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Measuring The Energy Efficiency 
Of Air Conditioning Systems:
Analysis And Calculating Of Energy
Consumption, Saving Potentials
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Climatic Wind Tunnel Tests For Higher Energy Efficiency
Energy efficiency has become a key issue in public transport in view of climbing energy prices
and concerns about climate change. The Vienna climatic wind tunnel of Rail Tec Arsenal, which
is renowned for thermal comfort and functional tests on rail vehicles under extreme climatic
conditions, has now analysed the energy saving potential for air conditioning systems - revealing
that energy consumption can be reduced noticeably without compromising on comfort.

Introduction

The Vienna climatic wind tunnel of
Rail Tec Arsenal has developed into
a highly valued testing centre for major
rail vehicle manufacturers and rail
operators, providing a wide range of
climatic tests under „artificial“ weather
conditions, i. e. temperatures from -50
to +60 °C, wind speeds up to 300 kph,
ice, rain and snow. It can draw on
a wealth of experience in the testing
and optimisation of heating, ventilation
and air-conditioning systems to ensure
a high degree of thermal comfort in
passenger trains. An example for such
thermal comfort test is the recently tes-
ted New Pendolino (Figure 1). Functio-
nal tests are mainly carried out to test
safety relevant parameters and the pro-
per functioning and reliability of indivi-
dual components under realistic ope-
rating conditions.

In view of the increasing economic
and environmental significance of
energy use, this broad expertise can
now also be applied to measuring the
energy efficiency of air conditioning
systems, which may consume up to
100 MWh annualy for a passenger
carriage. Energy consumption measure-
ments provide a sound basis for asses-
sing energy optimisation options, identi-
fying saving potentials, calculating life
cycle costs and developing energy
labelling schemes for rail vehicles.

Rail Tec Arsenal has analysed two
approaches in this context: demand-
controlled fresh air supply and heat
recovery from exhaust air. The analyses
have shown that a combination of these
measures may result in an energy
saving - and with it a reduction in CO2
emissions - of up to 17 %!

Analysis Of Energy 
Consumption 

Measurements On The Tracks 
Or In The Climatic Wind Tunnel

Exact performance data under dif-
ferent environmental and operating
conditions are needed for analysing
the energy requirement and the power

consumption of air conditioning systems
in rail vehicles. 

Measurements on the tracks can
record the total energy consumption
over a given period and under the con-
ditions prevailing in the environment at
the time. It is also possible to conduct
parallel studies of two rail cars with dif-
ferent air conditioning systems in the
same train in order to make a direct
comparison of their energy consumption
figures. However, due to the constantly
changing conditions, it is impossible
to achieve a precise and reproducible
analysis of power consumption under
different environmental and operating
conditions on the tracks.

In contrast, studies in a climatic
wind tunnel can reproduce different
environmental and operating conditions
on demand - for example, in the form
of an occupancy simulation - and record
power data under constant conditions.
Many of the combinations of environ-

mental and operational parameters that
are considered necessary for energy
analyses have already been covered
by the climatic tests required by the
relevant thermal comfort standards
(Table 1), so that the acquisition of
performance data has an added benefit.

The supplementary tests are
mainly concerned with the transitional
area between heating and cooling. This
area requires more detailed study in
order to be able to map a continuous
performance curve for different load
conditions.

For determining performance data,
it would essentially be sufficient to
determine the overall energy con-
sumption of the vehicle with all its auxi-
liaries, including the air conditioning
system, converter, and battery charge.
The energy consumption of the other

auxiliaries is low and constant compa-
red to that of the air conditioning sys-
tem and can easily be factored out of
the calculations at need. For a detailed
analysis, and for drawing conclusions
about the energy saving potential of the
air conditioning system, it is of course
possible to measure the energy con-
sumption of various individual power
consumers such as fans, auxiliary hea-
ting units, the principal heating unit,
and the compressor.

The example shown below is based
on measurements of overall energy
consumption and thus includes the
energy consumption of all auxiliaries.
Figure 2 shows the results of measu-
rements of a double-deck passenger
carriage at an exterior temperature 
of 0 °C with minimum wind (stationary
vehicle) and zero occupancy. The in-

Table 1: Standard test cycle with occupation and environmental condi-

tions as test parameters. 

Figure 2: Energy consumption measurement of a double-deck passenger

carriage at 0 °C, minimum wind (stationary vehicle) and no occupancy.

Figure 1:

New Pendolino in

the large climatic

wind tunnel of Rail

Tec Arsenal.
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stantaneous power measurement cle-
arly shows that the interior temperature
was controlled via the 16 kW heating
units. The mean power consumption is
approximately 20 kW at a steady-state
mean interior temperature of 22 °C. The
steady state after changing the set point
from 20 to 22 °C at the start of the test
was reached after only two hours.

The power consumption is determi-
ned in this way for all parameter com-
binations required, enabling the collation
of temperature-independent power cur-
ves that serve as the basis for further
calculations.

Calculating Energy
Consumption

Figure 3 shows the pictorial sche-
matic for calculating energy consump-
tion. First of all, the procedure requires
the power curves that were determined
in the standard test cycle. The top left
corner of Figure 3 shows two power
curves for a passenger carriage with
and without passengers at 120 kph.
Additionally, the climatic data for the
area in which the vehicle is operated is
needed for calculating real-time power
consumption. The mean temperature
profiles for each month of the year are
shown at the bottom left of Figure 3.
The power curves, the climate data, and
specific operating parameters such as
vehicle use and occupancy rate can be
used to calculate, for example, the an-
nual energy consumption specific to
each client. This consumption is shown
on a per-month basis at the top right of
Figure 3.

If identical standardised parameters
are used for the calculations, direct
comparisons can be made between
the energy efficiency of different vehic-
les or different vehicle designs. Additio-
nally, the quantitative effects of optimisa-
tion strategies can be documented and
energy savings potentials can be iden-
tified and analysed. At the same time,
these parameters can be used to docu-
ment LCC figures objectively and to eva-
luate the energy efficiency of a vehicle’s
air conditioning unit under energy label-
ling schemes categorising vehicles into
seven energy efficiency classes, label-
led A through G. 

Saving Potentials 

Overview 

The load calculation is the basis for
determining the energy required for hea-
ting, cooling, dehumidifying and humi-
difying the supply air which serves to
compensate for the thermal loads. 

Thermal loads in the vehicle are
caused by interior and exterior distur-
bance variables that have long-term
effects on the specified state of the
interior air and thus have a significant in-
fluence on thermal comfort in the pas-
senger areas. In general, disturbance
variables are classified as follows:
- interior disturbance variables such

as heat and moisture emission by
people, heat emission by light fixtures
and switch cabinets;

- exterior disturbance variables such
as heat flow through direct or diffuse
solar radiation and transmission,
enthalpy and moisture flow through
accidental air change.

Figure 4 shows that the energy
requirements for air conditioning rail ve-
hicles are influenced by many factors,

- active insulation, e. g. use of exhaust
air heat for heating car body surfaces;

- exhaust air heat recovery;
- load-dependent cooling system;
- heat pump.

Additionally, regular maintenance
and control of the specified parameters
can help to bring about a significant
reduction in energy consumption.

Controlled Fresh Air Supply 
And Exhaust Air Heat Recovery

In this section we will examine the
energy saving potential of two different
measures, namely demand-controlled
fresh air supply and exhaust air heat
recovery, in the air conditioning system
of a passenger carriage.

The basic power curves with and wit-
hout occupancy at a speed of 120 kph
were taken from the passenger carriage
already described above. The tempera-
ture-dependent amounts of fresh air
intake in these measurements met the
requirements of EN 13129.

As fewer passengers require less
fresh air, demand-controlled fresh
air supply can save energy during

Figure 4: Schematic illustration of the disturbance variables affecting

thermal comfort in a passenger carriage.

Figure 5: Comparison of power consumption for air conditioning with

and without optimisation measures using a selected occupancy profile

for the mean temperature profile of January.

resulting in a wide variety of optimisation
options. However, all singular energy
efficiency measures must be eval-
uated for their effects on the overall
system. For example, thicker thermal
insulation for the car body may reduce
the energy requirements for air conditio-
ning, but the increased weight of the
vehicle would cause an increase in the
energy requirements for traction. An
examination of the overall energy con-
sumption would reveal a lower energy
saving effect, or none at all. An exami-
nation and optimisation of the overall
system is necessary because of the
complexity of options and effects. For
this reason, energy optimisation cannot
be the exclusive task of the air conditio-
ning supplier.

The saving potentials range from
simple measures such as:
- demand-controlled fresh air supply;
- intelligent, optimised air conditioning

control;
- demand-controlled set point adjust-

ment;
to new concepts such as:
- optimised thermal insulation for car

bodies and/or duct systems;

Figure 3: Pictorial schema-

tic for calculating energy

consumption and energy

efficiency.
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fresh air conditioning, heating, and coo-
ling/dehumidifying at occupancy rates
below 100 %. To implement this mea-
sure, the air conditioning system must
receive current information about the
vehicle occupancy rate and must be
able to adjust the fresh air supply by
means of the fan speed or flaps. The
occupancy rate can be determined
using an air quality sensor, a CO2 sen-
sor, or vehicle weight sensors, which are
already installed in many mass transit
vehicles for braking control. 

In exhaust air heat recovery
systems, an air-to-air heat exchanger is
used to transfer the exhaust air heat
energy to the supply air, thus signifi-
cantly reducing the energy requirement
for the remaining air conditioning steps.
In the following observations, we will
assume a heat exchanger efficiency 
of 60 %. Additionally, the comparative
observations were based on the follo-
wing general specifications and
assumptions:
- effect of occupancy (body heat of

passengers) taken into account;
- daily vehicle operation from 6:00 to

22:00;

- seat occupancy rate between 30 and
100 % (56 % average occupancy), in
accordance with occupancy profile
shown in Figure 5;

- savings effects considered for heating
mode only.

Figure 5 shows the power requi-
rements for the described measures
using the selected occupancy profile
for a mean daytime temperature pat-
tern in January. The figure shows that
the energy saving effect of a demand-
controlled fresh air supply varies with
the occupancy rate and, by definition,
amounts to zero at an occupancy rate
of 100 %. In contrast, the savings effect
of exhaust air heat recovery is indepen-
dent of the occupancy rate. Additional
energy savings are achieved when both
measures are combined.

Figure 6 illustrates this result. Here
the power requirement of the measures
examined is shown as a function of the
occupancy rate at an exterior tem-
perature of -10 °C. The relationship of
the power curves to one another applies
for all exterior temperatures in heating
mode. The power requirement shown
by the no measures and exhaust air
heat recovery curves decreases as
the occupancy rate increases because
of the increase in heat input from the
passengers. At high average occupancy
rates, the best energy saving effects
will be achieved through exhaust air heat

recovery; at average occupancy rates,
however, even demand-controlled fresh
air supply, which is easier to implement,
will result in noticeable energy savings.

Figure 7 illustrates the power requi-
rement of the measures examined as
a function of the exterior tempera-
ture for an occupancy rate of 60 %.
The figure shows that there is a signi-
ficantly higher energy saving at low
exterior temperatures and at higher
temperature differences between the
interior and the exterior than at mode-
rate exterior temperatures and small
temperature differences. Figure 8

presents a comparison of the monthly
energy consumption for the measures
examined.

Table 2 shows the annual energy
consumption and the possible energy
savings compared to the original con-
sumption figures. The saving potential of
8.8 % for demand-controlled fresh air
supply makes it feasible to retrofit exis-
ting vehicles with CO2 sensors; the
investment would pay off in a short time
provided that the vehicle is furnished
with the necessary equipment, such as
an adjustable fresh air flap and a pro-
grammable control unit, which are stan-
dard for most modern vehicles. Exhaust
air heat recovery, with a saving potential
of 13.8 %, is more efficient and, above
all, independent of the occupancy rate.
However, this measure is more likely
to be advisable for new vehicles as it
usually requires changes in the airflow
routing concept.

In each case, the measures under
review show that there are energy saving
potentials which, if consistently realised
in rail vehicles, would result in significant
reductions in overall energy consump-
tion and emissions. Figure 9 shows
the annual saving potential and the
reduction in CO2 emissions achievable
by implementing the measures exa-
mined for an assumed fleet of 3,000
vehicles.

Conclusions And Outlook

By analysing two specific measu-
res, the team of Rail Tec Arsenal has
successfully demonstrated the energy
saving potentials for air conditioning
systems and pointed out the economi-
cally beneficial effects of the concomi-
tant reduction in CO2 emissions. 

The standard climatic wind tunnel
test cycle presented here is suitable not
only for determining the power con-
sumption of air conditioning systems,
but also for optimising and verifying
energy saving measures. The climatic
wind tunnel can simulate all envi-
ronmental and operating conditions
required to gather precise performance
data, which can serve as the basis for
further analysis. Additionally, climatic
wind tunnel tests can be used to verify
specific annual power consumption va-
lues under defined conditions for LCC
analyses and to evaluate the energy
efficiency of air conditioning systems
according to the standards of a future
energy labelling scheme for rail vehicles.

Rail Tec Arsenal makes a significant
contribution to these studies and analy-
ses with the aim to make rail transport
more energy-efficient. For more infor-
mation on the climatic wind tunnel of Rail
Tec Arsenal see Railvolution 2/05.
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Figure 8: Comparison of monthly energy consumption with and without

optimisation measures.Figure 7: Power requirements with

and without optimisation measures

for different exterior temperatures

at an occupancy rate of 60 %.

Table 2: Annual electrical energy consumption for air conditioning and

savings effect of the measures examined.

Figure 6: Power requirements with

and without optimisation measures

for different occupancy rates at an

exterior temperature of -10 °C.

Figure 9: Annual energy saving po-

tential of optimisation measures

for 3,000 vehicles.


