investigate the sensitivitytbe nodel to the size ahe
operational retrix. That is, what is the size of each etarhin terns of variation in
velocity and variation in acceleration? It is desirable to usea#l sommber of elerents

in order to nmimize calculation tira, but yet use a resolution that will be adequate to
calculate typical changes in operation patterns.

In the previous investigations, the operafuagtern has been divided into 150 edats.

The velocity has ranged frofhto 150 knh in intervals of 10 kit and the

acceleration fron® to 1.0 ns in intervals of0.1 nis”. Those portions of the driving
pattern where the acceleration is negative have not been included, since these can
approxinately be said not to give any significant contribution to the total energy
consunption. Assuning that the train is coasting, the congtion is that of idle

operation, and the fuel consption is limted. Appendix 2 shows an operation

collective where this is the case for the two trains analyzed.

Figure 8.22 shows the acceleration as a function of the speed for R@4557, where only
the positive accelerations are included.

1.8 Hast/acc-diagram for R@4557
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Fiaure 822 _Acceleration asa function of velocitv for RAA4557

In the following, this operating pattern will be analyzed for the R@4557 train using
different resolution in the acceleration-velocitgirix. The variations in the speed er
acceleration size will be ade with a constant value of the other pasm
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8.4.8 Speed

The driving pattern for the above figure was divided into 15 intervals of 18. km

In addition, 10 acceleration intervals were used féotm 1 nis’. The entire operating
characteristic was then divided into 150 edexts. In the following, the energy

consunption per ton-knwas calculated using 25, 15, 10, 5, 3 and 2 intervals for the
speed. The results are shown in Figure 8.23, where 10 acceleration intervals were used.
The results indicate that there is not ganeffect due to the speed interval size, al long

as there are ane than 5 speed intervals. étvdown to 3 intervals the effects areaim

A division into 15 intervals with a spread in speeds of 10kph s¢etme more than

sufficient.
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Figure 8.23 Effect of speed interval seon the calculated energy consumption.

68



8.4.9 Acceleration

In contrast to the speed intervals, the energy copsamis sensitive to the size tife
acceleration interval. For the passenger trains shown, thestédomnore than 10
intervals bebre the results becamindependent oihterval size. This eans that the
absolute interval spread should be less than 0/&80 m

In general, it appears that if the general guideline of speed intervals of/i@ikch
acceleration intervals of 0.2/gh or snaller are used accurate estims of energy
consunption for driving patterns or statistical distributions should be calculated with
acceptable accuracy.

800 Acceleration Resolution for R@4557
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Figure 8.24 Energy consyntion as a function of acceleration interval size.
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9 Summary of Model

A model has been constructed that can eggnenergy consyption and enssions

from rail traffic. Calculations can beatte on the basis of knowledge of operating
characteristics distribution with respect to eithertion distance. Theodel has been
evaluated on 18 passenger train routes and 12 goods train routes. The results were
conpared with energy consystion and enssions calculated on the basis adasured
operation collective for engine power, andasured engine energy congiion and
emssions.

For the passenger trains, thedsl was able to calculate energy congtiom within
15%. For goods trains, the variation was slightly higher. NOgsoms could be
estimated to a sintar level of accuracy using averageissions factors applied to the
total energy consuption and not to the indidual operation points. Essions of CO,
HC and particulate atter are nore sensitive to individual operation conditions and
specific engines, and can be estied to within 25-30 % using averageigsions
factors.

It is concluded that the concept of dividing operating patterns into a speed-acceleration
matrix and calculation energy consption fromtrain data and estiates of rolling
resistance paragters is viable. The eissions calculation included technical factors in

a correct, but not overly cgsticated manner. It is possible to apply theonel to a

wide range of fleets, frora single run t@ national average for a train type. The
requirenent is that a reasonable eséta of the temqoral or spatial distribution of the
operating condition of the type of train analyzed is known.

One possibility ér obtaining data is the use tifhetables. In this case, distances are
either known or readily available, and travelgsrdirectly given. \Wh standard
corrections for acceleration/decelerationdsvor distances, operating statistics are
readily available for alwst any passengeoute for schedule traffic. Goods traffic
travel data is not generally available in this fothough soratypical operations are
shown in the report.
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10 Idle operation significance.

As mentioned in the section concerning thedwls, operation at idle is not included.

The driving patterns that are sifated are divided into acceleration and speed

intervals, where neither deceleration nor operation with the train stopped are included.
The purpose of this section is to evaluate hawmof the energy consystion and
emissions are related to operation at idle. Altle# load collectives used were

calculated by DSB.

The driving patterns used are R@4557, GP7523 and RV5249, which were also used in
connection with the test of theaalel principle. R@4557 and GP7523 were also used in
the evaluation of the atdel pararaters. All of the operations are representative. That

is, they do not differ in any significant way frasther sinilar operations. The total

load collectives for the three operations are shown in Appendix 2.

10.1 R@4557. Osterport-Kalundborg

Table 10.1 shows the energy congtion and the emsions for the different operation
steps.

Controller step| Time | Dist. | Fuel Use | CO, NOx HC CO | Particles
(%) | (%) (%) (%) (%) (%) (%) (%)

0 51 34 4.94 4.82 590 | 21.93 | 13.19 5.36
1 2 3 0.27 0.26 0.30 0.68 0.32 0.19
2 3 4 0.95 0.91 0.76 1.23 0.71 0.89
3 2 3 1.47 1.42 1.37 1.35 0.61 1.59
4 8 12 7.54 7.43 7.36 5.89 2.52 9.26
5 3 4 3.34 3.28 2.95 2.48 1.54 4.88
6 2 3 3.49 3.47 3.03 2.42 2.83 4.23
7 2 2 4.49 452 451 3.27 4.26 4.88
8 28 35 73.50 73.89 | 73.83 | 60.74 | 74.04 | 68.72
| alt 101 100 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

Table 10.1 Percentage load collective for the MR train.

The load collective shows that over haldfthe driving tine occurs at idle. It is seen

that for the fuel, CQ NOy and particle eissions, idle operation is responsible for only
about 5%. For HC and CO idle produces about 22 and 13% of thessoss
respectively. That is, large portions of the HC and C@&&ions occur at idle and at

full load (step 8). Operation at full load accounts for about 30% of the total operation
time. It is here that the am part of the energy consuyntion and enssions are found.

For the fuel consuption, CQ, NO, and CO about 75% of the consptimn/emssions
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occur at full load. The shares of the different operating steps for the total operation are
typical for loconotive powered regional trains. For the international trains the

conditions are different. The share at full load is nearly thesdaum the relative

amount of idle operation is significantly reduced, which is due to the reduceoenum

of stops per km

10.2 GP7523. Glostrup-Fredericia
Table 10.2 shows the energy congtion and the different eilssions on a relative
basis for the different operating steps of the GP7523.

Controller step| Time | Dist Fuel CO, NOx HC CcoO Particles

(%) | (%) (%) (%) (%) (%) (%) (%)

0 37 27 4.84 4.67 5.38 14.36 6.85 1.55
1 6 6 0.74 0.71 0.85 1.95 0.72 0.25
2 4 3 1.26 1.22 1.25 1.93 0.74 0.46
3 6 7 3.68 3.54 3.81 4.31 1.35 2.40
4 11 14 10.06 9.94 | 10.84 9.91 291 9.32
5 9 10 11.51 11.39 | 12.20 9.93 3.34 14.08
6 7 7 10.62 10.60 | 11.07 9.07 4.40 10.78
7 1 2 3.08 3.10 3.02 2.53 3.57 3.16
8 20 23 54.21 54.84 | 51.58 | 46.01 | 76.11 58.00
sum 101 99 100 100 100 100 100 100

Table 10.2. Percentage load collective for the ME+goods train.

The tendencies are basically the sars R@4557. About 5% of the energy
consunption, CQ and NQ emissions are related to idle operation. This is in spite of
the fact that the engine operates at idle 37%heftine.

10.3 RV5249. Aalborg-Frederikshavn
Finally, a corresponding load collective is shown for operation with the type MR.
The train is the RV5249.

Controller step | Time Dist. Fuel CO, NOx HC (6{0) Particles

(%) (%) (%) (%) (%) (%) (%) (%)

0 41 26 5.17 5.81 3.56 54.92 | 49.28 43.85
1 3 3 1.22 1.16 0.95 4.55 3.32 3.96
2 4 4 2.41 2.22 1.64 5.25 5.74 4.44
3 1 2 1.09 1.10 0.88 1.39 1.55 1.24
4 9 13 9.28 9.12 8.43 5.71 6.63 6.13
5 1 2 1.39 1.41 1.48 0.55 0.59 0.57
6 8 13 13.25 | 13.34 | 1491 | 3.80 3.84 4.00
7 33 37 66.18 | 65.84 | 68.15 | 23.84 | 29.05 35.81
sum 100 100 100 100 100 100 100 100

Table 10c. Percentage load collective for the MR train, RV 5249.
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Once again, a large portion of the operatingeti#i%) occurs with the train's engine at
idle. About half of the emasions of HGand CO are eitted during this condition. 33%
of the time passes with the engine at full load, where about 65% of the energy
consunption, and CQand NQ enissions are found. For the other types ofssions,
between 25 and 35% of the issions occur at full load.

10.4 Summary

An analysis of the load collectives shows that théseion of idle operation has no
noticeable influence on the gitated energy consyption. The energy consyton at
idle is generally under 6% of the total for the analyzed cycles, whishlme seen to be
too snall to have a noticeable effect on the results.

The enissions of CO2 and NCare distributed over the operation steps inoslthe
same manner as the energy consption. That is, the CQand NQ emissions are
proportional with the energy consption, which is expected especially for the £LO
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11 Analy sis of driving distributions

The following will illustrate the distribution of the operating condition of the trains for
sone of the sinulated operations. This can be used for different purposes. First and
foremost it can give a good illustration of the actual operation.

The nost obvious parasters in the study are speed and acceleration and eitleeotim
distance. A distribution gives an overall pict of the operation, and shows the general
tendencies. On the other hand, the instantaneous picture of the operating pattern gives
a nore diffuse picture that does not necessarilpleasize the actual tendencies.

The picture desired is how the operation fdfedent types of trains is organized and

the relations between the different types of trains. Part of the iafiemmis what

portion of the operating timis spent in the differentades (accel., etc.), but also the
relationship between the speed and acceleration. That is, what accelerations are found
for the diferent speed intervals, and what is the@guency. Fronthis it will be

shown:

X How much of the operation occurs with the different speeds?
X What are the st conmon speeds, and how large are the accelerations the train
can accorplish?

X In which speed intervals are the variations in speed greatest and how large are the
variations?

The relation between acceleration and speed can be investigateeitiierma temporal
or spatial point of view. Often theregeood agreeent between these two points of
view. Since a copiete description of a driving pattern is very extensive, the
discussion is lirted to ur trains in three train types:

X Inter-city train. IC 545 Kgbenhavn-Odense. The train consists of an ER-set. There
are eight stops, axt speed: 158 krh.

X Regional train. Re4557. @sterport-Kalundborg. MZ4 + eight wagons. 11 stopgxm
speed: 144 km/h.

X Goods train. GP7523 Glostrup-Fredericia. ME+ seven post wagons, two signal

stops, max speed: 140 k.

X Goods train. GS7499 GB-Arhus. The train is powered by an ME with different
number of wagons between each stop. Stops in Ringsted and Fredericia. In addition
there are four signal stopsaxspeed: 120 k.
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The regional and goods trains are theestrains that were used in connection with the
test of the simlation model. These trains were chosen to give a reasonablgliet@m
coverage of the types of train available.e@hstributions for the three types of trains

will be expected to have a unique appearance. The IC train operates with higher speeds
and has relatively few stops, which will give a distribution concentrated around the
higher speeds, for noanoperation. The regional train operates with lower speeds, and
has nany stops, which should give a broadegre varied distribution. The first goods
train, which is actually a afl train, has about the saspeed as the regional train, but
with much fewer stops. In thisashion, it isintermediate between the I C regional trains.
The last goods train operates with slightly lower speeds than the other three trains. In
addition is has many stops along the route. The post train can then be considered to
represent a through goods train.

Several types of diagraare used to give athorough picture of the operations. The
illustration ofthe distribution is made in the érm of a 3D-plot, with diferent graphs
and pie charts as supplements. The sae3D-plots are shown in larger foanin
Appendices 8-13.
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11.1 IC 545 Kgbenhavn-Odense.
The nost basic information is given in a speed-taror speed-distance diagram
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Figure 11.2. Speed as a function of distance.

It is apparent fronfigures 11.1 and 11.2, thatost of the operation, on either a
termporal or spatial distribution basis, occurs at near tsémum speed. The patterns
are close to what one would consider as being ideal, that is, the train can accelerate up

to a steady speed and it not restricted by signal stops and the like.

Figure 11.3 shows the tg@oral distribution and Figure 11.4 shows the spatial
distribution. These figures are shown on a large scan in Appendix 8.
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Figure 11.3. Temoral distribution of speeds and accelerations for IC545.
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Figure 11.4. Spatial distribution of speeds and accelerations for IC545.

The figures show that the largest portion of the operation (. 33% orpari&rasis
and 47% on a spatial basis) takes place at speeds over 10 Kne accelerations at
this speed lie in the range &f0,35nis’. This is because the train operates sohof
the time with speed above, yet the speed istndy constant. Somconsideration mst
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be given to the definition of "constant” speed operation. That is, under which level of
acceleration can the speed be asslto be approximtely constant. The frequencies

of speed independent of acceleration and acagbn independent of speed are shown
in tables 11.1 and 11.2.

Speeds 0:50 kmv/h 50:100 kmh 100:150 knih >150 knth
Tenporal distribution 20 13 49 18
Spatial distribution |3 9 61 27

Table 11.1. Speed interval shares in %
Accelerations (%) Oto 0,1 m/3 0,1 to 0,3 nis’ Over 0,3 ns’
Tenporal distribution |65 20 14
Spatial distribution 73 18 8

Table 11.2. Acceleration interval shares in %.

Figure 11.5 below shows the relationship between the four kinds of operation and a
function of both tine and distance traveled.

Temporal Distribution of Running Modes Spatial Distribution of Running Modes
Deceleration Stopped
Stooped 31% Constant 0% Deceleration
o Speed 20%
0% 24%
Constant
Speed
1% @ Acceleration @ Acceleration
@ Constant Speed @ Constant Speed
O Stopped O Stopped
Accelerati ) " )
cc:zeur/a on O Deceleration Acceleration O Deceleration
i 56%

Figure 11.5. Distribution of runningades for IC545

Since the train is an inter city train, stopping does not takeugp wf the total

operating tine, and of course on a distance basis, the contribution of stopping is zero.
Even on the teporal basis the contribution is close to zero. The biggest difference
between the teporal and spatial distributions in the relativecamt of deceleration.
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11.2 R@4557 PBsterport-Kalundborg
Train speed as a function of both érand distance is shown in figures 11.6 and 11.7.
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Figure 11.7. Speed as a function of drivenflma regional trains.

Even though this is a regional train, the driving pattern rbksnthe IC train shown
previously. The operation here is relatively conventional, since after every stop the
trains can accelerate up to an operating speed, which hereaxsnaum of about 120

km/h. Between @sterport and Valby, the operation is with relatively low speed, which
is due to the short distance between the station, as operation here is iiddieeoin
Copenhagen, and there aranytrains. Fronthe speed tim curve it can be seen that
there is a longer timbetween different stops. The schedule includes longer stops at
the towns of Tgllgse og Holbaek near the end of the route.
Figures 11.8 and 11.9 show the distribution of the speed and accelerations. The graphs
are shown on a larger scale in Appendix 9.
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Figure 11.9. Spatial distribution of speeds and accelerations for R@4557

Fromboth figures, it can be seen that the highest speedsoateommon. The nost
commonly encountered speeds are in between 110 and 140 ttrese speed ranges
having a frequency 54 and 31% for spatial andptanad distributions respectively.
There is a greater difference between theigijpand tenporal distributions than was the
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case for the IC train, but like that train, a large portion of the operation is at speeds
from 100 knih up to the raximum speed

One noticeable difference is that for the pamal distribution, 20 of the operation lies
in the interval between 0 and 10 kmand an acceleration of 0-0,¥sm For the spatial
distribution, this share is only 0.14%. Fwwoth distributions about 25% of the operation
lies between 50 and 100 Kmwith accelerations of +0.3/83. There is a general
tendency that the accelerations, shown in the 3D-graph in figures 11.8 and 11.9
basically do not exceed +0.3sh

Speeds 0:50 km/h 50:100 kn’h 100:150 kmh >150 km'h
Tenporal distribution 39 25 35 0
Spatial distribution |9 27 63 0

Table 11.3 The distribution of speed intervals in %

Accelerations (+) Oto 0,1 m/3 0,1 to0,3 nis’ Over 0,3 ns’
Tenporal distribution | 66 23 10
Spatial distribution 67 24 8

Table 11.4 The distribution of acceleration levels in %

Figure 11.10 shows the distribution of the types of operation. It is seen that the
extended stops in schedule have a noticeable influence on therétiistribution
(DSB,1997). The saecondition can be seen in Figures 11.8 and 11.9. The train on
this route is stopped 20% of the &m

Temporal Distribution of Running Modes

Deceleration
32%

Spatial Distribution of Running Modes
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Constant
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15%

19%

@ Acceleration @ Acceleration
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Acceleration

38% O Deceleration Acceleration O Deceleration

48%

Figure 11.10 Distribution of types of operation for R@4557.

Deceleration and constant speed operation have about tegpeerantage in each
distribution, when the acceleration portion dieOn about half of the driven kitine
train is accelerating, while it is only about 40% of theetitfmat is used for acceleration.
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11.3 GP7513 Glostrup-Fredericia

AS an exarple of a goods train, results for GP7523 are shown. This train was
mentioned earlier in connection with the testing and evaluation of dueinThe train
operates directly between Glostrup and Fredericia and then runs directly to Arhus.
Since there is no stop underway, with theeption of two signals, the amnt of stop

time is expected to be quite atn If there were regular stops underway, these would

be expected to have a greater percentage than for the passenger trains, since a stop for a
goods train usually included switching, brake tests and waitirgyuimtil the tracks are
free. For even though a goods train operates according to a schedule, it is only
advisory. The goods trains usually operate according to hak switching tine is
needed, and howany goods are to be transported. This can easily give rise to waiting
time, since it is necessary to wait the track to berée.

Even though the train then does not have regular stops, thererarérakings and
subsequent accelerations, shown by Figureklldnd 11.12. These are traffic related
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Figure 11.11 Speed as a function of time for GP7523
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The operation is then very uneven, which gives an increase in energy ptingum
compared to uniformoperation. Figures 11.13 and 11.14 show theteal and spatial
distributions of the speeds and accelerations. Larger curves are found in Appendix 10.
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Figure 11.13 Temporal distribution for GP7523.
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As was seen with the previous traingstnof the operation occurs with the higher

speeds. For the tgraral and spatial distributions respectively, about 60 and 75% of the

operation is in the region 100-140 kmand +0,3 is”. Correspondingly about 18%
(tenporal) and 15% (spatial) of the operation lies in the region between 50 and 100
km/h and acceleration of +0,2sh Even the stop tig which occurs because of
signaling, takes up about 4% of the total operating iimthe formof low speed in
connection with the stops. Otherwise the relativeams of operation are about the

sarme for either tine or driven km

Speeds 0:50 kmv/h 50:100 kmh 100:150 knih >150 knvh
Tenporal distribution| 17 25 61 0
Spatial distribution |4 17 77 0
Table 11.5 Speed interval distribution in %
Accelerations (+) Oto 0.1 m/8 0,1 to 0,3 nis’ Over 0.3 n1s’
Tenporal distribution |73 21 4
Spatial distribution 77 17 4

Table 11.6 Distribution of acceleration values in %
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Figure 11.15 Distribution of Running Modes for GP7523.

Acceleration and deceleration eachke up about 40% of the operation. This is related
to the uneven nature of the operation as shown in Figure 11.11 and 11.1Zarhe m
stops and subsequent accelerations, do not allast tme for even operation. This

also requires an extra aomt of energy.
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11.4 GS7499 GB-Arhus

To investigate the effect of stops attistias have on goods train operation, a typical
goods train is examed. The train, an ordinary goods train, has a route fhem

Freight yards of Copenhagen (GB) to the town of Arhus. It stops along the way in the
towns of Ringsted and Fredericia. At other places, switching occurs, and wagons are
taken off the train. It left GB with 3Wwagons, In Ringsted 11 wagons were taken off,

and in Fredericia 13 ane wagons rewved. A detailed sumary of the operation is

shown in Table 13e. Since the train changes underway, the energy ptinauand
emissions were not calculated for the whole trip. On the contrary, they were calculated
for each of the three trips, of which the operation in reality consists.

Figures 11.16 and 11.17 show the operating pattern
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Figure 11.17. Speed as a function of distance for GS7499

The figures show that the operation, like thiatGP7523 is irregulaais conpared to the
passenger trains. Though the m@mnof brakings is not as large as for GP7523. There
are two stops along the way in addition to Ringsted and Fredericia. The train stops in
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Odense (between Ringsted and Fredelaca) Vejle (after Fredericia), which
apparently is due to signals or passing. The abspeed for unencubered operation

is between 100 and 120 Km The irregular operation is because the train is relatively
heavy. Between GB and Ringsted the weight is 973 tons. Between Ringsted and
Fredericia 716 tons and on the last stretcArtws the train weight is about 416 tons.
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Figure 11.18 Temporal distribution for GS7499

Figures 11.18 and 11.19 show the distribution of the acceleration and speed intervals.

Like the previous train, ost of the operation occurs at speeds over 100 kAnd
correspondingly, st of the acceleration spectr@8%) for both distribution lies
between + 0.3 I&. As much as 60% teporally and 56% spatially lie between
accelerations of 0 and 0.17/sh) which can be seen by the few cohsin the figures.
For the terporal distribution the stop ties have a large influence on the results, and
constitute as nch as 14%, also seen in the diagsarhFigure 11.20.

Speeds 0:50 kmv/h 50:100 kmh 100:150 knih >150 knth
Tenporal distribution 29 31 40 0
Spatial distribution |6 35 59 0

Table 11.7 Distribution of speeds in %
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Table 11.8 Distribution of acceleration levels in %
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Figure 11.20 Distributions of Running Modes for GS7499

With reference to the driving pattern in figures 11.16 and 11.17, a large portion of the
operation occurs with braking/coasting and acceleration. 1jotehy and 18%
spatially of the operation occurs with constant speed. Onotairbasis, the percent
of time for acceleration is 37% and for deceleration 34%, nearly the Famthe
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spatial distribution, things are siar, except that the stop terdoes not appear. The
acceleration here akes up 43%, of the operation, decelerationcstrd0%.

11.5 Summary .

The operation of three different types of trains has beeniegdm

The InterCity train operatesost of the tine at speeds between 100 and 150hkm
Most of the acceleration is low, that is between —0,1 and % m

The regional train operation isamly also over 100 kith, though to a lesser degree
than the IC train. There is a greater range of accelerations. About 25% of the trains
accelerations are between +0.1 and +0$.mBasically all the rest lie between —0,1
and 0,1 ns”.

For post (goods) train that does not have scheduled iatkaie stops, the speed are
mainly in the intervals above 50 Kim Acceleration levels are closest to those of the
IC-train. About 75 % of the accelerations are between —0.1 and/§.1 m

The conmon goods train has aare uniformdistribution of speeds over all levels,
though the rost frequent speeds are between 50 and 120.krhe accelerations are
mainly distributed with the interval —0,1 to 0,¥sh This is due to the amy stops and
the high weight of the train.
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12 Simulation of Operating Parameters

In this section, the odel previously described will be used to evaluate thextbf
several operating paraters on energy consyntion and enssions. The following
three paramters will be investigated:

X Number of stops
X Uniformity of operation
X Maximum oeed.

The results will be used to illustrateféifent driving patterns and theirfe€t on energy
consunption.

First, the effect ofthe nunber ofstops on consuption and enssions will be
investigated. In other words, what does it ¢ostllow a train that operates over a given
stretch to stop a varying nio@r of tines?

Then the dkct ofthe "quality" ofthe operation on energy conspton will be

illustrated. The train can be operated ifa@lént ways given the sanstop

requirenents and speed lins, depending on the conditions of the signals, the
technique of the engineer and traffic liations of the tracks.

12.1 Analy sis of number of stops

In order to nake this analysis, the coastal passenger route @openhagne ma

station ( Kgbenhavn H) to Elsinore (Helsinggr) is used. This route is heavily used by
commuters in the area north of Copenhagen. Even thouwglem equiprant is used

on the route, the travel tens basically the sagras it was 40 years ago. This is partly
due to the problerthat the route is short in relation to the m@mnof station. The

length of the route is only 46 k, and there are 14 stations, including the end stations.
This gives an average of about 3,5 katween the individual stations, though the
stations in Copenhagen itself are closer together than those outside the city. A large
amount of the operation consists of acceleration and deceleration/braking.

In the following, three scenarios will be looked at, all of which are based on actual train
operating profiles.

The scenarios are:
X Normal regional trains. Stops at all stations.

X Rush Hour train. Does not stop between Kokkedal and @sterport. (passes 4 outer
suburban stationsin arow)

X Express trina (InterNord). No stops between Helsingar og Kgbenhavn H.
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The simulations are rade using a distribution of operating conditions. In order to
ensure that the distributions are relevant, they are bases on actual driving patterns and
then sinplified. Thiswas done to ensure that the operating patterns are within the
limits imposed by the locoative power and the indstructure.

The driving patterns selected were chosen such that there were no abnormal stops,
signal stops, or unusual operation in general.

Table 12.1 shows the overall datafor the trains on which the analysisis based. More
detailed datais shown in the overview in Appendix 12. Only one direction is shown
for the sake of ssimplicity, that is the direction fronelsingar to Kebenhavn H.

Category Train used No. Total | No. of seaty Stops | Elapsed Average
wagons| tons time speed
weight
Normal train R@3063 6 340,5 440 12 62 min. | 44,7 krih
Rush hour train R@3061 6 340,5 440 7 48 min. | 57,8 kmh
Express IN 392 (24/2 99 7 431 520 0 35min. | 79,2km/h

Table 12.1 Over all data for thedriving patterns used to obtain operating
distributions

As expected, the trip tieis very dependent of the number of stops underway. The
stops nearly double the trip tam

12.1.1 Operating distribution

The operating state distributions were entered into thaeimwvhen then calculated the
energy consuption and enssions. It was asstet that the enssions and energy
consunption during deceleration were nogsificant, that is, there is no type of
regenerative braking. The distributions were based on tlee &nad not the distance
traveled. Three speed intervals were used. Since the trains have diffedamdam
speeds, the intervals were adjusted to accommodate the raximum speed of the train in
question.
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Operation of a norat train:

Figure 12.1 shows the operating state distribution for this type of train. All
distributions are shown on a larger scale in Appendix 12.
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Figure 12.1 Spatial distribution of the speed and accelerations for a regional
with stops at all stations

The figure shows that a large portion of the operating pattern consists of a stopped
train. This is, ocourse due to all th&tation. The distribution shows the highest
frequency of operation in the lowest third of the velocity scale.

Speeds 0:40 kmv/h 40:80 kmh 80:120 kmh
Tenyporal Distribution 37 22 13
Spatial Distribution 8 30 28

Table 12.2 Distribution of speeds - %

The spatial distribution looks a little different, because the stapismot represented
the sam here.
The distribution for the accelerations intervals are shown in Table 12.3:

Accelerations Oto 0.1m/8 | 0.1t00.3nis | Over 0.3 nis
Tenporal Distribution 42 22 7
Spatial Distribution 27 30 8

Table 12.3. Distribution of acceleration intervals - %
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Operation of a rush hour train:

Figure 12.2 shows the corresponding distribution of operating states for the rush hour
train that does not stop between Kokkedal and @sterport.
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Figure 12.2 Temporal distribution of speeds and accelerations for the rush
hour train.

For the terporal distribution the percent of terfor the stopped condition is alter

than the standard train. Relative to a train that stops at all stations, the potito of
for stopping is smller due to the saller nunber of stops. However, the train operates
less at the highest speeds, that is, fid@ to 150 krh.

Speeds 0:50 kmvh 50:100 kmh 100:150 knih
Tenporal Distribution 25 27 3
Spatial Distribution 8 30 28

Table 12.4 Distribution of speeds - %

Accelerations Oto 0.1m/$ | 0,1t00.3nis® | Over 0.3ms
Tenporal Distribution 31 20 5
Spatial Distribution 27 20 4

Table 12.5 Distribution of acceleration intervals - %

It can be seen that the total percent of accelerationads awer than for the local
train. Here the surof acceleration percents was 71 and 65%, respectively, while the
corresponding values for the rush hour train were 56 and 51%, again a result of fewer
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stops. The fewer the stops, the better the chances for covering the stretch with nearly
constant speed.

Through train.

For the international train that has no intediate stops, the tgraral distribution is
shown in figure 12.3:
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Figure 12.3 Temporal distribution for through train.

A drastically different picture is seen here, as parad to the regional trains. The
operation is basically in the area above 70@rknfhis is because the train does not stop,
but also because there is adequate capacity such that treedpaied is not restricted.

Speeds 0:35 km/h 35:70 kmvh 70-105knth 105:140 knih
Tenporal Distribution 9 8 19 21
Spatial Distribution 3 5 20 30

Table 12.6 Distribution of speeds - %

Accelerations Oto 0,1 m/$| 0,1t00,3nis’ | Over 0,3 mMs
Tenporal Distribution 47 7 1

Spatial Distribution 49 5 0

Table 12.7 Distribution of acceleration intervals - %
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It can also be seen that the train does not have high rates of acceleration. Most of them
are in the area of 0 to 0,1/sh which corresponds to a single acceleration in connection
with departure fronHelsingar. After this, the speed is nearly constant.

12.1.2 Energy Consumption

The energy consupntion is described in the following. The following table shows the
energy consuption as well as the Gand NQ emissions calculated on the basis of
spatial and tegoral distributions of driving conditions.

E(Xs) kJ/ton km | kJ/seat km |CO, CO, NO, NO,
g/ton km | g/seat km |g/ton km | g/seat km
Normal train 456,1 389,5 33,96 28,99 0,60 0,51
Rush hour train | 290.21 247.8 21.75 18.57 0.39 0.33
Through train | 188.79 171.58 14.05 12.77 0.25 0.23

Table 12.8 Energy consuyotion based on spatial distribution - E&fx

E(to) kJ/ton km | kd/seat km |CO, CO, NOy NOy
g/ton km | g/seat km | g/ton km | g/seat km
Normal train 417.57 356.55 31.08 26.54 0.55 0.47
Rush hour train | 333.97 285.16 26.15 22.33 0.46 0.40
Through train | 194.92 177.16 14.51 13.19 0.26 0.23

Table 12.9 Energy consyntion based on teporal distribution - E¢t)

The results in these tables show that there is a very large difference in the energy
consunption and the emsions. Fronthe calculations based on the spatial distribution,
the rush hour train uses only about 44% of the energy that thelmegional train

uses on the saarip. The spatial distribution based calculation gives a corresponding
reduction of 50%. Since averageissions factors are used, the differences in

emissions are the san

The through train uses only between 64 and 80% of the energy used by the other train
types. That is, reducing the nher of stops gives a large reduction in the energy
consunption. A confbination of sone through trains and those that stop at all stations

is expected to reduce energy conption and ernssions for this route.
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12.2 Analy sis of driving patterns

A second example of the use of the odel is shown in the following, where the

influence of driving behavior on energy cangption is shown for a given route. The
sane IC-train operation as before is investigated, with theesstop pattern and the

sane speed lint. Two patterns are cqmared, one where there are no disturbances and
the second over the samoute, where disturbances arise. The differences are shown
for the first part of the route, fro@openhagen Main to Hgje Tastrup. The purpose is to
illustrate the "quality" of the driving.

The particular stretch of track considered is one of the busier in the Danish, grstem
is a prime candidate for expansion. Because of capaciiyslitmnains are often slowed
in respect to the scheduled operation.

Category Train/date: Train | Total Total Elapsed | Trip speed
sets | weight Seats time

Normal operation IC129d 5/1 99| 3 291 432 11,5 nmin. | 100,2 knth

Abnormel operation |1C129d 7/1 99| 3 291 432 13 mn 88,8 knih

Table 12.10 Train operating data.

Both IC-trains operate with 3 IC3-sets (MF). Thaximum speed is about 140 Km
for both trains.

12.2.1 Driving patterns
Figure 12.4 shows theaasured speed distance histories for the operation of these two
trains between Copenhagen Main and Hgje Tastrup.
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Figure 12.4 Speed distance histories for the abamd abnorral operation of
an Inter City train between Copenhagen Main and Hgje Tastrup.

The operations are nearly the ggior the first 8 km but in the abnorah operation two
sharp braking periods occur in the last 1Q Kimere are no stops other than the
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scheduled stop at Hgje Tastrup. The acceleration velocity distributions for the two

driving patterns are shown in Figures 12.5 and 12.6 and on a larger scale in Appendix.
13.
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Figure 12.5 Temoral acceleration speed distribution for the redroperation.

Most of the norral operation occurs between 100 and 150@krwhich is due to the
fact that the nor@a operation requires only a single acceleration at the departure.

Speeds 0:50 kmvh 50:100 kmh 100-150 krih
Tenporal 13 10 27
Distribution
Spatial 3 8 37
Distribution
Table 12.11. Distribution of train speeds in %
Accelerations Oto 0,1 m/$ | 0,1t0 0,3 nis’ | Over 0,3 s’
Tenporal Distribution 19 17 4
Spatial Distribution 24 21 2

Table 12.12. Distribution of train accelerations in %

The acceleration values are relatively low. Even though the tiahcuone up to a
speed of 140 ki, the accelerations are peniy in the area of up to 0,3/&A.

The distribution for the abnomhoperation is shown in Figure 12.6. It can be seen that
there is a significant change in the distribution. There is a higher frequency of lower
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speeds than for the noahroperation, due to the braking. As expected ftomspeed
distance profile, speeds in the range 50 to 10 lare nuch nore prevalent.
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Figure 12.6 Temporal distribution for uneven operation.

Speeds 0:50 km/h 50:100 kmh 100-150 knih
Tenporal 11 23 27
Distribution
Spatial 13 10 27
Distribution
Table 12.13 Speed distributions in %
Accelerations Oto 0,1m/$ | 0,1t0 0,3 nis’ | Over 0,3 s’
Tenporal Distribution 14 42 5
Spatial Distribution 19 27 4

Table 12.14 Acceleration distribution in %

Correspondingly, the accelerations levels change in ttdleninterval, that is, in the
area between 0,1 to 0,3sh) where previously there was a large concentration at the

lower levels. In all, this mans a rore uneven operation with a lower average speed,
with more accelerations of a longer duration.
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12.2.2 Energy Consumption
The tables below show the results frdm sinulations. The energy consymmon is
calculated fronboth the terporal and spatial distributions.

E(Xo) kJ/ton km | kJ/seat km CO, CO, NO, NO,

g/ton km | g/seatkm | g/ton km | g/seatkm
Normal operation 205.47 154.84 15.29 11.53 0.27 0.20
Ueaven operation 325.84 245.56 24.26 18.28 0.43 0.32

Table 12.15 Energy consymion and enssions fromspatial distribution.

E(to) kJ/ton km | kd/seatkm| CO, CO, NOy NOy

g/ton km | g/seatkm | g/ton km | g/seatkm
Normal operation 250 189 18.6 14.1 0.33 0.25
Unevenoperation 354 267 26.4 19.9 0.47 0.35

Table 12.1@&nergy consumption and enssions fromtenporal distribution.

For E(x,) the difference for consystion and enssions are 63%, while the
corresponding difference for kftis 71%.

That is to say, the uneven operation uses 60 and 4@%energy respectively than the
even operation. Problemwith stops, speed reductions, andtka capacity cause an
increase in energy conspiion of about 50%.

Only two operations are sutated, so there is a lited base of coparison, but one
could conceive of a worse situation for the uneven operation. It is edshat the
limited operation would be sawhat typical, and not representative of a situation with
a large nurhber of stops over such a short distance.

Of course, rost operations are longer than this, and it would be expected that the above
results would be averaged with a longer stretchaertypical operation, where giving
smaller differences.

12.3 Analy sis of maximum speed

In extension of the analysis of the effe€the irregularity of the train operation with

regard to the energy consption, this chapter investigates the effect akimum

speed on the energy congution and enssions of selected trains.

Three IC trains are investigated, which operate between Copenhagen and Korsgr. They
stop underway in Hgje Tastrup, Roskilde, Ringsted and Slagelse. The operation
patterns are for scheduled operation, withaowt unintended stops or slowdowns.

These three trains operate witlaximum speeds of 140, 160 and 180/km
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respectively. Selected data relative to the trains and their operation is shown in Table
12.17.

Category | Train nr: Train | Total Number of | Stops | Elapsed Average
Sets Weight | Seats time speed

140 IC129d5/199|3 291 432 4 61,2 min. 106,1knih

160 IC129d 8/199|3 291 432 4 56,3 nin 115,4 knth

180 IC133d8/199|3 291 432 4 54,2 nin. 119,8 knih

Table 12.17 Train operating data.

Even though there is a relatively large difference in the average speeds, this translates
into a time difference of only about sevenmates between the fastest and slowest
train.

12.3.1 Operation profiles
The speed distance profiles for the three operations are shown in figure 12.7.
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Figure 12.7 Speed as a function of distance driven for the three operations of Table
12.17.

The accelerations areastly of about the saemagnitude for all operations, though
with sorre few deviations. Nuivers for tle distributions and larger graphs are given
in Appendix 14. Figures 12.8, 12.9 and 12.10 are thpdeahdistributions for
maximum speeds of 140, 160 and 180/kmespectively. Three speed intervals are
shown for each operation, naalized to the mximum speed, so the intervals have
slightly different values.
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Figure 12.8 Temporal distribution for operation with ar. speed of 140 k.
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Figure 12.9 Temporal distribution for operation with ar. speed of 160 k.
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Figure 12.10 Temoral distribution for operation with a. speed of 180 krh.

The operation distributions shown in the above figures are verlasim spite of the
difference in the value of the top speed and the intervals. The values are shown in the

tables below.
Speeds 0:35 km/h 35:70 knmvh 70-105 kmh 105-140 knih
Tenporal 10 5 4 54
Distribution
Spatial 1 3 5 70
Distribution
Table 12.18 Speed interval shares in % fox = 140 knih.
Accelerations Oto 0,1m/$| 0,1t00,3nis” | Over 0,3 mMs
Tenporal Distribution 53 16 5
Spatial Distribution 62 14 2
Table 12.19 Acceleration interval shares in % fek = 140 knih.
Speeds 0:40 km/h 40:80 km'h 80-120 kmih 120-160 knih
Tenporal 13 4 6 48
Distribution
Spatial 1 2 5 64
Distribution

Table 12.20 Speed interval shares in % f@k = 160 knih
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Accelerations 0to 0,1 m/é| 0,1t00,3nis® | Over 0,3 M<
Tenporal Distribution 49 14 7
Spatial Distribution 55 14 4

Table 12.21 Acceleration interval shares in % fgk = 160 knih.

Speeds 0:45 km/h 45:90 km'h 90-135 knih 135-180 knih
Tenporal 15 7 9 45
Distribution
Spatial 1 4 8 63
Distribution

Table 12.22 Speed interval shares in % fox = 180 knih.

Accelerations Oto 0,1m/$ | 0,1to00,3nis’ | Over 0,3 s’
Tenporal Distribution 45 24 7
Spatial Distribution 50 24 3

Table 12.23 Acceleration interval shares in % fgk = 180 knih.

In other words, the driving pattern has basically theesdistribution for all three

operations. That is, operation i®stly at low accelerations and higher speeds. The
lowest half of the acceleration scale is hamgigresented in any of the operations with

the exception of stops at the stations.

12.3.2 Energy Consumption.

In tables 12.24 and 12.25 below, the results of thelatians are given. In both cases

it is advantageous to lower the speed to lower the energy cptisum

E(Xs) kJ/ton km | kd/seat km | CO, CO, NO, NO,
g/ton km g/seatkm g/ton km g/seatkm
140 knih 272.01 204.99 20.25 15.26 0.36 0.27
160 kmrih 298.60 225.03 22.23 16.75 0.39 0.30
180 knih 345.19 260.14 25.70 19.36 0.46 0.34

Table 12.24 Effect of eximum speed on energy consption for IC train, spatial

distribution.

For the spatial distribution, it is possible to save about 14% by lower the top speed by
20 kn7h. A further reduction of 40 kfh, that is to 140 kv, give a reduction of 22%.
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As expected, the calculations using thegeral distribution are alost the sam Here,
the saving with the reduction of the top speed is about 10%. Faxienom speed of
140 knih, the corresponding reduction is about 20%.

E(ty) kJ/ton km | kJ/seat km |CO, CO, NO, NO,
g/ton km g/seatkm g/ton km g/seatkm
140 krih 299.95 226.05 22.33 16.83 0.40 0.30
160 knih 337.12 254.06 25.10 18.91 0.45 0.34
180 kmih 374.07 281.90 27.85 20.98 0.49 0.37

Table 12.25 Effect of aximum speed on energy consption for IC train,
temporal distribution.

Though there is a considerable energy savings, it is at the cost of added travel tim
Reducing the mximum speed to 140 kfh increases the travel tatby about 7 mmutes
(see Table 12.17). In addition to lower custorsatisfaction, this would reduce
capacity, since the train spendsrmtime on the lines.

12.4 Summary

Simulations were perfored to analyze threfactors of operation: Nuber of stops, the
evenness of the operation and theximum speed. In all cases, significant savings in
energy consuption and enssions are achiete. By using trains that stop at a
selected nuimer of stations, simlations indicate a saving for the comer trains on

the coastline of about 35%.

Uneven operation has also unfortunate consequences for the energyptarsand
emissions. In the siolation of short trip operation between Copenhagen and Hgje
Tastrup, the energy consption for steady operation with no stop was about half of
that with the irregular operation.

A minor reduction in raximum speed gave lower, but significant reductions in energy
consunption and enssions. A speed reduction frah80 to 160 krfhfor operation
between Copenhagen H and Korsgr (about 110dawe a reduction on the order of
10-14%.
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13 Trends for Energy Consumption

In addition to simlation of certain problenformulations, in this section theadel is
used in a broader perspective.

As written earlier in the report, the energy conptiom and enssions or a train
depend on @ny paraneters and factors. Samof these factors are: Maxum and
average speed, total weight, loaded weight, tare weighty@uof axles and the
amount of passengers or goods. In the following, the effect of several of these
parangters on energy consyotion will be described. In the currenbdel

formulation, enmssions are directly proportional to energy congtiam. This has been
shown to be a very good assutian for CO2, NOx, SOx, and to a lesser degree the
other enssions.

A substantial amunt of data has beerade available fronDSB for the project. This

data, which includes crash logs, train data and technical data, have been used to analyze
energy consuption and enssions fromdifferenttrain types. The types of trains are
described in Chapter 2. The object is to use abeurof sinulated operations to

describe operating patters and show the relation between the characteristics of trains
and energy consyption and enssions.

The results have been calculated using printout of crash log data. All calculations were
made on the basis of spatial distributions. Nallyy diesel and electrical consption

are show separately. Since the h@mofelectrical trains in this report is litad, the
consunption of electrical trains will be showtogether with the diesel powered trains.

The operating patterns used are shown in tables 13.1, 13.2, 13.3, 13.4 and 13.5.

The following translates the less obvious Danish samthe headings.
Dato = Date

Tognr = train nurber

Fra = from

Til =to

Togseet = train set

Tara = tare

Total Veegt = total wieght
Leengde = length

Start tid = start tira

Slut tid = end tine

Antal vogne = nurber of wagons
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Table 13.1 Operations with MF (IC and IC-Lyn)

Table 13.2 Operations with ER (IC and Re)
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Table 13.3 Operations with locative powered passenger trains, MZ4 and ME.
(RD)

Table 13.4 Operations with MR. (RV)
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Table 13.5 Operations with goods trains, MZ4 and ME. (GP, GS and G)

13.1 Goods train

For goods trains, the energy congiion is shown as a function of the total weight as
well as the amunt of goods. In Figure 13.1 the energy corion is shown per ton
km. An exponential function is used to show the trend line.
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Figure 13.1 Energy consuyntion for a goods train as a function of the total weight

in tons.

Due to a significant scatter in the results for thaltengoods trains, the trend line does
not fit the data very well for trains under 600 tons. The spread is up to 100 kJ/ton km
corresponding to 40%. For goods trains 600 tons the function describes the results to
within about 15%. The energy conspion per goods ton as a function of thecaumt

of goods is shown in figure 13.2.
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Figure 13.2 Energy consuyotion per goods ton-kras a function of aount of

goods.
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The trend line fits better in this case, but the energy copisoimincreases sharply at
light loads, when the goods weight be@sm snaller fraction of the total train weight.
That is to say, the loa@dtor is very irportant here.
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Figure 13.3 Energy consuyntion for a goods train (less locotive).

Figure 13.3 shows the samesults, but this tim as a function of the load at the
coupler, that is the total train weight less the weight of the |lotoe
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Figure 13.4 Energy consumption per ton km as a function of number ofagons
for a goods train.

This gives a picture of the actual size of the train, that is, wagons and goods, since the
locomotive is not included. The st trains becormmore apparent here. The data for
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the snallest train sized is still quite scattered, and thus the trend line cannot really
represent the data for the alirtrains. This gives a picture of the actual size and
utilization ofthe train, since the locastives are not included.

Figure 13.4 shows energy congution per ton-kmas a function of the numer wagons
for goods trains. The highest energy congtiom on this basis is for a train with 18
wagons, but as previous figures show, trag only has a goods weight of about 200
tons. Thus load factor is plays a significant factor in deteng the energy
consunption, especially on the basis of ammt of goods transported.

Emissions figures are not shown, sinceyttare proportional to energy congutron
when average fuel specific &sions factors are used.

For conparison purposes, Appendix 15, shows corresponding curvestieom
TRENDS (Georgakaki, et. al., 2002).

13.2 Passenger Trains

In contrast to goods trains, passenger trains are honogeneous, with respect to

material type and size. Therefore, it is of lied value to show energy conspiion in
terms of the weight of the train. Figure 13.5 shows energy copisoimin kJ/ton km

as a function of the nuper of seats.
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Figure 13.5. Energy consuyntion pr ton kmas a function nuber of seats.

The figure shows four collections of pointEhese values are for the different train
sets, ER, MF and MR, for each of which there is a constanb&uaf seats. The trend
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line is nost affected by the train sets, especially the MR and MF, of which there are
most in the data set.

The MR train has 132 seats per set, and is also that type of train that has the greatest
energy consuption. This is due to the low drive train efficiency and the type of
operation, which consists of unsteady operation wahynstarts and stops. It is also
seen that the ER trains, which have 230 seats per set, divergé&dmand line if

there is operation with only one set. For two arersets, the resultalfwithin 25%

of the trend line.

The passenger train data in this way (Figure 13.5) are those that can best be described
by a trend line. That is, there is a reasonable correlation between pdiosuper ton-

km and the nurper of seats.

Energy consummtion per ton-kmand per seat-krare also shown as a function of train
weight as well as the consption per seat kmas a function of nuber of seats. These
curves are shown in Appendix 15, since these data did not lenddlvesiwell to

presentation with a trend line.
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Figure 13.6 Energy consumption in kJ/ton km for passenger trains.

Figures 13.6 and 13.7 show congiion for different types and sized of passenger

trains, in kJ/ton knand kJ/seat kimespectively.

One would expect the consption per ton knto decrease slightly as train size

increases. This is not quite the case. It is especially the MZ4 powered train with six
and eight wagons, respectively that differ. The reason for this is that average values are
shown for different train arrangemts. The values include operation with very
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different operation patterns. Included aigris with frequent stops, trains with
relatively few stops, and finally express traithat operate without stop. Operation
characteristics are very portant.
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Figure 13.7 Energy consumption in kJ/seat km for passenger

For exanple, the MZ4 with six wagons operates on a route with frequent stops, and
short distance between thewhich gives a large energy congution.

The general tendency is for the specific energy copsomto decrease and the train
size increases. The MZ4 shows smm®ceptions to this trend.

Figure 13.7 shows the sardata where the energy consution is in terns of kJ/seat

km. A similar trend to Figure 13.6 is seen. The MZ4 with 11 wagons was an express
train without stops, which gives a lower energy coriion than the general tendency.
Also of interest is the &&ct ofthe light weéght construction of the IC3 train. Its energy
consunption per seat kns relatively lower than that on the basis of kJ/ton km
indicating a higher nubrer of seats per km
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14 Quantit ative Description of Operation

14.1 Driving characteristics

In an extension aihe analysis othe sinulated energy consyption, the dllowing will
focus on the operation itself, and the pagi@rs which describe the operation. Since
calculations have been perfaathfor a large nutper of operations, a detailed
description will quickly becomtoo large. Therefre, sone average values will be
presented that will give an overall cpamison ofthe diferent operating patterns.
Distributions ofthe types obperation during the operating patterns will also be

presented.

The pararaters analyzed are:

X Speed - Maxiam and average

X Acceleration - Maximmm and average

X Driving time
X Driven distance

Average values for the different types of train are given in Table 14.1.

ER MF R@ RV Goodstrain
Operating tine - s 9999 11195 4981 1161 4555
Distance -km 189.70 328.62 95.53 17.38 100.63
Max. speed -km/h 168.73 170.27 135.09 120.00 126.42
Ave. Speed - kiin 82.52 118.80 66.73 48.42 72.58
Max acceleration - 32 1.9697 0.8395 1.7803 1.9444 1.3981
Ave acceleration - /82 0.0255 -0.0020 0.0012 0.0354 0.0057

Table 14.1 Average values of operational data for different types of trains

Table 14.2 shows the relative standard deviation in percent for each of thetpesam
given in Table 14.1. The variations in speed amagimum acceleration are relatively
small, since they are related to equigmh and track lintations. Relative deviations in
average acceleration are high due to thallsmalue of the average acceleration.

ER MF RO RV Goodstrain
Operating tine 39 8 37 210 38
Distance 31 0 42 262 51
Max. speed 6 6 8 13 14
Ave. Speed 5 4 10 16 23
Max acceleration 13 29 21 77 36
Ave acceleration 70 -46 1192 42 238

Table 14.2 Standard deviation of operatioal data for different types of trains
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Variations in operating tismand distance are related: longer routes give longer tim
The values in table 14b also depend on hamynnoutes are included for each train
type. There is relatively little variation in the valuesthe MF train, since the
operations here are only between the town of Copenhagen and Arhus.

A general picture of the overall operation is shown in Tables 14.3 and 14.4. The
arbitrary definition of constant speed is that two consecutive readings on the crash log
were the sam The actual driving pattern distributions are of course more detailed, as
shown in the figuresin Chapter 12.

Operating mode Temporal distribution Spatial distribution
ER | MF| R | RV | Goods ER| MF | R& | RV | Goods
train train
Acceleration 29 46 | 36 | 40 37 31| 53 | 40 | 45 42
Constant speed 29 2 9 11 15 39| 3 | 12| 15 17
Stop 11 11 | 16 | 14 11 0 0 0 0 0
Deceleration 31 41 | 40 | 35 37 30| 44 | 47 | 40 41
Total 1 1 1 1 1 1 1 1 1 1

Table 14.3 Distribution of operating modes in %

Standard deviation % Temporal distribution Spatial distribution
ER | MF | R | RV | Goods ER |MF| RZ | RV | Goods
train train
Acceleration 41 6 36 | 48 45 49 5| 43 | 48 56
Constant Speed 60 29 | 45 | 57 43 58 |29 | 52 | 58 57
Stop 78 48 | 51 | 72 162 38 | 56| 43 | 62 118
Deceleration 42 8 42 | 49 42 48 5| 46 | 48 54

Table 14.4 Standard deviation of the values of Table 14.1 in percent

14.2 Load factors of goods trains.

The individual goods trains are often of non-unifaromposition and shape. This can
make it conplicated to perforntalculations in the case where the arrargens
unknown. This is especially true with regards to aerodymagsistance usingethods
of Chapter 5. The nuber of axles is involved, for exale, since rany goods trains
still have a nxture of four and two axle wagons. In passenger trains, the 4-axle wagon
ismost common, though with madern train sets, the situation is not as clear.
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An additional problenis the usage of the train’s capacity, that is the load factor. This
depends on several factors. Usage can be defined in different ways, foleswatim
respect to either voluenor weight. The load capacity of the rails plays gooirtant

role, and st main rail lines in Europe today are rated to a capacity of 22,5 tons per
axle. On sraller lines the load ay be 20 tons, and onamy private line and sidings the
load limt can be on the order of 16-18 tons. None of the three ptesm spatial
limitation, total weight and axle load -agnbe exceeded.

In the following sore typical examples with be given for usage, weight and size of
different train strings. The results are intended to be a supptemthe calculation of
the rolling resistance, discussed earlier in this report, and in the paegimg report
on technical factors for driving resance (Lindgreen and Sorenson, 2005)

For this, a goods train is used that has been unused previously in this report, and som
supplenentary cases. Data on a riuen of goods trains was furnished fr&@®B. An
overview of all of these can be found in Appendix 18.
There will also be calculated values the limts on the basis alata or the diferent
wagons. Arnong the parasmters calculated are:
X Weight per wagon axle.
x Goods weight per wagon.
Goods weight on the train.
Loading per train (wagon + goods).
Degree olutilization.
Number of axles per wagon.
Tare weight per train.

X X X X X

The actual data is calculated frahe following pararaers: Goods weight, loading
weight and total nutver of wagons.

The weight per wagon &g be calculated
loadingweight goodsweight
numberof wagons (14.1)

w

Fromthis, the nurber of axles per train can be calculated. The weight per wagon gives
an indication of whether the train consistamty of two or four-axle wagons. Since
the axle loading @y not exceed 20 tons, that is 40 tons for a two-axle wagon and 80
tons for a four-axle wagon, an eséta of the average nunar of axles per wagon can
be nade. The loading factor, Lncan be calculated as:

Goodsweight
(40 weightperwagon * total numberof wagons (14.2)

m
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The weight per axle, gg can then be calculated as:

xwW (14.3)
and the weight of goods per wagons as:
goodsweight
numberof wagons (14.4)

mgoodsw

The maximum load capacity for a copfete goods train is calculated as:
20 tareweightperaxle

Max cap —
numberof wagonshumberof axlesperwagon (14.5)

Data for the wagon types chosen is shown in Appendix 17.

The trains were analyzed, and the results are shown in Table 14.5 as average values for
all goods trains or wagon types.

All goods trains in Unweighted fleet average at
use: capacity (see appx1y?
Goods weight per wagon: 13.64 47.86
Tare weight per wagon: 20.89 21.60
Tare weight per axle: 7.09 7.13
Total weight per wagon: 34.53 67.00
Goods as % of total weight : 39 67
Goods as % of capacity: 29 100
No. axles per wagon: 3.06 3.09
Weight/axle: 7.09 14.68
Goods weight per train: 156.67 465.96
Weight per train: (less loco 404.88 -
Wagons per train: 13.6 -
Max weight per axle: - 21.81
Weight per m - 3.83
Length per wagon: - 17.24

Table 14.5. Characteristics of a grouainish railway goods trains, all weights
in tons, traffic in 1999.

It can be seen that for the Danish fleet reported:
x The utilization of the wagons’ load carrying capacity by weight is about 30%.
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X The average weight of the goods is about 39 % of the total weight of the cars
(no loco).

X The average nuber of axles per wagon is about 3. This is about the aam
the average for all the types of wagons, not weighted with respect tzenoim
wagons.

X An average Danish goods train is 343amg (17,25nwagoni3,6wagons per
train)

X An average train weighs about 405 tons, without a l@tivey, about 525 with
the loconotive.

The data above used because they were available, and it is not known how
representative theyam be for the entire Danish fleet or for fleets in other countries.
The results include trips betweemjor cities, and somoutes to smller town. There

few trains over 600 tons, though there is a train in the data set with 40 wagons, with a
goods capacity of about 1750 tons hil®&/ the average utilization was about 30 % of
cargo carrying capacity, the range was between 7 and 96 percent, reflectsg alm
conpletely full trains and alrst conpletely enpty trains.

Sone additional infornation was available fro @SB and is shown in Appendix 19.

The data are frortwo years earlier, around the grof the opening of the bridge and

tunnel across the Great Belt. The entire network is included in the calculation. It shows
an average of about 250-260 tons of goods per trainpar@uh to 157 in Table 14.5,
indicating that the data in Table 14.5 probably has an over representaticallef sm

trains. It can be seen that there asmyrtrains with fewer than 10 wagons. The

average nutmer of wagons per train can be calculated ftbendata in Appendix 19,

and the results are 16, 16,7 and 14,4 for the diesel powered trains and 22, 22 and 20 for
the electric trains. The latter would only be operating on e lnme between

Copenhagen and the provinces over the Great Belt, and would be expected to be larger.
Diesel powered trains could also use @reat Belt connection, but diesel power is
exclusively used on the branch routes t@akigities, hence the satier trains. Note

that the trains in Table 14.5 are all diesel powered, and in this regard, induele m

small trains the electric trains on theaimines. The train loading for diesel trains are
conmparable, 13,6 tons goods per wagon in Table 14.%paced to between 13,6 and

16,2 fromAppendix 19.

Accordingly, the nurber of wagons per train in Table 14.9sthclosely agrees with the
diesel trains of Appendix 19. The loading tastwould also be fairly close to those of
Table 14.5. It is wre difficult to give a load factor for the electric powered trains.
Appendix 19 shows that the electric traingdgreater weight of goods per wagon than
the diesel trains. But if the diesel trains have a higher percentagalyftero-axle
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wagons, this does not necessarilyan a higher load factor, as there could be a higher
percentage of four axle wagons, in keeping with the route. Lackong imformation,

it is probably nest reasonable to assanhat the relative capacity utilizations Bhble
14.5 probably are acceptable esttas for all trains.
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15 Improved Aerody namics

The construction and arrangemh of wagons in a train are seraf the nost important
parangters in connection with the deteimation of the driving resistance and
consequently the energy consution for a train operation. A poor aerodynarshape
will give a larger aifow coeficient G, and with that a larger air resistance and
acconpanying increased energy consution. A potential ipprovenent of

aerodynarcs is nost apparent for a goods train, since they often consist of wagons
with a wide range of sizes, shapes and arraegem

Improvenents for passenger trainsust be perforrad in connection with the
construction of the train/wagons, since passenger trainsipare quite
homogeneous, since they consist of a bemof the samwagons.

Goods trains have a difference structure and shape, and velnynmore than passenger
trains. Wth the exception of @il trains and unit trains, the arrangemhof goods

trains is often a mture of differentypes of gods wagons with different sizes and
shapes.

The ollowing will investigate the déct ofconmposition and structure afifferent

goods trains on their energy congutian. Variations in goods wagon type and the
influence on rolling resistance pareters has been presented in the aquonging

report (Lindgreen and Sorenson, 2005).

For the goods trains investigated here, the actual arrangefcars was not known.
But since the Gvalues are approxiaely known, it is still possible to say sething
definite about their construction and shape. The operations with the trains under
consideration with then be caared with conditions where the satmain is changed
to given a horageneous shape, that is all wagons of theesdrape. In practice then
this will correspond to calculation of the train as if it was bganeous and then
conpare the results with the correct results for the real arraageshthe train.

The object is to illustrate thefett ofhonogeneity on the energy consption and
emissions. This can give an indication of theocamt of energy and pollution than
might be saved if the cars were covered, or at least of all treestepe.

It was decided to siotate a selection of the goods trains that were utilized in Chapter
13. The post train is not included, since this is alreadyogemeous. In order to obtain
observable trends, the trains were first and fastrohosen on the basis of:

x Train weight,

X Length of the train
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x Value of G
X Number of wagons
Using these criteria, the following trains were chosen:

Train From | To | wagors | Weight Goods Length CL | Clhomsgis | CLhomals
no. ® weight (t) (m)
G9425 Gb Kj 36 1439,36 878 490 7,4 6,3 47
G9217 Gb Rg 39 1202,24 357,6 560 10 7,1 52
(9409 Gb Kj 25 2158 1358 520 75 6,6 4.9
GS7495 Rg Fa 29 791,38 232 430 6 5,6 4,2

Table 15.1 Trains Chosen for the simulation of the effects of aerodynamics.

No sinmulations were perfored on any othevariations of inhorageneous trains, since

the objective was to evaluate the potential saving in energy cptisanof the optial
solution. As the reference for the hogeneous goods train, that is the type of wagon
which is used to calculate romgen bOth a two axle and four axle good wagon were
chose. Descriptions of and data for the wagons used are found in (Lindgreen and
Sorenson, 2005). The four axle wagon is a container wagon of type Sgis with full load,
and therefore hoogeneous, and well as a two axle wagon Gls, which is a closed goods
wagon. ¢,nomogen IS the air resistance coefficient for the lomaneous train and is
calculated fronthe length of the train:

SQiS:C\ nomogen 0867 Ly 1117107

GIS: C_homogen 094 Ly 7,61710 2

Table 15.2 shows the energy congtion for each of the four goods trains considered.
The energy consuption is based on the spatial distribution of operating conditions
E(X%), which has been shown to be very close the that of theotahdistribution.

Only changes in energy consption are given, since theaudel uses average fuel
specific enssions factors.

Train Actual Homogeneous Homogeneous, tw
arrangement four axle axle
kJ/ton-km kJ/ton-km % | kJfton-km %
G9425 179 175 0.98 170 0.95
G9217 175 164 0.94 157 0.90
GS9409 168 166 0.99 162 0.97
Gs7495 204 201 0.98 189 0.92

Table 15.2 Simulated energy consumption of goods traingtiv conventional
heterogeneous composition, andith homogeneous \&gon type
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The energy consuption in Table 15.2 is given in temof kJ/ton-kmbased on the
total weight ofthe train.

The results indicate that there are only relativelglssaving in energy consytion.

The anount of the savings depends on howcimthe air resistance coefficient €an

be reduced. It ost also be recalled, that the air resistance is only a part of the total
resistance to otion, and the lower the speedtbt train, the less the benefTable

14a shows that theaximum speed for the goods trains is 126/krand that the
average speed is 72 Km The relatively low speeds will reduce the savings due to
aerodynarnt improvenent for goods trains. A speed over 130krs expected to be
rare for a goods train.

The largest savings was esdited for the train G9217. . Cwas reduced frorh0 to
7.1and 5.2, for the four and two axle cars. This gave a reduction in fuel quisuof
6% with the four axle wagons, 10% with the two axle wagons.l&iohanges in the
train GS9409 gave the lowest savings of 1 and 3% respectively for the four and two
axle wagons.

The savings are not that large. Considering what it would requireki® time changes
discussed, a larger saving would probably be necessary. Consideringrtiiat m
modern goods wagons have four axles, whigans the potential savings areadler,

it would probably not be sufficient to ahge aerodynaits alone. Especially not,
because it would increase transiteino perfornthe covering, and therebyake the
transport less é&dctive.
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16 Auxiliary Energy Consumption for Passenger T rains

16.1 General.

Most of the energy used by a train is used faintaining notion. In addition, there
are other needs for energy, @my them

Cooling

Electrical Equiprent and transforess in the locorotive

Punps and Corpressors

Losses in engine and tranission

Charging of batteries

Power for passenger cars

X X X X X

16.2 Power Consumption in Locomotives

The following is a suppleant to the raterial of Chapter 5, where the different fam
of transnissions were considered. For electric lootwes, there are both losses in the
transfornation of the electricity and in the tran@sion system

Main Elenents of an electric locootive

x Transforner. Receives electricity frorthe wires and converts it to a form
conpatible with the internal requiremnts ofthe train.

Current rectifier. Converts AC to DC.

Traction notor. The electric mtor that directly drives the locastive wheels.
Intermediate circuit. The unit between the raeti$..

Gearing. The gear train between the tractiatons and the wheel axles
Net: Cables and wires

X X X X X

For diesel locomtives there is a series of individual loss sources filerdiesel engine
and transnssion system These are naed in Chapter 5. .

In addition, there is auxiliary equint, which is found for both electric and diesel
loconmotives:

X Ventilation:

x Oil pumps:

x Compressor:

x Electronics:
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In addition to the power needed for cooling, it is also necessary to keep batteries
charged for starting a locastive, anong other things. This power is of alin

importance though, in the overall picture. Figure 16.1 shows the different sources of
losses in a wdern electric locowtive. (Re 460):

Power Loss for Electric Locomotive

Transmission

Traction motor
21%

16% @ Transmission
Grid loss @ Grid loss
1% O Ventilation
Ventilation O Oil pumps
6% m Compressor
O Electronics
Oil pumps W Transformer

12% o Current rectifier
Intermediate circuit Compressor m Intermediate circuit
1% 2% O Motor rectifier
Current rectifier Electronics [ Traction motor

17% 2%

Transformer
9%

Figure 16.1 Pover Losses in an Electric Locomotive.

This figure shows that the largest loss is that in the tractmors) which corprise
about 20% the total loss. Theeomanical loss in the gear train between the traction
motors and the wheel is next in jortance, as well as the remdé#tion ofthe electricity
from the net cables. (Mayer , 2000)

16.2 Auxiliary pow er and equipment in the w agons

The energy requireents naned above are comon for nost trains. There are sem
differences, depending on whether it is diesel or electric power. Fop&xan
electric notor has nuch different losses than a diesel engine.

For a passenger train, another type of power need<mto play. In contrast to a
goods train, the passenger train needs power to provide farhconfort. The nost
important needs are:

X Heating and Air conditioning.

X Lighting
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x Other purposes: Toilet systenppossible catering equigmt, door opening system
brakes, and public addresssit systers.

The power requiresmts for heating and air conditioning depend on thepezature of

the wagons, the efficiency of the equigmh as well as air exchange in the wagon, (open
windows etc.) and the power of the air conditioning eqeipimThe lighting

consunption depends on the type of wagon and theberof lighting fixtures.

Normally, neon larps are used. They have low power congtiom under operation,

but high consumtion when started, the latter being infrequent. The lighting load is
fairly uniform for passenger trains. @e renaining losses, the net losses and
conpressed air supply are amg the nest important.

Figure 16.2 (Brunner, et. al. 1998) showssrdhution of typical relative auxiliary
power consumtion for a passenger wagon. The iens describe the power
consunption for a normal passenger wagon. Here, it is a wagon of 44 tons. The
wagon'’s yearly energy consgtion is a total of 690 M\W/year

Eletricity Consumption for Passenger Wagon

Lighting
8% @ Heating

I Grid Loss
O Loco Transformer

Air Condition
9%
O Compressed air/misc

Heating : .
Compressed 48% | A-Ir Cf)ndmon
air/misc O Lighting
23%
Loco
Transformer

Grid Loss
10%

Figure 16.2 Energy consumption distribution for a passenger agon.

The figure shows that about half of the pogees to heating. Since this is about half

the total energy use, a closer investigation is of interest. The purpose of the heating is,
of course, to r@ntain the temerature in the wagon at a level confabie to the

passengers. The annual usage depends on factors such as:

124



x Thedesired terperatureof the wagon, both when in operation and when
parked. The internal tgperature is alrost constant year round when in
operation. It can be lower when the wagon is parked, but in coldtelsm
freezing terperature nay cause daage. The external teperature can vary
from well below freezing to over 40°C.

X Theinsulationof the wagon, type of aterial, anount condition as well as rust
and leaks are iportant factors in the energy congutron for heating/cooling

X Thenunber of stopss important, in that opening the doors causes exchange of
outside and inside air.

x Thenunber of doorsas well as the nuber of windows that can be opened play
a role in the heating/cooling requirents.

As an extension of the above, Figure 16.3 shows the annual variation in the electrical
consunption of a passenger train (Brunner, et. al. 1998).

Yearly Electicity Consum ption

12
g 10 | ] @ Grid Loss ]
g B @ Loco Transformer ]
= g I [ 0O Comp Air/Misc B
% = o 0 Air Condition = ™
é 6 — .Light.ing =y
'8 ol O Heating =
Q- —
= 4
>
2
o) 2 ] [ | — -
O

O I I I I I I I I I I I

Jan Feb Mar Apr Maj Jun Jul Aug Sep Okt Nov Dec
Month

Figure 16.3 Annual distribution of electicity consumption of a passenger

The figure shows that not only is heating thestmmportant factor, but it is also the

factor that varies the ost throughout the year. The constian for heating varies by

a factor of about 20 between swmer and winter. The air conditioning also varies
throughout the year, but only by a factor of about two. The grid loss in thedbeem
transforner (which converts to power for the wagons) varies also, but this is due to the
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variability in the heating and air conditioning requiesits. The power for the brakes
and lighting are roughly constant.

16.3 Power loss for passenger trains as a unit.

After looking at the passenger wagon and loctive’s individual losses, attention is
now focused on consuption and loss for an entire passenger train. The trainiegdm
consists of an electric locative and eight two-story passenger wagons. The total
power requirerent and the corresponding losses are shown in Figure 16.4 (Meyer,
2000)

Power from Grid:

Loco: 53250 kW 100 %
Wagons 20850 kWwh 392 %
Power to Wagons: Total: 74100kWh 1392 %
20850 kwWh v
Brakes: Lossin Locomotive:
11200 kWh 21% Trarsformer: 42 % Auxiliary Equip:
Circuit rectifier: 7,5 % Vertilation 2,6 %
v Int. Circuitt ~ 04%  Oil Punps: 54 %
Motor rectifier: 5,7 % Compressor 0,9 %

Loco Pawer to Wheek Tradion Motor: 10 % Eledronics: 08%
29190 kWh 548 % o
Tramsmssion: 74 %

A Cables 03 %

Rolling / air Resistance
17990 kWh  338%

Total Losses: 24060 kWh 45,2 %

Figure 16.4 Loss and powr consumption for a Swiss electric locomotive and eight
wagons.

It is assurad that the locomtive losses are typical of aadern electric locowtive.

These values for losses were also used for the type ER train. The total energy collected
from the power lines is 74100 kW The locomtive uses almost 72% of this. That is,

the wagons alone use aist 30% of the total energy consption of the train. The

figure shows that only 54,8% of the locotime’s consurption of 53250 kWi goes to

direct propulsion of the train. Of this, 62%3,8% total) goes to overcemolling and
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air resistance. The tractionotors, rectifiers and the trangsion nake up the largest
sources of losses.
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17 Conclusion

The purpose of the work has be to construcbdehfor the calculation of the energy
consunption and enssions on the basis of driving patterns divided in an operating
matrix. The advantage dhe natrix approach instead @ictual driving patterns is that

it is faster to use, one transparent, butast of all because it peiita greater versatility
and fexibility. An analysis ofany driving pattern can be perfned, or a collection of
driving patterns, which can be described in a statistical fashion is tdrfrequency of
operation conditions. An Excel programsing nacros has been constructed to perform
this.

The nodel has been tested by siation a series of different regional and international
passenger trains and goods trains using a variety of driving patterns. The results have
been corpared to detailed siatations and experiemtal results fronDSB, using

engine data and engine operation collectives.

The following accuracy was obtained

X For loconotive powered passenger trains the average deviation was about. 8%

X For passenger trains operated with the IVHRatset the average deviation was about
7%.

X For Goods train the average deviation fritre DSB values was about 15%. There

were a few deviations up to about 25%, but it was aeduihat this is due to

uncertainty in the data for the quantity of goods relative to the different stops.

It is concluded that the mdel has an acceptable accuracy for energy cqoisum The
accuracy appears best for passenger trains. Bparson with detailed siatations of
full driving patterns, the utility ofhe natrix approach to driving characteristics can be
said to be confirred.

Though it nust be pointed out that theoabel still uses emsions factors that are not
condition dependent, that is to say thassmons for all mdes are the sanaverage
value. This gives larger deviations for HC, CO and particlis®ans, which in
general are wre on operational and design differences than &@ NQ, for which
the agreemant with DSB data is best.

Acceptable results can be obtained with an operatioaaixmvith a relatively srall

number ofelenents. Sensitivity to the nurer ofelenents is greateof the
acceleration than the velocity.
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Sensitivity to rolling and air resistanaar the trains examed has not been great. In

this regard, it should be recalled that the trainspaosed to data do not included very
long distance trains like high-speed trains. Here the rolling and aeroatynam
resistances should beore important, since there are fewer accelerations. In the trains
covered here, stops and starts aceenfrequent, giving a greater dependence on train
weight. Effects of gradient resistance have beenddnbut the terrain covered in the
model developrant to data has been fairly flat.

The nodel has been used to analyze operations for different types of trains, and trains
with different driving patterns. Siaations have been conducted to investigate the
effect of the following three factors on energy congtiom:

X Number of stops
X Nature “quality” ofthe operation
X Maximum speed

Different operation patterns for regional passenger trains were analyzed on the approx
65 kmDanish Coast line to illustrate théexdt ofthe nuniber ofstops on energy
consunption. Simulations were perfored for express trains, rush hour trains without
sone suburban stops, and trains with stops at all stations

X Operation without stop results in a retiao of energy consuption of about 50-
56% relative to stopping at all stations.

X By stopping at a selected nben of stations, energy consumption was reduced by
about 20-36% relative to stopping at all stations.

The effect of the nature of the operatiorsvgarulated using two goods trains with MF
power between Copenhagerimstation and Hgje Tastrup. For this trip of about 20
km, extra stopping and slow-down from signalsand capacity lintation gave in increase
in energy consumption of about 50 %.

The intercity IC-train was used to exam@the effect of mximum speed on a stretch of
about 120 knbetween Copenhagen and Korsgr. o8th, nornal operation was used
for al patterns, and simulations were perfored with maximum speeds of 140, 160 and
180 km/h.

X By reducing the mximum speed froml80 kmih to 140 knth, areduction of energy
consumption and enssions of between 20 and 25% was obtained.
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X By reducing the mximum speed to 160 kfh a reduction of between 10 and 14%
was achieved.

A reduction in maximum speed results in a decrease in energy copgsomat the
expense of an increase in traveldgim

In addition, a series of sufations were perfored with actual Goods trains to
investigate how mch energy reduction was possible by reducing the aerodynamic
resistance for non-hamgeneous trains, that is, trains with a variety of different goods
wagons. The effect of covering the wagons was to make the trains unifornand
therefore reduce aerodynammesistance.

The largest reductions found were 10 and 6% with the use of two and four axle wagons
respectively. Averaged over alarger number of operations, the reductions were
between 2 and 6%, which isfelt to be a small reduction given the effort required to do
thisin practice.
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Appendix 1 Selected Equipment

Equipnent
Source: DSB Materiel i Drift. DSB ateriel 1996.

ER

Motor:
Transnssion:
Max. Speed:
Length:
Width:

Height
Servce weght
Seas:

Max. size:

MF (IC3)
Motor:
Transmssion:
Max. Speed:
Lengh:
Width:

Height
Service weght
Seas:

Max size:

4 - 420 kW
Electric
180 kmh
76,53 m
3,10 m
3,85m
133,0 bns
230

5 train ses

4 - 294 kW
Diesel mechanical
180 kmih

58,80 m

3,10m

3,85m

97,0 bns

144

5 train ses
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MR-MRD
Motor:
Transmssion:
Max. Speed:
Lengh:
Width:

Height
Service weght
Seas:

Max. Size:
Controller steps

MZ4

Motor:

Max. Power
Transnission:
Max. Speed:
Lengh:
Width:

Height
Servce weght

Starttracive force:

Controller steps:

Two - 237 kW
Diesel hydraulic
130 kmh
44,68 m

2,88 m

3,81

69,0 bns

132

5 train ses

7

GM 20-645 E3
2685 kW

Diesel electric DC
165 kmh

21m

3,03m

4,28

123 bns

410 kN

8
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ME

Motor:

Max. Power
Transnission:
Max. Speed:
Lengh:

Width:

Height

Servce weght
Starttracive force:
Controller steps:

Bn

Max. Speed
Lengh

Width:

Height

Axle distance
Floor heght
Servce weght
Seats

ABnNs

Max. Speed
Lengh

Width:

Height

Axle distance:
Floor Heght
Servce weght
Seats

GM 16-645 E3B
2460 kW

Diesel electric AC
175 knih

21m

3,15m

4,35

115 obns

360 kN

8

160 kmih

2450 m

3,04 m

4,05m

117,20+ 2,50 m
1,21 m

36,0t

80

160 kmh
2450 m

3,04 m

422 m

17,20 + 2,50 m
1,21 m

375t

40
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Habbinss-y
Manufacurer
Date

Max. Speed
Max. Load
Tare weght
Lengh

Axle distance
Floor Heght

Rautaruukki
1997

140 kmih
63,0t

27,0t

23,24 m
17,70+ 1,80 m
1,20 m
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Appendix 2 Load collectives

21. for R@4557. @sterport-Kalundborg

Main data
Litra-Number | No. wagons Seats Distance V-max Train length | Date/Time
km (km/h) (m)
MZ 1458 8 600 113.81 140 220 25.03.99
Calculation results:
Controller- Time Time Dist Dist
step (sec) (%) (km) (%)
0 3131 51 38.425 34
0 101 2 3.27 3
2 157 3 4.335 4
0 138 2 3.635 3
4 518 8 13.28 12
1 166 3 4.915 4
6 135 2 3.655 3
1 125 2 211 2
8 1716 28 40.185 35
Sum 6187 101 113.81 100
Load Collective
Controllerstep Fuel CO2 NOXx HC CO Particles
kJ g g g g g
0 869009.050 | 63895.883 | 1376.247 154.366 424532 34.300
1 47439.700 3386.783 68.893 4.784 10.312 1.222
2 167597.500 | 12097.949 | 176.966 8.630 22.787 5.666
3 259274.400 | 18798.774 | 319.888 9.491 19.517 10.162
4 1327116.000 | 98468.174 | 1716.691 41.484 80.995 59.253
5 588320.600 | 43512.335 | 688.739 17.460 49.502 31.240
6 613919.250 | 46042.020 | 706.093 17.064 90.950 27.092
7 789950.000 | 59874.438 | 1051.448 23.026 137.027 31.260
8 12932719.800( 979386.408 |17225.517| 427.552 2383.751 439.747
sum 17595346.300 | 1325462.762 |23330.482 703.857 3219.372 639.942
per km 154602.814 | 11646.277 | 204.995 6.184 28.287 5.623
per seat-km 257.671 19.410 0.342 0.010 0.047 0.009
Emissions
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2.2 Load collective for GP7523. Glostrup-Fredericia

Main data
Train type: GP Weight (tons)
Litra: ME1505 at coupler 314
Train No.: 7523 Goods 126
From station: Gl Tare wieght 188
Planned departure : 22:45 Total 429
To station: Tov
Planned arrival: 26:20:00
Litra-Number 1505
Date/Time 04.05.99
Afstand 320
Calculation results:
Controller- Time Time Dist Dist
step (sec) (%) (km) (%)
0 4549 37 85.91 27
1 693 6 20.595 6
2 459 4 10.915 3
3 780 6 23.13 7
4 1379 11 45.525 14
5 1130 9 31.35 10
6 822 7 23.805 7
7 173 1 6.18 2
8 2547 20 72.705 23
Sum 12532 101 320.115 99
Load Collective
Controller Fuel CcO2 NOXx HC Cco Particles
step kJ g g G g g
0 1359696.1 | 100578.39 2247.6609 |230.6343 | 395.3081 | 24.1097
1 207137.7 15336.09 354.0537 31.2543 | 41.5107 | 3.8115
2 352787.4 26273.16 523.5354 31.0743 | 42.687 7.1604
3 1032486 76182.6 1589.094 69.186 78 37.362
4 2826398.4 | 214062.17 4524.6369 | 159.2745 | 167.9622 | 144.9329
5 3232817 245243.9 5093.701 159.556 | 192.778 | 218.881
6 2983449 228244.74 4619.8044 | 145.7406 | 253.9158 | 167.6058
7 864290.7 66753.78 1259.3535 | 40.6031 | 206.2333 | 49.0974
8 15225966 | 1181069.37 | 21529.791 | 739.1394 | 4391.028 | 901.638
sum 28085028.3 | 2153744.2 | 41741.6308 | 1606.462 | 5769.423 | 1554.599
pr km 87734.184 | 6728.0329 130.39577 5.0184 | 18.0237 | 4.8564
pr.tonkm 204.5086 15.68306 0.3040 0.0117 | 0.04204 | 0.01134
Emissions
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2.3 Load Collective v for RV 4219. Aalborg-Frederikshavn

Main data:
Ttrain type: RV
Litra: MR4090
Train No.: 5249
From station: Alborg
Planned departure: 18.46
To station: Frederikshavn
Planned arrival: 19.55
Ttrain length 50
Date/Time 23.06.99
Afstand 84.7
Number of seats 132
Calculation results:
Controller- Time Time Dist Dist
step (sec) (%) (km) (%)
0 1671 41 21.865 26
1 132 3 2.845 3
2 173 4 3.46 4
3 59 1 1.76 2
4 353 9 11.07 13
5 44 1 1.3 2
6 343 8 10.89 13
7 1338 33 31.51 37
Sum 4113 100 84.7 100
Energy consumption and emissions:
Controller Fuel C02 NOx HC (6{0) Particles
step kJ g g g g g
0 142703.4 11505.67 | 114.8562 | 198.2291 | 345.8118 | 72.77372
1.04 33818.4 2304.06 | 30.67931 | 16.42027 | 23.30962 | 6.578022
2 66483.9 4394.823 | 53.13487 | 18.95976 | 40.26575 | 7.370319
3.04 30231.6 2169.459 | 28.28212 | 5.001489 | 10.86332 | 2.0632
4 256242.7 18047.73 | 272.2283 | 20.62226 | 46.53317 | 10.16658
5.04 38515.4 2782.824 | 47.82923 | 1.986248 | 4.15228 | 0.948024
6 366152.5 26412.27 | 481.7888 | 13.70765 | 26.98004 | 6.643395
7.04 1828243.2 130313.2 | 2201.723 | 86.03842 | 203.8486 | 59.42526
sum 2762391.1 197930 |3230.522 | 360.9652 | 701.7646 | 165.9685
per km 32613.83 2336.836 | 38.1408 | 4.2617 8.2853 1.9595
perseat-km 247.07 17.7033 0.2889 0.0323 0.0628 0.0148
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Actual emissions factors compared

to the models emissions factors.

CO2 [g/MJ] | SO2 [g/MJ] [ NOX [g/MJ] | HC [g/MJ] | CO [g/MJ] | Particles [g/MJ]
DSB R@4557 | 74.70302 | 0.017088 | 1.258692 0.040144 | 0.327274 0.046985
DSB GP7523 | 76.60984 | 0.017088 | 1.473317 0.054166 | 0.211474 0.056108
DSB RV5249 | 71.42087 | 0.017088 | 1.165698 0.130250 | 0.253224 0.059888
Model 74,44 0,075 1,32 0,066 0,246 0,076
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2.4 Controller step distribution with

R@4557, GP7523, and RV5249

respect to time and distance for

Kontrollertrin i forhold til distance R@4557 Controller step distri bution by time R@4557
3 4 5 53 4 6
2 12% 1550, 8% 7
0 (] 3%
3% 4% 6 - 20/3%? 9%, =0
1 m1 m1
3% a2 a2
@3 m3
m4 3 m4
o5 28% as
9 W6
0 8 a7 a7
34% 35% ms ms8
50%
Controller distrib ution by distancee GF'523 Contorller step digrib ution by timed for GP7523
8
mo =0
o1 @1
o2 o2
o3 o3
m4 m4
os o5
m6 W6
a7 a7
|_E] 4 ]
) 3 2 6% -
11% 6% 4%
Controller step distri bution by time for RvV5249 Controller step distri bution by distance for RV5249
0
26%
mo mo
[m m1
o2 o2
o3 1 o3
m4 3% m4
as 2 as
W6 4% 5}
0 o o
° 5 1 6 2%
v 4 3 2 5 13%
1 0% 1%4% 3% 13% 2%
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Appendix 3 Data and values for calculation of C | and Cg
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Appendix 4 Air resistance goods grains as a function of train

length

C. as a function of train length based on Swedish wagon data.
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Appendix 5 Station Abbreviations

Abbreviation

Ab
Ar
Arb
Es
Fa
Fh
GB
Gl
Gr
Hg
Hr
Hta
Kb
Kd
Kgt
Kh
Kij
Kk
Kg

Lg

Station

Aalborg

Arhus H

Arhus H (G)

Esbjerg

Fredericia

Frederikshavn

Kgbenhavns Godsbanegard
Glostrup

Grena

Helsingar

Herning

Hgje Tastrup

Kalundborg

Kolding

Kongsvang

Kgbenhavns Hovedbanegard
Kage

Jsterport

Korsar

Langa
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Abbreviation Station

Nae
Nf
Ng
Od
Os
Pa
Rd
Rg
Ro
Sd
Sdb
So
Sg
S
Sl
Str
Ti
Tov
Val
Vg

Neestved
Nykgbing Falster
Nyborg
Odense
Hornslet
Padborg
Randers
Ringsted
Roskilde
Skanderborg
Sgnderborg
Sorg
Slagelse
Skjern
Silkeborg
Struer
Thisted
Torsgvej
Valby

Viborg



Appendix 6 Distances

Kgbenhav n H - Sgnderborg Kgbenhav n H - Arhus

Station km dx Station km dx
Jsterport 0 0 KBH 0.0 0.0
KBH 2.9 2.9 Hgije Tastrup 19.7 19.7
Hgje Tastrup 22.4 19.5 Roskilde 315 11.7
Roskilde 34.2 11.8 Ringsted 64.1 32.6
Ringsted 66.8 32.6 Slagelse 93.1 29.1
Slagelse 95.1 28.3 Korsar 108.5 15.4
Korsgr 111.2 16.1 Nyborg 131.7 23.3
Nyborg 134.5 23.3 Odense 160.5 28.7
Odense 163.2 28.7 Middelfart 210.4 49.9
Holmstrup 171.8 8.6 Fredericia 220.7 10.3
Tommerup 178.4 6.6 Vejle 246.4 25.7
Skalbjerg 181.7 3.3 Horsens 277.8 31.4
Bred 184 2.3 Skanderborg 306.5 28.7
Arup 187.6 3.6 Arhus H 329.1 22.6
Gelsted 193.1 5.5 Langa 375.0 46.0
Ejby 197.7 4.6 Randers 388.4 13.4
Karlslunde 207.2 9.5 Hobro 419.7 31.3
Middelfart 213.3 6.1 Aalborg 469.1 494
Snoghgij 219.2 5.9 Hjarring 517.3 48.2
Fredericia 2235 4.3 Frederikshavn 554.0 36.7
Kolding 243.4 19.9

Lunderskov 256.3 12.9

Vamdrup 262.3 6

Sommersted 275.3 13

Vojens 282.7 7.4

Radekro 303.1 20.4

Tinglev 318.8 15.7

Kliplev 335.1 16.3

Grasten 350.1 15

Sgnderborg 360 9.9
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Station

Arhus-Skjern

Arhus
Skanderborg
Silkeborg
Ikast
Herning
Skjern

km

22.6
52.7
82
93.8
134.5

Fredericia-Esbjerg

Fredericia
Kolding
Lunderskov
Bramming
Esbjerg

Helsingar-
Kgbenhavn

Helsingar
Snekkersten
Espergeerde
Humlebaek
Niva
Kokkedal
Rungsted
Kyst
Vedbeek
Skodsborg
Klampenborg
Hellerup
@sterport
Ngrreport
KBH

0
19.9
32.8

142.9
246

3.5
6.2
9.9
13.7
171
20.1

24.1
27.4
32.9
38.4
43.3
44.7
46.2

dx

22.6
30.1
29.3
11.8
40.7

19.9
32.8
110.1
103.1

3.5
2.7
3.7
3.8
3.4

3.3
55
5.5
4.9
1.4
15
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Station km

@sterport-Kalundborg

Jsterport 0
KBH 2.9
Hgje Tastrup 22.4
Roskilde 34.2
Lejre 435
Tollgse 57.3
Holbaek 69.8
Kalundborg 113.3

@sterport-Ny kgbing F.

Jsterport 0
KBH 2.9
Hgje Tastrup 22.4
Roskilde 34.2
Ringsted 63.9
Naestved 90.7
Vordingborg 118.1
Nykgbing F. 146.9

Arhus-Viborg-Thisted

Arhus 0
Langa 46
Viborg 86.2
Skive 116.5
Struer 148.4
Thisted 223.4

dx

2.9
195
11.8

9.3
13.8
125
43.5

2.9
19.5
11.8
29.7
26.8
27.4
28.8

46
40.2
30.3

31.9
75



Appendix 7 Emissions from test simulations

This appendix shows of CO, HC and PM fréme test simlations in Chapter 8. Also
included are the corresponding values fid8B’s calculations.

SO is not shown, since DSB has only calculated this type afstom for a few runs.
Loconmotive powered passenger train:

0.12 CO - emissions for passenger train (ME og MZ4)

0.1

0.08 »
oo M

£
X
o \./*———/
[}
2
® 004 — /
' ‘\(/ —+—DSB
0.02 — Summation|
' —&— E(x%)
—o— E(t%)
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
IN392_24 IN392_25 R@4219 R@4287 R@3061 R@4557 R@2269  R@1529
0.03 HC - emissions for passenger tra in (ME og MZ4y
0.025

0.02 - —
P—Z\Mﬁ

£o015
g ‘\/ \\0/‘/0
(0]
@
2 0.01 &
'\/ —e—DSB
0.005 Summatior |
—h— E(x%)
—o— E(t%)
0 T T T T . -
IN392_24  IN392_25 R@4219 R@4287 R@3061 R@4557 R@ 2269 R@1529
0.03 PM - emissions for passenger train (ME og MZ4)
0.025

0.02 / = . /‘:ﬁ
0,015 \\/ /-/’\\\ /
0.01 —e ——*
\/ —e—DSB
Summation

0.005 H
—&— E(x%)

—o—E(1%)

km

g/seat

IN392_24  IN392_25 R@4219 R@4287 R@3061 R@4557 R@ 2269 R@1529

Emissions fromMR train
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0.12

CO -emissions for MR

—e—DSB
Summation
0,
0,00 /\ —a— E(x%)
—o—E(t%)
E —
"';'5 0.06 /\;—ﬂ -t |
8 M
v
3
0.03
0.00 - - - - - -
Rv 3521 Rv3856 Rv5226 Rv5293 Rv3506 Rv3917 Rv5249 Rv5268 Rv5252 Rv5209
0.06 HC -emissio ns for MR
—e—DSB
005 /\ Summation
—&— E(x%)
—o— E(t%)
0.04
+ 0.03
3 «
2
3
o W
0.01
0.00 T T T T - - -
Rv 3521 Rv3856 Rv5226 Rv5293 Rv3506 Rv3917 Rv5249 Rv5268 Rv5252 Rv5209
0.03 PM -emissions for MR
0.02 A/\ //3
€
x e * v —
©
b /
3
0.01 —+—DSB
Summation
—&— E(x%)
—o— E(t%)
0.00

Rv 3521 Rv3856 Rv5226 Rv5293 Rv3506 Rv3917 Rv5249 Rv5268 Rv5252 Rv5209
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Emissions for goods train

012 e )
CO-emissions for Goods trai ns DSB
Summation
0.1 —a— E(x%)
/\ —o—E(t%)
0.08
< 0.06 A A
2 N . _ S
@ A/\
004 ’_’_*N—‘\"_\/' \/, - /\‘7
0.02
0
GF7523 GP7523 GP7523 GP7502 GF7502 GP7502 GP7506 GF7516 GF7516 GP7291 GF7501 G9409 GB G9521 24.3 G9521 26.3
GhFa Fa-Ar Ar-Tov 105 Fa-Od 7.5 Od-SI 7.5 SI-GI Od-Gl Tov-Fa FaGl Rg-Od GhOd Kj GBKb GB kKb
0.03 HC-emissions for Goods trains
—e—DSB
Summation
0.025 —— E(X%) I
—o— E(t%)
0.02
€
x
S e
G
——
0.01 - \’\0—0// \/A\//‘\\
0.005
0
GF7523 GP7523 GP7523 GP7502 GP7502 GP7502 GP7506 GF7516 GF7516 GP7291 GP7501 G9409 GB  G9521 24.3 G9521 26.3
GhFa Fa-Ar Ar-Tov 10.5Fa-Od 7.5 Od-S 7.5 SI-GI Od-Gl Tov-Fa Fa-Gl Rg-Od Ghod Kj GB kKb GB kKb
0.03 PM-emissions for Goods trai ns
0.025
-
0.02 —ak
€
0,015
S \\// ¥/ \\/
< A/\\
0.01+—* + * \_/ \// \
0.005 - Summation
—a— E(x%)
—o— E(t%)
0
GF7523 GP7523 GF7523 GP7502 GP7502 GP7502 GP7506 GF7516 GF7516 GP7291 GP7501 G9409 GB  G9521 24.3 G9521 26.3
GhFa Fa-Ar Ar-Tov 10.5Fa-Od 7.5 Od-S 7.5 SI-GI Od-Gl Tov-Fa Fa-Gl Rg-Od Ghod Kj GBKb GB kKb
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Appendix 8 Driving distribution for IC545. Kh-Od

u/w - pseds
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Appendix 9 Driving distribution for R@4557. Kh-Kb

y/w -paads
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Appendix 10 Driving Distribution for GP7523. Gl-Fa

y/ws - peeds

142

w1 JO %



143



% of Distance

Speed - km/h

144



145



Appendix 1 1 Driving Distribution for GS7499

swll JO %
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Appendix 12 Driving distribution for R@3061, R@3063 & IN392
Tenporal distribution

Spatial distribution

R@3063 | | | |
amax | amin Speed interval Speed interval
120-80 |80-40 |40-0 120-80 80-40  |40-0
1 0.9 0.0 0.1 0.0 0.0 0.1 0.0
0.9 0.8 0.1 0.3 0.5 0.2 0.5 04
0.8 0.7 0.0 0.0 0.0 0.0 00 0.0
0.7 0.6 0.1 0.0 0.3 0.2 00 0.1
0.6 0.5 0.1 0.3 0.8 0.3 04 04
0.5 0.4 0.3 1.8 2.0 0.5 27 1.3
04 0.3 0.0 0.2 0.2 0.0 03 0.1
0.3 0.2 2.1 3.3 4.1 4.7 44 2.3
0.2 0.1 4.2 6.0 2.6 8.8 85 1.6
0.1 0 6.0 9.4 26.1 12.8 128 1.6
R@3061 | | | |
amax | amin Speed interval Speed interval
150-100 | 100-50 | 50-0 150-100 | 100-50 | 50-0
1 0.9 0 0 0 0 0 0
0.9 0.8 0 0 0.2 0 0.1 0.2
0.8 0.7 0 0 0 0 0 0
0.7 0.6 0 0 0 0 0 0
0.6 0.5 0 0.2 1 0 0.2 0.4
0.5 0.4 0 1 1.7 0 15 0.8
04 0.3 0 0.2 0.3 0 0.2 0.1
0.3 0.2 04 2.7 4.4 0.8 3.8 24
0.2 0.1 11 6.4 4.5 1.9 8.5 2.3
0.1 0 1.5 16.2 13 2.9 21 2.7
NGo? I | | ]
avax | amiN Speed interval Speed interval
140-105 | 105-70 | 70-35 | 350 140-105 | 105-70 | 70-35| 35-0
1 0.9 0.0 0.0 0.0 0.0 0 0 0 0
0.9 0.8 0.0 0.0 0.1 0.0 0 0 0 0
0.8 0.7 0.0 0.0 0.0 0.0 0 0 0 0
0.7 0.6 0.0 0.0 0.0 0.0 0 0 0 0
0.6 0.5 0.1 0.0 0.2 0.3 0.1 0.1 0.1 0
0.5 0.4 0.0 0.0 0.3 0.0 0 0 0.2 0
04 0.3 0.0 0.0 0.0 0.0 0 0 0 0
0.3 0.2 0.7 1.0 0.4 0.8 1 1 02 | 03
0.2 0.1 11 2.3 15 1.3 1.4 2.4 09 04
0.1 0 19.5 15.5 5.5 6.8 27.3 16 34 | 24
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