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An important role in the consumption of electric energy in urban transport are non-traction needs
(auxiliaries), the main part of which is heating and air condition (HVAC). Auxiliaries are responsible for
almost half of total energy consumption (normal weather conditions) and in the winter (or hot summer)
it reaches up to 70% in daily scale. The reduction of energy used for non-traction needs is currently the
main challenge related to the reduction of energy demand of means of transport. It is particularly
important for battery vehicles, powered from an energy source with a very limited capacity.

The article presents the analysis of the influence of air temperature on the energy consumption of
electric traction carried out on the basis of the real data measurement analysis. The relation between the
ambient temperature and the demand for heating power was determined quantitatively. The impact of
traffic delays on auxiliaries energy consumption was analyzed and it was shown, that traffic congestion
can result in 60% overall energy consumption increase. Presented researches also refer to the relationship
between the bus charging cycle (night charging, opportunity fast charging) and the optimal value of
energy consumption, which should be assumed for energy calculations. Depending on the charging

Heating and ventilation

mode, the differences can reach up to 50%.

In the final part of the article, different methods of optimization of non-traction needs systems were

compared.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Sustainable energy was defined as energy sources that should
be depleted within a time frame appropriate for the human race.
Transport plays a very important role in sustainable energy con-
sumption (Olabi, 2014). The development of non emission public
transportation modes is one of the strategic EU policies. Urban
transport is currently responsible for 40% (Falvo et al., 2011) of the
total CO2 generated by road traffic in Europe. The transportation
accounts for 30% of the overall energy consumption and 27% of
greenhouse gas emissions. Of all the sectors that emit CO2, the
transport sector is one of the fastest growing sector (Wang et al.,
2007). As indicated in the European Commission’s last white pa-
per, all these factors can lead to an increase in mobility in the range
of 24%—38% for the transport of goods (Uson et al., 2011). However,
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by 2050 emissions caused by transportation needs to be reduced by
60%, Achieving this will be a great challenge. What is more, the
instability of fuel prices has a significant impact on the economy
(Kiihne, 2010). It become important to reduce energy consumption
of transport sector and increase the use of renewable sources
(Scarpellini et al., 2013). However, energy conversion in transport
systems is complex process. It involves many levels of processing
during which losses are generated (Barttomiejczyk and Potom,
2017). Electricity seems to be a natural alternative to liquid fuels.
For this reason, EU is actively supporting the development of
electric transport, as evidenced by co-financing initiatives pro-
moting environmentally friendly urban transport systems (Table 1).

The introduction of electric vehicles is one of the methods to
create sustainable transport. This involves, among others with
increasing their energy efficiency. In recent years a significant in-
crease in the efficiency of electric drive systems has been observed.
These findings resulted in a decrease in energy consumption for
traction purposes in electric vehicles, e.g. overall annual energy
consumption of trolleybuses in Gdynia reduced from 2.7 kWh/km
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Nomenclature list

Q heat flow []/s]

d thickness of the partition [m]

S the cross-sectional area (m?) perpendicular to the
path of heat flow

A the thermal conductivity (W/(K-m)) of the partition

T time

AT temperature drop

Py heating power [KW]

Vav commercial speed [km/h]

e energy consumption per distance [kWh/km]

Etot total energy consumed by vehicles during day
including consumption during technical breaks
[kWh]

Etot_op energy consumed by vehicles during operation
during day [kWh]

Er energy consumed for traction needs by vehicles
during day [kWh]

lday total transportation work (distance) by day [km]

D delay of arrival

tr time

tr real arrival time

tsch schedule arrival time

P energy consumption [kW]

At period of averaging [h]

to start time of averaging

Iy distance traveled in period 4t [km]

Epat battery capacity [KWh]

1 travel distance [km]

Ia¢ analyzed distance [km]

v actual speed [km/h]

k the minimal level of battery charge

P(t) probability of this delay t

the probability of occurrence of temperature T

Table 1
EU project focused on urban transportation and reducing of energy demand of public transportation.
Project name Duration Scope of the project Literature
Trolley 2010 Promoting trolleybuses and developing energy-saving technologies in these vehicles (Trolley)
—2013
Actuate 2012 Accentuate the importance of driving technique for the energy efficiency of electrically-powered transport modes, implementation of (Actuate)
—2015 the ecodriving concept
Civitas 2013 Developing modern and energy-efficient technologies in urban transport (Dyn@mo)
Dyn@mo —2015
Osiris 2012 Optimals strategy to innovate and reduce energy consumption in urban rail systems (Osiris)
—2015
EBSF 2 2015—-2018 Reduction of energy consumption in electric buses (e.g. reduction of non-traction consumption, use of Ecodriving) (EBSF)
Trolley 2.0 2018—-2020 Developing of trolleybus transport system (Trolley 2.0)
EfficienCE 2019-2022 Energy efficiency for public transportation in Europe (EfficienCE)

in 2005 year to 2 kWh/km in 2012 year (Barttomiejczyk and Potom,
2016). The development of propulsion technology of traction
drives, the introduction of energy-saving methods of speed regu-
lation based on high efficiency power converters with 90—97% ef-
ficiency (Barttomiejczyk et al., 2017), the increase of braking energy
recovery resulted in a 20—30% reduction in energy consumption for
traction purposes (Hrbac et al.,, 2014). Modern technologies of
Smart Grid energy systems are also being popular (Barttomiejczyk,
2018b).

On the other hand, passengers’ expectations related to stan-
dards of travel comfort rise, which contributes to the increase in the
power of heating devices and air condition. Besides, the number of
additional board systems, such as passenger information systems,
ticket vending machines and USB chargers is growing. The result of
these two factors is the increase in the relative share of energy
consumption for heating purposes in the electric transportation in
relation to the total energy consumption and hence the more sig-
nificant impact of weather conditions on the energy consumption
in electrified transport.

An important feature of electric vehicles is the limited possi-
bility of providing energy for heating the vehicle and the lack of the
possibility of using waste energy for this purpose. The low effi-
ciency of internal combustion machines makes it possible to heat
the interior of buses and other vehicles fueled by liquid fuels and
gas by cooling energy of the engine. In contrast to that, electric
drive systems are characterized by high energy efficiency, which in

the current development of technology reaches 90—95%. This
means that the interior heating of the vehicle is possible only with
the help of electricity drawn from the traction network.

In the conflict with the changes in the nature of the traction
network load, there is an increase in expectations regarding the
forecasting of electricity consumption. Currently, the number of
transportation companies purchasing electricity on the open market
is growing. It is to be expected that in the nearest future these en-
terprises will also start to purchase energy on the stock exchanges
and to schedule and balance energy consumption on their own. Then
the key issue will be the precise prediction of electricity consump-
tion. Such a situation will first of all require the use of tools pre-
dicting energy demand based on the expected weather conditions.

The second area where the issue of heating energy demand is
the key issue are electric vehicles with autonomous supply. In
contrast to vehicles supplied from the traction supply network
(overhead catenary line or the third rail), they are powered by
traction batteries. Therefore, it is very important to carefully
analyze the energy distribution and reduce energy consumption,
primarily for heating purposes. The price of traction batteries can
reach for up to 50% of the price of an electric vehicle. Energy usage
for heating purposes can reach for over 50% of total energy con-
sumption, which requires significant oversizing of the battery. For
this reason, the issue of energy demand of non-traction purposes is
a fundamental problem in the optimization of electric vehicles and
minimization of costs.


http://mostwiedzy.pl

A\ MOST

M. Barttomiejczyk, R. Kotacz / Journal of Cleaner Production 252 (2020) 119776 3

Literature lists energy consumption values that fall within a very
wide range. For example, in (He X. et al.,, 2018) average energy
consumption are estimated to be 1.7 to 4.1 kWh/km. A numerical
simulation model based on surrogate model is applied in
(Vepsalainen et al,, 2019). The energy demand of the surrogate
model varied from 0.43 to 2.30 kWh/km, which indicates a very
large dispersion, but these were only simulation and theoretical
studies. It should be emphasized that the temperature was indi-
cated as the main factor affecting energy consumption.

In energy analyzes, simplified models of non-traction loads are
usually used, based on a constant power value. In (Lajunen, 2018) is
proposed a simplified model to estimate electric bus energy con-
sumption in different weather conditions using measured data
from existing bus lines. The required auxiliary power was assumed
to be 6 kW in mild weather conditions, 14 kW in cold or hot con-
ditions, and 22 kW in extreme cold conditions. In many analyzes,
the power required for electric heating is omitted and heating with
diesel or oil is assumed. In (Correa et al., 2017), the vehicle longi-
tudinal dynamics model was used to calculate the required power
for electric bus. The auxiliary power for air conditioning systems,
pumps, lights, and instruments assumed to be constant at level of
6 kW but without electrical heating. Analogically, authors in (He He
et al., 2018a,b) proposed a predictive air-conditioner control for
electric bus with passenger amount variation forecast, but without
heating. Similarly, in (Gallet et al., 2018) the constant power of non-
traction loads was assumed and the data was analyzed and only the
heating work was limited. An interesting solution of direct recovery
of braking energy to heat is presented in (Ye et al., 2019). The
problem of optimizing non-traction needs is addressed in publi-
cations on dynamic charging of electric buses (Suh et al., 2015).
Another example of the importance of the issue of energy con-
sumption for heating purposes is a study which presents the
optimization of door opening in the metro system (Hu and Lee,
2004).

The main objective of the article is to fill the gaps in the current
literature and present the analysis of energy consumption for non-
traction needs of electrical buses based on measurements carried
out in the transport system. The specific objectives are to show the
nature of the variability of energy consumption, qualitative and
quantitative estimation of the impact of traffic congestion and
determining the time characteristics of the load. These results will
optimize the work of non-traction systems and optimize battery
capacity.

The article will present three aspects of supplying auxiliaries in
electric buses:

- influence of outside temperature on energy demand of
auxiliaries

- influence of traffic congestion on energy demand of auxiliaries

- statistical aspects of energy demand of auxiliaries.

All presented analysis are based on the measurements realized
in Gdynia’s trolleybus system.

The power supply is the feature which differs trolleybus from the
electric bus. In the standard trolleybus, the power source is elec-
tricity from the overhead contact line, while the stationary charged
electric battery bus is powered by traction batteries. This difference
has a major impact on the supply system and electrical equipment of
the vehicle. However, from the energy consumption perspective
both types of vehicles are very similar. Trolleybuses and electric
buses have the same mechanical construction. Traffic conditions and
the influence of congestion are also the same. Moreover there are
many transitional solutions between standard trolleybuses and
stationary charged battery buses. The battery hybrid trolleybuses
and dynamic charged electric buses are an example of those

solutions. Trolleybuses are the tool which has brought a huge source
of experience to the development of the electric transport (Borowik
and Cywinski, 2016). This experience can be applied to all other
types of electric buses (Bartlomiejczyk, 2019).

Trolleybuses in Gdynia are equipped with the energy data
logger system, which records every second main electrical and
mechanical parameters of the ride. The recorded parameters
include the values of speed, traction drive current, vehicle current,
and GPS location. This has resulted in a huge database of trolley-
buses’ energy consumption. The collected data provides opportu-
nities for detailed analyses. From the point of view of mobility
characteristic, trolleybuses are very similar to electric buses. Due to
this fact, the Gdynia trolleybus network can be a perfect test ground
for analyzing e-mobility and energy efficiency of e-vehicles
(Bartlomiejczyk, 2019). Whenever it is mentioned in the article
about specific measurement tests, they will be based on data from
the Gdynia trolleybus system and the name of the trolleybus will be
used. However, the conclusions drawn will apply to all electric
buses and then we will use the name “electric bus”.

2. Energy consumption for auxiliaries
2.1. Auxiliary system in electric bus

The auxiliary systems comprise the electrical equipment of the
vehicle which is not directly used in the generation of traction
force. The following elements can be included in auxiliary systems:

- compressor and hydraulic pump motors
- supply of low voltage equipment

- air conditioning

- heating

In the Table 2 the main auxiliaries systems in standard electric
bus are compared.

The lightning, passenger information systems, charging of DC
batteries and air compressor are responsible for 20—25% of total
energy consumption. In practice, the last two elements form the
main part of the auxiliary load, with heating in particular, are the
mains factors.

2.2. Thermal energy flow of electric bus

The source of thermal energy in the vehicle are the heating
system and, partly, passengers. The heat is excreted outside to the
environment in the process of thermal conduction through the
walls of the vehicle and the exchange of heat through doors, win-
dows and ventilation system (Barttomiejczyk and Potom, 2013).
Based on the heat flow equations and Fourier’s Law for heat con-
duction, a given heat flow Q' transferred by partition in the steady
state and with a small temperature drop AT can be described by the
dependence:

Table 2
The range of nominal power of the main auxiliaries systems in 12 m electric bus or
trolleybus.

System Nominal power
Lightning 1-2 kW
Passenger information systems, ticket vending machine 1-3 kW
Charging of 24 V board batteries 0,5-2 kW

Air compressor 3—6 kW
Hydraulic pump 2—4 kW

Air condition 10-16 kW
Heating 5-25 kW
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Q=1 (1)

The power used for heating the vehicle is equal to the amount of
thermal energy transferred outside the vehicle. Assuming that the
heat dissipation takes place only by transferring heat energy
through the side surfaces, roof and chassis, after converting
dependence (1), the heating power necessary to maintain a con-
stant temperature inside the vehicle is equal to the heat flow from
the vehicle:

(T)
2 )

The linear nature of the dependence (2) is confirmed by the
scatter of scatter graph of non-traction needs as a function of the
temperature difference inside - outside presented on the Fig. 4.
Average energy consumption per 1 km on auxiliary purposes de-
pends on the commercial speed v,, of the movement and can be
described by formula:

Py(T) =

P(T)

Vay

(3)

e(T)=

Measurements of energy consumption were carried out in
trolleybuses operated in Gdynia. For this purpose the energy con-
sumption data - log recording system was used.

The Trolleybus Transportation Company in Gdynia (PKT) oper-
ates trolleybus network in Gdynia (Poland). Almost 90 vehicles
with a standard length of 12 m are used.

Heating of trolleybuses is carried out using electric heaters
supplied directly from the traction network by 600 V DC or by 400
AC through DC/AC inverter. In each trolleybus there are three types
of heating devices whose parameters vary depending on the type of
vehicle:

- passenger space heaters with a power of 10—20 kW

- 3 kW driver’s cab heater

- windscreen heater (“frontbox”) which power is regulated
smoothly in the range of 0—20 kW.

The heating is controlled manually, the driver’s task is to prevent
the temperature inside the vehicle from falling below 16 °C. Interior
heaters and driver cabins are equipped with thermostats that
prevent overheating of the heating coils.

3. Calculations and results
3.1. Overall analysis of energy consumption
The power source of the electric vehicle may be a traction

network, an autonomous energy generator (eg a diesel unit, a
hydrogen fuel cell) or a traction battery. Energy collected from the
power source is intended for:

- vehicle driving needs

— traction needs,

- non-traction needs.

Energy collected for non-traction purposes can be divided into:

- supply of non-traction needs during movement
- supply of non-traction needs during stops.

The first component concerns the energy consumption during
operation with passengers on the route. This is the actual energy

used to keep passenger comfort. The second parameter applies to
energy consumption during technical stops (at terminuses, breaks
for drivers) and has only an indirect effect on comfort. For this
reason, it can be optimized in a relatively easy way. The distribution
of electric energy consumed by vehicles is shown on Fig. 1. To
emphasize the importance of energy consumption for non-traction
needs, Fig. 2 shows the percentage distribution of energy con-
sumption in annual scales for whole trolleybus system. The values
were set on basis on measurements from vehicle data loggers
systems is based on total energy consumption in a year. It shows
that energy consumption for non-traction needs (HVAC) has a
significant impact on the total energy consumption in the transport
system.

A key parameter affecting the energy consumption is the
external temperature. The collected measurement data allowed for
a quantitative assessment of this dependence (Barttomiejczyk,
2018a). Fig. 3 presents the average total energy consumption per
km of a trolleybus as a function of the temperature difference inside
versus outside. The scatter graphs illustrate the value of non-
traction energy consumption per distance (Fig. 4) as a function of
the temperature difference inside. As in the case of the previous
analysis, the values were set on basis on measurements from
vehicle data loggers systems. Measurements from all trolleybus
lines from November to April were used for the analysis. 5600 of
data points was taken into analysis. The points shown in the graphs
indicate energy consumption during a single journey of trolleybus -
one dot means one journey. For temperature drop AT bigger than
5 C° the values of non-traction needs P(AT) and energy consump-
tion per distance of non traction needs e(AT) can be approximated
by linear functions:

P(T)=0.91-T +0.44 (4)

Energy consumption

Non traction
needs
(auxiliaries)

- stopping time at terminouses

- stopping time during breaks for
drivers

- stopping time of reserve vehicles

Non traction
needs
(auxiliaries)

Traction
needs

\ Operation on transportation route

Fig. 1. The distribution of electric energy consumed by vehicles.
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Fig. 2. The overall annual structure of energy consumption.

e(T)=0.052 - T + 0.022 (5)

Under standard operating conditions, the non-traction energy
consumption is up to 1.2 kWh/km, which accounts for a total en-
ergy demand of around 2.5 kWh/km. It may be even higher in case
of disturbances caused by congestion, which results in a decrease in
commercial speed of the vehicle. The effect of this may be an in-
crease of energy usage for non-traction purposes according to the
formula (3). It explains high values of average energy consumption
on non-traction needs of several measurements shown in Fig. 4,
which exceeds 1.6 kWh/km. This requires a significant increase in
battery capacity. On the other hand, periods of significant demand
occur very rarely (less than 1% of registered journeys). For this
reason, it is recommended to use heating power control. If the
battery is discharged under a certain level heating power must be
reduced. For example, a reduction of the inside temperature of the
vehicle by 8 °C reduces the energy consumption by 0.5 kWh/km.

2,5

This solution can be used in the event of non-standard traffic sit-
uations and avoids excessive energy usage.

The share of non-traction needs in total energy consumption
(Figs. 2, 5 and 6) is presented on an annual basis. The following
average energy consumption indicator in one-day scale values will
be defined:

- overall average energy consumption referred to all amount of
consumed energy:

Ctot =7— (6)

- average energy consumption referred to consumed energy
during operating time:

Etot_op )

€tot_op =
lda
y

- average energy consumption for traction needs:
etr =7— (8)

The values of energy consumption indicators and daily average
outside temperature in annual scale are shown on Fig. 5. The rela-
tionship between outside temperature and energy consumption for
non-traction purposes is very visible. The fall in outside temperature
in November—March causes a significant increase in energy con-
sumption. There is also a noticeable lack of a visible relationship
between outside temperature and energy consumption for traction
needs. Fig. 6 presents the value of all energy consumption for non
traction needs referred to overall energy consumption (participation
of auxiliaries in overall energy consumption).

It should be noted that on an annual basis, non-traction needs
consume nearly half of the total energy consumed by vehicles.
When the outside temperatures are very low or very high, con-
sumption for non-traction purposes, heating or cooling can reach a
value close to 70% of total consumption.

L
= w«n N

Overall energy consumption [kWh/km]
o
T

e S

o
W mmmmmmmemen

10

15 20 25

Difference of temperatures [C]

Fig. 3. Overall vehicle power consumption in function of difference between ambient and internal temperature (R? = 0,6494).
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Fig. 4. Scatter chart of auxiliary energy consumption per distance in function of difference between ambient and internal temperature.
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Fig. 5. The values of average energy consumption and daily average outside temperature in annual scale.

3.2. Influence of traffic congestion on energy demand of auxiliaries

Congestion of road traffic affects both: energy consumption for
traction as well as non-traction purposes (auxiliaries). The energy
consumption for driving (traction needs) is mainly dependent on
the maximum value of speed. Hence, an increase in the speed of
traffic may increase the demand for energy. However, other factors
need to be taken under consideration as well, as the problem is
complex (Bartlomiejczyk, 2019). In the case of energy demand for
non-traction purposes, traffic congestion has decidedly negative
impact: reducing the speed of movement increases the time of
travel, which results in the increase of energy usage. The influence
of traffic congestion on the consumption of auxiliary needs was
shown in experimental way by:

- analysis of dependence between commercial speed and energy
consumption,

- analysis of dependence between timetable adherence and en-
ergy consumption.

In order to present experimentally the influence of speed on
energy consumption, the section of trolleybuses route between
stops “Dworzec Gtéwny PKP” and “Morska Estakada” on Morska
street, with the length 2,5 km, was analyzed. This section is char-
acterized by the occurrence of significant congestion of road traffic
during rush hour, which allows the study of the impact of traffic
disruptions on energy consumption in a wide range. In addition, it
is one of the main sections (with the highest traffic intensity) of the
Gdynia trolleybus network. The analysis of energy consumption for
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Fig. 6. The value of all energy consumption for non traction needs referred to overall energy consumption in annual scale.

traction, non-traction needs and overall energy consumption was
carried out. The two analyses were provided:

- analysis based on registration from data logger systems of ve-
hicles, which allowed to show the influence of commercial
speed,

- analysis based on Tristar system, which allowed to show the
influence of timetable adherence.

3.2.1. Influence of commercial speed

The analysis was made out during the spring and winter pe-
riods. The scatter plot of energy consumption in function of speed
are shown on Fig. 7 (winter season: December—February) and Fig. 8
(spring season: May—June).

Tables 3 and 4 presents indicators of dependence between en-
ergy consumption and commercial speed, obtained from the linear
regression model. A relative large value of linear regression coef-
ficient (—0,0481 in winter versus —0,0188 in spring) and R? coef-
ficient (0,4166 in winter versus 0,1052 in spring) of non-traction
consumption in winter season is noticeable. They confirm the
strong impact of commercial speed on energy consumption for
non-traction purposes in the winter season.

3.2.2. Influence of timetable adherence — Tristar system
The Tri-City (Gdansk, Sopot, Gdynia) Intelligent Agglomeration
Transport System (Tristar) is designed to automatically control
traffic in the Tri-City area (Trolley Project). Work on it has been
ongoing since 2006. It was launched on December 10, 2015. It uses
technologies in the field of Intelligent Transport Systems (ITS).
The system includes devices such as:

- CCTV that help register drivers breaking the law - overspeeding
or passing through the red light,

- sensors on parkings that detect if the spot is taken or not,

- tables and variable-message signs (VMS) to inform drivers about
weather and road conditions,

- passenger information systems (PIS).

The Tristar system carries out many measurements regarding
vehicle traffic in the Tri-City road network. One of the measured
values is the time of arrival and departure time of buses and trol-
leybuses from stops. It is compared to the theoretical time of the
timetable. In this way delays in the public transport traffic are
measured. The delay amount was calculated as a relative
difference:

D= (tr — tscn)/tscn (9)

A positive value of the D indicator means that the actual travel
time was longer than the timetable (delay). A negative delay value
indicates that a given connection is faster than planned time.

The data from the Tristar system from October 2017 was used for
the analysis. These include trolleybus routes of line 29 (Grabéwek
SKM - Wielki Kack Fikakowo) and line 710 (Wielki Kack Fikakowo -
Grabéwek SKM).

In order to identify the hours in which the travel delays are
bigger, data from weekdays from the first week of the month were
analyzed - from Monday, October 2, 2017 to Friday, October 6, 2017.
A total number of 71 courses were taken into account. The biggest
delays occurred around 10:25 (7.8%) and 15:22 (14.2%). At these
times of the day, the probability of congestion on the analyzed
section turns out to be the greatest. On the other hand, the slightest
delay occurred at 08:43 (—0.6%) and 12:24 (—0.9%) hours.

Next step consists of studying how the delay value affects the
energy usage. Energy consumption in function of delay is shown in
Fig. 9.

Both the analysis of the impact of speed on energy consumption
and the analysis of the impact of traffic delays showed an increase
in overall energy consumption with an increase in traffic conges-
tion. Although the reduction of the commercial speed causes a
slight decrease in energy consumption for traction purposes, at the
same time there is a much higher increase in the demand for
auxiliaries. What is more, this impact is visible much greater in
winter than in spring. Therefore, it can be concluded that the
decrease in the speed of motion causes an increase in total energy
consumption.
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Table 3 3.3. Time characteristics of energy consumption
The values of the linear regression coefficient for the measurements shown in Figs. 7
ds. . .
an The average energy consumption per distance e can be defined
Winter Spring as:
Traction 0,0097 0,0125
Auxiliaries —0,0481 —-0,0188
Overall —0,0384 -0,063
At+to
J P(t)dt
Table 4 e(ty, ly) =20 (10)
The values of the R? coefficient for the measurements shown in Figs. 7 and 8. lAt
Winter Spring where tp means start time of averaging. From point of view of
Traction 0,0919 0,1085 battery capacitance and operation on the route the distance plays
Auxiliaries 0,4166 0,1052 the main role, so the analyzed distance (averaging distance) Ia; can
Overall 0,24 0,029 be defined:



http://mostwiedzy.pl

A\ MOST

M. Barttomiejczyk, R. Kotacz / Journal of Cleaner Production 252 (2020) 119776 9

50

2
5,90

rrrrrrrrrrrrrrrrrrrrrrrrr 3,00

Energy consumption [kWh/km]

° ¢ L

° ¢ T A et i L °
____:_..z—-"@:‘r-ﬂvu ° ° °

; & ° o i

S OOF. o 1 o

qo® R o ® €. e :

‘e @ o9 foese o i | Traction
- : . ..16? $ s °. Y e >y ; ]

. _‘1:',-.0_0_ f'l".-:\-'-"t-—.-;s-—— _____ o =y A
[t 8 8 e od o ° oo %, . S =" " o

L s
85 % ° o
i e ° 0o P oo &’a ° °© -
° ] o ©
-20 -10 1] 10 20 30 40

Traffic delay [%]

Fig. 9. Scatter plot of measured average energy consumption in function of traffic delay D for summer season.

At

Ly = Jv(t)dt (11)
0

and for above mentioned reason it is important to analyze the
variability of average energy consumption e in the function of
distance Ix¢. Consequently, we can define an algorithm for deter-
mining the maximum energy consumption emax in function of
analyzed running distance Ia¢:

emax(lar) =0

Oi)r:axe(fo, lAt) (12)

Determining the maximum energy consumption as a function of
distance [ consists in analyzing the registrations of energy con-
sumption in order to find the maximum of its average value for a
given distance Ix¢ according (12).

Setting of period At and consequently analyzed distance Ia¢
plays an important role in estimation of the average value
(Barttomiejczyk, 2018a). Due to the random nature of vehicle traffic
and the occurrence of traffic congestion, in particular during rush
hours, the average value of energy consumption on a short-term
scale, during peak hours (on the level of 1-2 h, corresponding to
10—20 km) may be higher than in a longer scale (full day,
150—200 km). This feature is presented on Fig. 10.

The dependence presented above affects the choosing of the
traction battery capacity in the electric bus. In a simplified way,
with a given travel distance [ between charges, the battery capacity
Epat can be determined as:

l-e

Epge = &

c (13a)

In case of opportunity charging systems, where batteries are
charged at final stops, the distance [ is at level 5—15 km. So the value
of energy consumption must be assumed at the “higher” level, at
3—4 kWh/km. In overnight charging system the distance [ is bigger
(100—200 km), which allows to estimate the required battery ca-
pacity using lower value of energy consumption (2—2.5 kWh/km).

4. Example of case study

Benefits resulting from the use of heating power modulation
will be shown on the basis of bus route 170 in Gdynia, which is
designed for operation with electric buses in the In Motion
Charging system. This investment will be implemented as part of
the GEPARD project (Barttomiejczyk, 2018c). Vehicles servicing this
line on the section Wezet Franciszki Cegielskiej - Wezet Ofiar
Grudnia ‘70 will use the existing trolleybus traction network and
will be charged during movement (IMC). The remaining section of
the Wezet Ofiar Grudnia 70 - Pogdrze Dolne, 5.5 km long, will be
operated in battery mode. At the terminus Pogérze Dolne will be a
charging station that will allow partial recharging of the battery
when stopped. The section Wezet Ofiar Grudnia 70 - Pogorze Dolne
is characterized by significant traffic disturbances due to conges-
tion, what significantly influences energy consumption. Fig. 11
shows the travel time histogram for this section. According to the
schedule, it is 15 min, but in some cases it reaches 40 min. This is of
great importance for energy consumption for non-traction needs,
and hence for the required capacity of traction batteries.

Traffic congestion increases travel time. In the worst case
(Fig. 11) the driving time with battery power is almost three times
longer than the scheduled driving time. With constant power of
non-traction needs, this may result in the need to significant in-
crease the capacity of traction batteries. For this reason, an analysis
of energy consumption will be carried out using the emergency
reduction of heating power in the event of significant delays of
traffic. The energy consumption and required capacity of the trac-
tion batteries will be compared for two variants:

(1) operation of auxiliaries with constant power while driving
on battery power,

(2) operation of auxiliaries with constant power while driving
on battery power for the scheduled driving time and
switching off the heating in the event of a delay (exceeding
the scheduled travel time).

Due to thermal inertia, turning off the heating system does not
immediately cool the vehicle interior, what allows to keep inside
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Fig. 11. The histogram of travel time of bus route 170 between stops Wezet Ofiar Grudnia 70 and Pogérze Dolne.

temperature at relatively high level after switching off of the
heaters. Thanks to this, limiting the vehicle’s heating does not have
to cause a significant reduction in passenger travel comfort.
Therefore, in the second case, the analysis of the cooling process
will be crucial. For this purpose, the trolleybus internal temperature
recording of 7—8 January 2017, realized during test in winter
weather, was used. At that time, the outside temperature was -
10 °C. The Fig. 12 shows the temperature course recorded during
the technical test, in which the heating was turned off and the
interior of the vehicle was automatically cooled during movement.
The temperature change as a function of time can be approximated
by the function:

T(t)=25.e-00002:t _ 10 (13b)

If the actual overall driving time t.5 of the analyses section
exceeds the scheduled driving time tsch, the heating is switched off
in the moment tgch. A the final moment of the trip (reaching of the
final stop), the interior temperature of the vehicle will drop to value

Tmin:

Tyin (t) =25 « @7 0.0002: (fea—ter) _ 10 (14)

The purpose of this analysis is to determine the probability of
occurrence of a specific value of the vehicle interior temperature,
and then create a histogram of the temperature value. By trans-
forming equation (13) it can be stated that the duration At of the
temperature changes between values Ti.; and T; (the temperature
drop) during cooling of the vehicle will be as follow:
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Fig. 12. The time characteristic of self-cooling of the trolleybus interior at an outside temperature of —10 °C (R? = 0,99).

At(T;) = — 5000 - In((T; + 10) / 25) + 5000-In((T;_; + 10) / 25)
(15)

Assuming the discretization of temperature measurement (e.g.
every 1 °C) it can be stated that the temperature with the T value
will last for the time duration At. The next stage is determining the
probability of occurrence of a given temperature T (with 1 °C
discretion) of the vehicle interior during the service of the line with
battery power supply of vehicles. For this purpose, the times of
occurrence At of a given temperature T (15) for a course with a
given delay P; (t) by the probability of this delay (histogram pre-
sented in Fig. 11). After dividing by the total time the service of the
line we get the probability of occurrence Pr(T;) of a given temper-
ature T;:

Yy, Pe(0)- AL(Ty)
7% Pr

The results of calculation are shown on Fig. 13. Table 5 presents a
comparison of the limiting values of energy consumption param-
eters in the case of vehicle heating with the use of power limitation
after exceeding the scheduled driving time and without. Energy
consumption for non-traction inches was determined using
formula (4), while energy consumption for traction purposes was
assumed at 1 kWh/km (Barttomiejczyk and Potom, 2016), the dis-
tance of travel in battery mode is 5.5 km. Due to the required safety
margin and extension of the battery life, their capacity is assumed
assuming a minimum discharge level of 50%. A unit price of 1300
EUR/kWh was assumed for the battery price calculation
(Barttomiejczyk, 2018b).

The implementation of a reduction in heating power allows the
required battery capacity to be reduced by 40%, which brings sav-
ings of 20 000. EUR per vehicle. On the other hand, for nearly 95% of
the time, the temperature inside the vehicle will be in the required
range (at least 15°), and in 99% the temperature will exceed 10°.
Cases of significant cooling of the interior will be at the level of 0,5%
of the service time of the line. Assuming a daily number of cycles on
the analyzed transportation route at 100—200, it means excessive
cooling of the vehicle only in one or two cycles. It should also be

Pr(T;) (16)

emphasized that days with low temperatures are relatively rare.
Therefore, on a yearly basis, the reduction of passenger comfort will
be minimal.

5. Discussion

The basic way to reduce energy consumption is to optimize the
process of setting the value of temperature inside the vehicle. We
should avoid overheating interiors and keeping the limit the
maximum difference in temperature between the surroundings
and inside of the vehicle (Beusen et al., 2013). Attention should be
paid to the high share of energy consumption (13%) for non-
traction purposes during technical stops (Fig. 6). For this reason,
the power of heating and air-conditioning equipment should be
limited during prolonged technical stops, when there are no pas-
sengers in the vehicle.

Another solution is active (intelligent) control of the power of
non-traction devices in the vehicle, which is correlated with the
operation of the vehicle drive system in order to increase the use of
regenerative braking power to auxiliaries (Barttomiejczyk and
Potom, 2016). It consists in increasing the power of the receivers
(in particular heating) during braking. As a result, energy recovered
from braking is consumed in the place of its generation and
transmission losses are additionally reduced (Laurikko, 2018).

The next step in reducing energy consumption may be the
introduction of heat pumps. Thanks to the use of air conditioning
devices made in modern technology (CO, heat pump), the energy
consumption of the heating system can drop by 50—70% (Borealis,
2018). This means that the total energy consumption can be
reduced by 20—50%. In addition, reducing of energy consumption
brings with it the possibility of reducing the size of traction bat-
teries in electric buses by 20—50%. The price of the battery is
currently at the level of 700—1500 euros for 1 kWh and can be up to
50% of the vehicle price.

An important element related to the optimization of battery
capacity is its selection depending on the real traffic requirements.
For this reason, the time characteristic (Fig. 10) of energy demand
by non-traction needs is important and should be taken in
consideration during preparing of technical specification for vehi-
cles. Also, a good solution which is recommended to use is


http://mostwiedzy.pl

A\ MOST

12 M. Barttomiejczyk, R. Kotacz / Journal of Cleaner Production 252 (2020) 119776

Probability [%)]

15 14 13 12 11
Inside temperature [C]

10 9 8 7 6 5

Fig. 13. The histogram of temperature inside vehicle during off wire mode of proposed changed line 170 with implemented reduction of heating power.

Table 5
Comparison of the requirement for traction battery.

Energy consumption for auxiliaries [kWh]

Overall Energy consumption [KWh]

Required battery capacitance [kWh] Price of batteries [k EUR]

Reduction 73 12,8
Standard 15,8 21,2

25,6 33
42,5 55

exceptional, emergency reduction of heating power in extreme
situations (eg high traffic disturbances). This may cause a tempo-
rary discomfort for passengers, however, it allows to reduce the
battery capacity and avoid excessive discharge. The situation of
very high energy consumption (more than 3.5 kWh/h in case of
standard vehicle) are very rare and require significant oversizing of
batteries. For example, reducing the inside temperature in the
vehicle by 5 °C in an emergency situation allows you to reduce
energy consumption by approx. 0.3 kWh/km. Potentially benefits
resulting from the use of heating power modulation were shown in
chapter 4.

An important element is also to improve the traffic flow and
reduce congestion, thanks to which the transportation speed can
increase. This improves not only the attractiveness of public
transport for passengers, but also reduces energy consumption
(Figs. 7—9). For this reason, it is recommended to introduce sepa-
rate lanes (bus lines) for public transport vehicles.

Table 6 Shows the list of methods of reducing of auxiliaries
energy demand. The reduction of energy consumption of non-
traction needs is currently the main challenge related to the

Table 6

reduction of energy demand of means of transport. The energy
efficiency of traction drive systems is already close to the maximum
(Barttomiejczyk et al., 2017), while there is a great potential for
increasing the efficiency of auxiliary systems.

6. Conclusions

The analysis showed the importance of auxiliaries in the total
energy consumption of electric buses. The tests were carried out in
a real transport system and are based on many years of experience.
Energy consumption for auxiliaries accounts for almost half of total
energy consumption, and in the winter it reaches 70% in daily scale.
Taking into account the high efficiency of currently operated pro-
pulsion systems, the main way to reduce energy consumption in
transport is to reduce the energy consumption of auxiliaries.

Optimization of non-traction needs consumption allows to
reduce the capacity of traction batteries by 20—50%. This brings with
it a reduction in the vehicle price and an increase in passenger ca-
pacity. Bearing in mind the difficult to determine change of battery
prices in the future, we should try to minimize their capacity.

Comparison of solutions which can be useful in reducing of energy demand of auxiliaries.

Technical solutions

Using an intelligent management of auxiliaries - increasing of its power during regenerative breaking

Taking in a consideration of load time characteristic (mainly IMC systems)
Improvement of the thermal insulation of the vehicle

Using heat pump
Operational aspects

Passenger habits, optimization of inside temperature

Precisely adjusting of inside temperature, avoiding overheating

Reducing of inside temperature in emergency situations

Reduction of heating power during breaks and technical pauses

Improve the traffic flow and reduce congestion - individual bus lines, priority on road crossings
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An important issue is also increasing the smooth flow of public
transport traffic. This can be done by giving priority to buses, the
use of dedicated lanes for public transport and the use of intelligent
traffic control systems (ITS). This is important from the point of
view of transport energy, because it allows to reduce the energy
demand and reduce the required traction battery capacity.

In cities with a very cold climate, it is reasonable to use oil
heating. An alternative can also be dynamic charging, in which it is
possible to increase the heating power on sections equipped with
traction cathenary (or another linear charging system) and its
limitation on sections without the cathenary. In other words, dy-
namic charging of electric buses is a method of reducing the ca-
pacity of traction batteries. In this case, it is useful to use the time
characteristics presented in the article for optimizing battery
capacity.

Better prediction of the energy demand would improve the
reliability of electric bus operation and reduce unnecessary to put
in service additional vehicles due to concurrent recharging events,
The characterization of energy demand under uncertainty can also
help in sustainable route planning.

Appropriate management and control of energy consumption
by non-traction needs of vehicle enables to reduce the energy de-
mand with possibly minimal deterioration of the travel standard. In
many cases, it can also increase travel comfort by limiting the
overheating of the vehicle. Taking into account the development of
the popularity of electric buses, this is a significant improvement in
the development of electromobility. The electromobility gradually
becomes a part of sustainable development of modern cities, so due
to the high impact of non-traction loads on total energy con-
sumption, this issue is very important. Proper technical solutions
used to supply non-traction loads allows not only to reduce energy
consumption, but giving good chance to reduce the price of vehicles
(lower battery size at same or increased charging capacities) and
improve the operational parameters (increased the autonomy of
vehicles).
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