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EXECUTIVE SUMMARY
This report describes first the basics of the common cooling & heating processes and how they are
implemented in the HVAC system of rail transport technology. Furthermore, the general influences of the
energy consumption are displayed. Afterwards the state-of-the-art measures, used for energy savings and
new HVAC developments are listed, to give a foundation for further elaborations based on this report. For
that reason, this report gives also an overview of control mechanism and possibilities. In the end a set of
reference parameter as “key performance indicators” (KPI) are given. These values should give a sense of
the most important parameters of a HVAC, that are related to its classification and energy efficiency.
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GLOSSARY OF TERMS
Acronym or Term
AHU
AHX
CCU
CFC
COP
CN
C2C
DB
DLR
EC
EER
EXV
GEA
GWP
HFC
HN
HVAC
ICE
ICN
KKA
KPI
LLC
RPM
Tem
TEWI
Tic
TXV

Description
air handling unit
ambient heat exchanger
cooling capacity of the unit
Chlorofluorocarbons
coefficient of performance
Cooling need
Consumption of the 2 compressors
Deutsche Bahn AG
Deutsches Zentrum für Luft- und Raumfahrt
(German Aerospace Center)
electronically commutated
energy efficiency ratio
electronic expansion valve
Gesellschaft für Entstaubungsanlagen
global warming potential
hydrofluorocarbon
heating need
Heating, Ventilation and Air Conditioning
Intercity-Express
Intercity Tilting Train
Kälte Klima Aktuell
Key performance indicator
Limited Liability Company
revolutions per minute
Outside temperature
Total Equivalent Warming Impact
setpoint room temperature
thermostatic expansion valve
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1. INTRODUCTION
HVAC stands for "heating, ventilation and air conditioning" and refers to a system that is used to cool, heat,
and move air. Practically all modern rail vehicles for passenger transport are equipped with air conditioning.
The main purpose of the HVAC system is to ensure a high degree of thermal comfort for the passengers by
providing heated or cooled and fresh air. For high-speed trains it can additionally be equipped with a pressure
protection device to ensure pressure comfort in the vehicle cabin. Moreover, HVAC systems in rail vehicles
require up to 25% percent of the overall energy, making them the second-largest energy consumer after the

Figure 1: Load distribution in Swiss railways ICN trainsets
(Trygstad, 2017)

traction unit (compare Figure 1). Therefore, from an environmental perspective, HVAC systems have a lot of
potential. While here often only the impact of the refrigerant is discussed, the largest ecological impact from
many refrigeration and air conditioning applications arises from their energy consumption and emissions
during their operation. While the GWP1 only describes the Global warming potential released into the
atmosphere, TEWI includes losses related to refrigerant leakage and recovery, in addition to the emissions
related to the energy required to operate the system [33]. The units of TEWI are mass of CO 2 equivalent.

𝑇𝐸𝑊𝐼 = (𝐺𝑊𝑃 ∙ 𝐿 ∙ 𝑛) + (𝐺𝑊𝑃 ∙ 𝑚 [1 − 𝛼𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 ]) + (𝑛 ∙ 𝐸𝑎𝑛𝑛𝑢𝑎𝑙 ∙ 𝛽)
Where:
•
•
•
•
•

•
•

1

GWP - Global warming potential
L - Leakage rate per year [kg/a]
n - Number of operating years (system lifetime) [a]
m - Refrigerant charge [kg]
αrecycling - Recycling factor
Eannual - Energy consumption per year [kWh/year]
β: CO2 emission factor, kg CO2 emitted per kWh of electricity [kgCO2/kWh]

The GWP represents the CO2 equivalent of the relative greenhouse potential over a period of 100 years
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2. MAIN DOCUMENT
2.1. Energy consumption
Annual energy consumption for rail vehicle HVACs are depending on various influencing parameters. As
shown, multiple factors influence the main components of the HVAC unit and therefore determine the power
consumption.

Figure 2: Illustration of exemplary influences of power consumption of a HVAC unit
(based on (Dubielski, 2013).

There are constant influencing parameters like the train properties, for example, the thermal conductivity of
the car body or the solar factor of the windows. Such as variable parameters influencing parameters like the
weather (humidity, solar radiation, temperature) or the constant change of the number of passengers
(compare Figure 2) and related opening of the doors. In contrast to the building air conditioning, the variable
influencing parameters are not only time-dependent because of their outer circumstances, but can also
depend on the specified route of the vehicles (Dubielski, 2013) and the connected operations (e.g. door
openings). Furthermore, characteristics such as the used refrigerant and how good the control system is
adjusted to it and how good it can react to different load conditions (see further explanation in chapter 2.8).

Figure 3: exemplary distribution (annual) of temperature and approximated power
consumption for a R134a/electrical heating system, divided into two intervals. Power
consumption varies over specific temperature and load point
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The main components that drive the energy consumption are marked grey in Figure 2: the compressor,
supply fans, condenser fans for cooling mode and additional heating components (e.g. heating registers)
Figure 3 shows such a realistic temperature distribution for central Europe. Because of the shown variation
of the temperature and the different modes of the HVAC - heating and cooling, the power consumption varies
heavily between the operation (indicated by the yellow ranges).
Furthermore, this means it is crucial to have a good control system to react to such changes with an energyefficient partial load operation. Therefore, to determine the energy consumption in such an HVAC system,
the complete range of this (temperature) and every other circumstances and parameters shown in Figure 2
must be considered.

2.1.1. Energy Effiency Ratio - EER
The efficiency of vapor-compression refrigeration systems is expressed with an "Energy Efficiency Ratio"
(EER). It is calculated by (explanation for parameters follows in section 2.2 page 15 )

𝑄̇

𝐸𝐸𝑅 = 𝑃 =
𝑣

𝛥ℎ0
ℎ𝑤

(Equation 1)

where 𝑄̇ is the cooling power, and Pv is the power consumption of the system. Or it can be calculated by the
enthalpy of the evaporator and the compression work (see page 16 Figure 8). The EER usually exceeds 1.
The reason is that instead of just converting work directly, it "transports" heat from a heat source to a heat
sink. This coefficient is highly dependent on operating conditions. Figure 12 on page 18 shows an exemplary
dependence of consumption on refrigerating capacity. According to the calculation shown above, this reveals
this dependence of the EER. For heat pump operation, the equivalent is called COP – coefficient of
performance. Hear the specific enthalpy over condenser 𝛥ℎ𝑐 is applied instead of the enthalpy of the
evaporator 𝛥ℎ0 (compare page 16 Figure 8) .

𝐶𝑂𝑃 =

𝑄̇
𝑃𝑣

=

𝛥ℎ𝑐
ℎ𝑤

(Equation2)
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2.1.2. Requirements comfort
As stated, the requirements of comfort influence energy consumption. For train operation, different standards
are subject to define thermal comfort requirements. For temperature regulation, there are two main

Figure 4: demanded temperature profiles
Left: for vehicles local transport according EN 14750-1:2006 (14750-1:2006, 2006)
Right: for vehicles long-distance traffic according EN 13129:2016 (13129:2016, 2016)
Tem
Tic
1
2
3

-

mean outside temperature [°C]
setpoint room temperature [°C]
recommended profile
upper boundary
lower boundary

specifications, depending on whether it is referred to as local transport or long-distance traffic. For the latter,
the specification EN 13129:2016 must be applied. Figure 4 shows the requirements specified by a control
curve for the room temperature setpoint that defines a recommended profile with upper and lower boundaries.
The allowed deviation of the mean interior temperature from the setpoint is defined by two quality levels: q1
– up to 1K and q2 – up to 2K.
Additional thermal requirements are:
-

horizontal distribution
vertical distribution for seated passengers
a vertical range of the extreme for standing passengers (dining cars, aisles of the largecapacity cars)

For local transport, the EN14750-1:2006 is applied (for the control curve see Figure 4 left). During HVAC
operation, the mean interior temperature must not deviate more than +/-2 K from the setpoint.
Additional requirements to be specified for comfort are:
-

humidity
air-quality (CO2)
noise
airspeed
pressure-comfort
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2.1.3. Determination of energy consumption
In order to manage and reduce the energy consumption, it is important to have a methodology to estimate
(prediction) and validate the energy consumption. However, there is no single solution for this determination
at this stage. State of the Art methods are:
1.EN 50591: “Specification and verification of energy consumption for railway rolling stock”
The purpose of this standard is to give a method to estimate and
validate yearly energy consumption of the complete train. A big
part of this text is dedicated to HVAC system. The principle is to
use some tests conditions of the thermal comfort standard for
main line (EN13129 :2016).
A matrix of stationary operating points is defined to represent the
annual climatic and operational conditions. Each operating point
is determined by the ambient air temperature, the ambient solar
radiation and air humidity and the passenger occupation. All
operating points are defined for a train at stop (EN 50591:2019
Bahnanwendungen - Spezifikation und Überprüfung des
Energieverbrauchs)
Figure 5 Conditions for the “in service mode”
– inside (P1-P7) and outside “commercial
operation”
(P8-P13)
(EN
50591:2019
Bahnanwendungen - Spezifikation und
Überprüfung des Energieverbrauchs)

Three series of tests are used in order to describe the main parts of the operation of the train:
1. In-service mode with occupation
2. In-service mode without occupation (same Temperature than the normal mode but without
passenger)
3. In parking mode: Parking and pre-conditioning (See Figure 6)

Figure 6 conditions for the “Parking mode” (EN
50591:2019 Bahnanwendungen - Spezifikation und
Überprüfung des Energieverbrauchs)
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The annual energy consumption is calculated by weighting the power of each point with the number of hours
to consider for the mode and the conditions of the point (EN 50591:2019 Bahnanwendungen - Spezifikation
und Überprüfung des Energieverbrauchs). See below:
Annual energy consumption in-service with commercial operation mode
(Equation 3)
where

Annual energy consumption in-service without commercial operation mode

(Equation 4)

where

Annual energy consumption in parking mode

(Equation 5)
where

The total consumption is then calculated by the sum of the modes:

(Equation 6)
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2. ISO 19 659-3: The ISO working group works currently on a standard dedicated on the energy
consumption of the HVAC system.
3. Duty Cycle: Deutsche Bahn Systemtechnik has developed a test bench method for determining the
energy consumption of air conditioning systems during operation, which can be carried out in
differently equipped climate chambers with a minimum of time and expense. This method, called
energy consumption cycle, maps the real operation to a few stationary tests. This makes the
determination of energy consumption values reproducible and capable of standardization. Through
broadly based simulations and statistical calculations, a weighting of 6 test conditions could be
determined, which allows a sufficiently accurate determination at low cost. There is no longer any
need to differentiate between the various operating modes and therefore test efforts could be
significantly reduced. This also allows efficient testing of new energy-saving measures (delta
comparison).

2.2. Cooling-processes
As a basis for this report, the currently used procedures for air conditioning in railway rolling stock, will be
described.
2.2.1. Vapor-compression refrigeration system
For decades, the state of the art for air conditioning in trains have been “vapor-compression” systems. This
process makes use of an advantageous state during change of physical state. During the vaporization (and
in reverse - condensation), the temperature does not rise or fall, even though, enthalpy2 increases (→ latent
heat, compare Figure 7).The circular process with the various changes in the state of the refrigerant can be
illustrated very clearly in a log p-h diagram (see Figure 8 – on the left).

Figure 7: change of physical states: latent heat of vaporization

2

Enthalpy (older term: heat content) is defined to be the sum of the internal energy E plus the
product of the pressure p and volume V. It changes when heat is absorbed or released.
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The process can be divided into these four main steps:
1-2 compression: A compressor draws the (in most cases)
superheated3 refrigerant from the suction line. The gas gets compressed to a higher pressure and
temperature.

̇
𝑚̇𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡

∆hw → difference of specific enthalpy over the compressor.

Figure 8: left: logp-h diagram of a vapor-compression cycle right from (Kunz Beratungen, 2007) (modified)
right: schematic of a vapor-compression cycle (based on (Großmann, PkwKlimatisierunG, 2010))

2' -3 condensation (AHX): In a heat exchanger (in this step – condensator), the high-pressured gas is
condensed. The latent and sensible heat is rejected via an airflow provided by a fan to the environment.
∆hc = ∆h0 + ∆hw → difference of specific enthalpy over condenser – equals enthalpy of the evaporator and
compression added up.
3-4 expansion: The saturated (or even sub-cooled) liquid is throttling through an expansion valve. The
pressure drops below the evaporation pressure, and the two-phase refrigerant flows into the evaporator.
∆h = 0 → expansion is ideal isenthalpic
4-1 evaporation: The gas gets sucked in by the compressor, and the cycle continues.
∆h0 → difference of specific enthalpy over the evaporator
Cooling power
The ability of the system to remove heat is determined by its cooling power.
𝑄̇0 = ∆h0 ∗ 𝑚̇𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡

3

liquid is heated to a temperature higher than its boiling point
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2.2.2. Air cycle machine
An alternative to the conventional vapor-compression process is the air cycle machine. Originating from
aeronautical technology, it offers the main advantage of the usage of air as a refrigerant. Shown in example
in Figure 9, at start, the process gets filled with ambient air by the makeup air compressors.

Figure 9: composition of an air cycle machine (Jürgen Janicki, 2008)

The air is then compressed in two stages: first, at the motor-driven compressor, before the final pressure is
reached in the second compressor stage, which is driven by the turbine of the cold air unit. After the process,
the air gets inter-cooled with ambient air in a heat exchanger and then expanded in a turbine, whereby the
temperature of the process air is reduced to about 1 °C. This cold air is in contact with the compartment
supply air via another heat exchanger and cools it. The process air returns to the first compression stage,
where the process begins again. The water contained in the outside air and process air is used to increase
the efficiency of the process ( (Jürgen Janicki, 2008) ).
There is also an improved design, with a open design:
Ambient

Ambient

motorized
turbine

radial turbine

Passenger
compartment

axial turbine
Heat
exchanger

Figure 10 open process of an air cycle machine

Process:
1.
2.
3.
4.
5.

suction of process air
expansion and cooling of the process air in the motorized cooling turbine
Cold process cools supply air for the passenger compartment in the heat exchanger
Cooled supply air is led into the passenger compartment
compression of the process air to ambient pressure and thus heating in the compressor of the
motorized turbine
6. release of waste heat by blowing the warm process air into the environment
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2.3. Heating
In the same manner as cooling processes, in this chapter common railroad heating technologies can be found
in the following section.
2.3.1. Hot water heating
Especially in diesel driven trains, heating over a separate hot water circle is widespread. With hot water
heating, a heat exchanger, as shown in Figure 11 (right), is used. It is installed under the vehicle to heat the
heating water after it is sent to convectors located in the compartment (shown in Figure 11 - left) (Jürgen
Janicki, 2008). Additionally, the water system absorbs the heat of the diesel engine (see also section 2.6.1
heat recovery)

Figure 11: Left: Arrangement of an HVAC unit and a diesel engine with a water heater system on a multiple
unit from (Webasto) (modified)
Right: Water heater, Flow of heated water and diesel shown ©Webasto

2.3.2. Air heating
In trains, heating is mostly realized with resistance heating. Fresh air is sucked in a suction grill in the sidewall
or the roof, mixed with return air and cleaned in an air purification device. Once the desired room temperature
is reached, a self-acting adjustment turns the heating power off. Air heating with an electrical register is the
most common practice for heating in trains. The heating register can be included in an HVAC unit (located
before or after the evaporator) or used as a separate additional heating source (see Figure 12 – left). While
in heating mode, the electrical power consumption corresponds to the determined heating power - as seen
in Figure 12-right: comparison of a compressor in a vapor pressure process and a heating register.
outlet openings

Main air duct

suction grill

filter

register
suply fan

Figure 12: right: heating and cooling power depending on the electrical power consumption; comparison of
compressor in vapor-compression process and heating register (Dubielski, 2013) left: heater with electrical
register from [2] (edited)
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Figure 13: Airflow of a compact HVAC system by © Liebherr-Transportation Systems (from
(Liebherr-Transportation Systems, 2016) – modified)

While the operating state primarily determines the power consumption of the compressor, the heating
register transforms 100 % of the electrical power into thermal energy. According to Equation 2, this results in
an COP of only 1.
2.3.3. Alternative heating
There are alternative heating methods to water and electrical heating, such as heat pump operation and
exhaust recovery. These techniques will be explained in the course of this report (see chapter 2.6).

2.4. Airflow and ventilation
2.4.1. Air Flow
In ventilation or cooling mode, the air gets sucked in by the supply air fan from the outside and cooled down
by the evaporator. The supply air gets blown in the passenger compartment through holes in the ceiling or
similar air outlets. In heating mode, the heated air is routed over a floor channel into the compartment and

Figure 14: exemplary solution for air distribution

enters the ground floor through outlets, running parallel to the side panels. Typically, exhaust air escapes
through air grilles on the tail of the wagons, near the transition doors or the roof. (Jürgen Janicki, 2008) In
recirculation mode, the air of the cabin can be heated up and led to the passenger compartment once more
again continuously. With the typical operation state: mixed mode, the recirculated cabin air gets mixed with
fresh supply air before treated. Both, in the passenger compartments and the WCs, the supply air can be
reheated by heating elements.
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2.4.2. Fan energy consumption
Additional electrical consumers are ventilation fans for the passenger
compartment and the condenser fan. The ventilation fan for the
passenger compartment is a permanent, electrical consumer since
supply air is permanently blown into the vehicle interior. In cooling
mode (when the refrigeration system is running), the condenser fan
also runs and contributes to the power consumption of the HVAC
(Dubielski, 2013). They are often realized with a brushless dc electric
motor.

power consumption [%]

Grant Agreement Number: 881791

The consumption of a fan is dependent on the airflow and the pressure
drop of the system (e.g. in duct & path). The pressure drop of the duct
volume flow [%]
and system is a quadratic function of the airflow. That means the Figure 15: dependency of power
energy consumption is a function of the airflow to the power of 3. consumption of a fan (simulated) - (varies
That’s why more airflow at condenser level will result in a lower high with type of fan, Source: (Dubielski, 2013) modified)
pressure and reduce the power consumption of the compressor while
the consumption of the condenser fan increases. A compromise in this regard has to be made.
Because the supply fan is responsible for the heat exchange in the evaporator, it influences the cooling
power. More airflow allows more cooling power which means the operation time cooling systems and
therefore the energy consumption can be potentially reduced (during development of the HVAC). Here should
also compromises be found with other parameters (noise, maintenance, performance).

2.5. HVAC devices - layout
2.5.1. HVAC types
There are two design types of HVAC for passenger compartments: a compact HVAC with all components
within or alternatively a split device. Installation space specifications drive the choice for a design type and
its positioning.
Compact HVAC
With this type, every component is within one device. It is common to have
one or more per wagon, and they are either mounted on the roof,
underfloor, or inside the wagon (compare for position Figure 17). For topmounted devices, the compressor is either as well within the compact
HVAC (electrically driven compressors) or underfloor for compressors
driven by the diesel engine. The compact design is also typically used in Figure 16: compact unit ©Liebherr
HVAC-units for the driver's cabin (see Figure 11 on page 18).
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Split devices
This type is often used when the installation space demands it (typically with
addon-HVACs of older trains)
An air-conditioning system can be divided into two main subsystems: the air
handling unit and the condensing unit. In this case, the HVAC is referred to as a
split device.
The air handling unit (AHU) provides cooling, heating, and purifying of the drawnin air. Commonly it contains:
- Expansion valve
- Evaporator
- Liquid and suction line
- Solenoid valve
- Heating register

Figure 17: positioning
according ISO 19659-1
(ISO
19659-1:
Bahnanwendungen
Heizung, Lüftung und
Klimatisierung
von
Schienenfahrzeugen)

The condensing unit contains the remaining parts of the HVAC. In most cases,
this means:

- condenser
- compressor
- Receiver
- filter dryer

2.5.2. Components
This section lists the main components of an HVAC system. Depending on the type of HVAC, not every part
listed is used.
Heating register
Most of the time, there is one or more electric heating register integrated into the AHU,
directly heating the supply airflow. It consists of a U-shaped tubular heater connected
in series. The heating power requirement can be controlled by clocking the registers
individually.
Figure 18: electrical
heating register

Solenoid valve
Located in front of the expansion valve, the solenoid valve is used to shut down the
system/compressor if the target temperature is reached (more in section control of
HVAC).

Figure 19: Solenoid
Valve ©Danfoss
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Expansion valve:

Figure 20:
thermostatic
expansion valve
©hvacrschool

As described in chapter 2.2.1 the expansion valve provides the necessary pressure
drop and, therefore, mass flow. There are different types of expansions valve. Most
commonly used is the thermostatic expansion valve (TXV). It uses a thermal sensing
element connected behind the evaporator to regulate the refrigerant flowing into the
evaporator to maintain the superheat on a certain level (William C. Whitman). A
more modern alternative constitutes the EXV – electronic expansion valve. It is
driven by a stepper or heat motor and can be controlled more flexibly than the TXV.

Compressor: ensures the necessary mass flow for the process and compresses the refrigerant to high
pressure. The most common types are screw compressors and piston compressors (see Figure 21), scroll
compressors are currently less common. Additionally, the compressors are divided by their housing/motor
connection is hermetic, semi-hermetic, or open.

Figure 21: screw compressors (right) and piston compressors (left) ©Bitzer

The major part of the energy consumption in cooling mode is driven by the compressor (around 80% of the
total). This energy consumption is mainly driven by the pressure ratio in the refrigerant circuit.
Receiver: Usually located after the condenser, it serves as a buffer to ensure enough refrigerant for every
load point. Furthermore, it ensures that only a liquid phase in the expansion valve inlet is present.
Fans: The systems contain various fans. The necessary airflow for the evaporator is usually generated by an
axial fan. The condenser fan (usually realized as a radial fan) often cools the compressor motor air ducts
simultaneously.
Evaporator and condenser:
These two air streamed heat exchangers provide the necessary area for heat
transfer. In the case of the evaporator, it cools the compartment air. In the case of
the condenser, it transfers the heat of refrigerant of the evaporator and the
compressor to the outside. Those heat exchangers are typically realized as
crosscurrent.

Figure 22: lamella heat
exchanger (Dubielski,
2013)
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The evaporator capacity is mainly dependent on:
1. heat transfer surface
2. The driving temperature gradient (air inlet temperature - evaporation temperature)
3. Heat thermal conductivity (k-value)

2.5.3. Refrigerants
The circulating working medium in an HVAC system is called refrigerant. At atmospheric pressure, a
refrigerant should have a boiling point that is as low as possible, a small vapor volume, and a condensing
pressure that is technically easy to control. Also, it must not attack the construction and lubricants of the

Figure 23: refrigerants alternatives to R12 - ©Bitzer from (BITZER
Kühlmaschinenbau GmbH, 2018) (edited & translated)

refrigeration system and should be as non-toxic, non-flammable, and non-explosive as possible (AG, 2017).
These requirements limit the choice to rather few substances. Since the ozone-depleting CFC
(Chlorofluorocarbons) refrigerants, such as R12, have been banned the current state of the art refrigerant is
R134a4 in railroad air conditioning. Its global warming impact (GWP= 1430) and its resultant artificial shortage
(f-gas regulation5) resulted in the search for a more environmentally friendly alternative.
Besides HFCs (Hydrofluorocarbon, like R134a), there are two big potential groups: "low GWP" refrigerants
like R1234yf or natural, halogen-free refrigerants like CO2 (R744), propane (R290) or various blends (BITZER
Kühlmaschinenbau GmbH, 2018) (see Figure 23).

4
5

Replacement of the more environmental harmful R12
(EU) No. 517/2014
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2.6. State of the art energy saving measures
2.6.1. Heat recovery & exchange
In the operation process of the HVAC and the vehicle itself, several waste heat sources can be found. The
following are examples of their use.
2.6.1.1.
Recovery waste heat of the combustion engine
The reuse of heat, produced in the traction system, to heat the passenger compartment is dominantly used
with internal combustion engines. Here, a water circuit already exists, usually to dissipate the engine waste
heat (compare section 2.3 page 18). This implies that with small additional effort, heat can be extracted for
use in the air treatment device via an additional heat exchanger. In the area of vehicles powered by electricity,
the use of traction waste heat is possible but less common.
2.6.1.2.
Recovery waste heat of electronic components
Besides the engine, there is the possibility to use the heat of electronic components such as the transformer,
drive converter, and on-board power supply. These sources can also feed the water circuit and therefore
provide heat that would otherwise require additional electrical power of the train.
2.6.1.3.
Recovery heat of exhaust air
The use of heating and cooling potential of the exhaust air, a heat flow is transmitted between the exhaust
airflow leaving the vehicle and the fresh air flow drawn in from the outside via a heat exchanger. Depending
on the direction of the temperature difference, the outside air in the heat exchanger is preheated (heating
mode) or pre-cooled (cooling mode).

Figure 24: schematic heat exchanger for heat
recovery (Source: (Klingenburg USA, LLC, n.d.))

2.6.1.4.
Heat exchanger design
The design of the heat exchanger ducts can be optimized in terms of heat exchange surface and thus
efficiency but must be made compatible with the risk of clogging and the associated maintenance intervals.
Furthermore, some systems may benefit from a addon condenser to improve subcooling.
2.6.2. Control strategies
In this section, those measures can be found, that achieve energy-saving mostly by adjustment of control
strategies. Related, various possibilities to interfere with partial load and, therefore, often with energy-saving
are shown in chapter 2.8.
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2.6.2.1.
Demand-driven setpoints
By lowering the setpoint of the room temperature in winter or increasing it in summer, the temperature
difference between the vehicle interior and the environment decreases. Therefore, the energy transport
through the vehicle shell and the energy required for conditioning the fresh air is reduced. The reduction must
be made according to the comfort-standard, which offers a certain leeway in its setpoint profile. This method
tends to stand in conflict with the comfort of the passengers.
2.6.2.2.
Measures outside of passenger operations
Damage to components at risk of frost must be prevented reliably during standby. Energy optimized shutdown
mode consists of lowering the internal temperature to approx. 5 °C to 7 °C and, if necessary, tempering frostsensitive components with additional heaters. Additionally, higher temperature as in operation mode can be
allowed. The benefit depends heavily on the operating conditions and increases with the proportion of
downtime in the total operating time.
2.6.2.3.
Free cooling
Free cooling refers to the cooling of the compartment with ambient air only. This is only possible as long the
outside air is lower than on the inside. While this procedure is used during passenger operation, it is also
very favorable during standby mode - for example, if in a hot ambient the inside of the compartment heats up
by the sun. In such a case, it would be energetic preferable to flush the compartment with the much cooler
outside air and only after that, turn the air-conditioning on again. An inherent advantage is, that the running
hours of the compressor can be reduced.
2.6.2.4.
Variable fresh air supply
Recirculation or mixed-air operation is a common way to reduce the required cooling power. In addition, there
is the possibility to regulate the necessary fresh air supply, to maximize the efficiency in every condition and
rate of occupation. For this purpose, a CO2 sensor can be installed, that controls the rate of fresh air to ensure
the necessary air quality at all time. Alternatively, the number of passengers can be directly determined by a
mass detector.
2.6.3. Heat exchange - outside
As stated in the beginning of this report, the passenger compartment is exposed to constant external
conditions such as solar radiation and external temperatures which have a strong influence on the energy
consumption via heat exchange and can be influenced by the following measures:
2.6.3.1.
Sun-protection for windows
An optimization of windows can lead to potential energy savings. For instance, they can be laminated with a
sun protection film to reduce the necessary power in cooling mode. However, this measure also increases
the needed heating energy simultaneously, because the solar radiation through the windows is reduced.
But compromise has to be made because a good solar factor reduces the cooling need but is free energy in
winter.
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2.6.3.2.
Optimized insulation of the car body or air duct system
The insulation of the car is one of the main contributions to the energy consumption. By improving the thermal
insulation of the car body or air duct system, savings both in heating and cooling operations can be achieved.
The quality of the insulation is usually described by specifying the k-Value6. Further measures are active
insulations: Preconditioned waste air leaves the car through the exterior walls. Especially adapted to very low
exterior temperatures.
2.6.3.3.
Surface color
Investigations have shown that the surface temperature of white-painted surfaces is around 20K lower than
that of black painted surfaces. As a result, a white vehicle requires less cooling power in summer [11].

2.7. New HVAC developments
2.7.1. Metal hydride refrigeration system
Metal hydrides are metal alloys that can store hydrogen by absorption. This process releases a heat flow at
a high-temperature level. Hydrogen is passed from the pressure tank to the absorbent reactor. The generated
heat flow is dissipated to the environment or can be used for heating purposes in winter. A second reactor
releases the stored hydrogen to the

Figure 25: schematics of a metal hybrid refrigeration system
(Deutschen Zentrum für Luft- und Raumfahrt e. V., 2020) ©DLR

fuel cell. In the process, the refrigerant cools down and is directed to the cabin heat exchanger. Thus, the
first half-cycle ends, and the valves switch over. In the following half-cycle, the empty reactor is filled with
hydrogen again, and the full reactor supplies the fuel cell (Deutschen Zentrum für Luft- und Raumfahrt e. V.,
2020). This system which is still under development, requires a fuel cell in the vehicle and is mainly intended
to support a HVAC and not meant as a standalone solution.

6

The thermal conductivity of a material
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2.7.2. Heat pump usage
Heating-demand can also be covered with a heat pump. They operate with the same principle as vaporcompression refrigeration systems (see section 3.1), only with an inverted process. Opposed to vaporcompression heat gets absorbed in the exterior and combined with conducted work released to the interior
area (see Figure 26).

Figure 26: HVAC with reversible process. Blue – mass flow of cooling mode red – heat pump mode (Trygstad,
2017) The function of the two heat exchanger (condenser and evaporator) vary if operated in heat pump or
cooling mode

This way, the heating capacity can be produced during wintertime to reduce the power consumption of the
energetically unfavorable (COP7=1, compare 2.3) electrical heating registers (or even replace them entirely
if the heating capacity and the temperature range of the heating pump is large enough.) The downside is the
increased maintenance, due to the higher running duration of the compressor.
2.7.3. Refrigerant
Thermodynamic requirements on refrigerants for heat pump
applications are favorable pressure & temperature ranges and
their volumetric cooling power. The boiling point at atmospheric
pressure is particularly relevant here, which needs a certain low
level depending on the desired heating point. Pressure in this
area of less than 1 bar is not desired so that the system is not
susceptible to leakage to the atmosphere (KKA Kälte Klima
Aktuell, 2010). Even the smallest leaks could then allow air and
moisture to enter the refrigeration circuit.

refrigerant

vapour point

Carbondioxid
ammonia
( propane )
(butane)

Compatibility with materials and oils, as well as chemical and
Table 1 vapor points of different refrigerants
thermal stability of the refrigerant are considered, as secondary
condition sustainability is considered. It follows that only certain refrigerants in certain temperature ranges
are suitable for heat pump use (KKA Kälte Klima Aktuell, 2010). For example, in a regular R134a system,
due to the state of the system, the outdoor temperature can only reach approx. 0 °C with sufficient power
without further measures. With the natural refrigerant CO2 or propane, on the other hand, the necessary heat
output could also be generated in all relevant temperature ranges through appropriate heat pump operation.

7

COP coefficient of perfomance is analog to EER the ratio of useful heating or cooling provided to work required
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In systems with R744, the pressures are up to ten times higher than with R1234yf. In summer, the high
pressure is about 100 bar and is above the so-called critical pressure (supercritical process). This makes
control more demanding but not problematic. The coefficient of performance (COP) is equivalent to moderate
climatic conditions, but slightly less favorable in hot and humid climates. This can be compensated for by
design, as the components are more compact due to the higher volumetric cooling power (Großmann,
Kältemittel R1234yf und CO2 im Vergleich, 2016).

2.8. Control of HVAC
Like almost all technical components, refrigeration systems are designed for a specific operating point, the
so-called design point. Most systems, however, only run under these operating conditions for a short time
(compare temperature distribution with low frequencies of extreme temperatures in Figure 2 on page 10).
Therefore, it is crucial to have a good part-load concept and not so much a good COP at the design point,
which is in the range of the rarely occurring extreme temperatures. The respective operating conditions that
arise depend on the design, the selected components, the control system, and the requested performance.
Here gets decided how efficient a system can reduce the cooling power (KKA Kälte Klima Aktuell, 2010).
2.8.1. Reheating
Ideally, the system creates only as much cooling power as is required. Adjustment of cooling demand can be
realized by reheating air after it was treated/cooled in the air handling unit to compensate for the excessive
capacity. In doing so, the cooling demand can be adjusted by additional heating. This can be implemented
by additional exclusive reheaters or extra heating systems like underfloor heating or convection heating. This
method is often used to vary cooling demands in different areas, as it does in separate compartments.
However, this procedure is energetically unfavorable and must therefore be avoided because the air gets
cooled beyond the demand, and the extra heat is used to heat it up to the desired setpoint.
Reheating → here the effect of counter heating is wanted to dehumidify the air and not for regulating the
cooling power.
2.8.2. On / off operation (two-point controlled)
Probably the simplest realization of the part load is through an on/off operation. Cooling power gets reduced
by clocking of a solenoid valve to shut down the system/compressor if the target temperature is reached.

Figure 27: Dynamic clocking of the two-point control of a partial air conditioning
system © Siemens (Siemens Schweiz AG)

Because there are only two operating states possible, the supply air and, therefore, the temperature is
subjected to heavy fluctuations. Furthermore, the minimum on and off time of the compressor must be
observed, which further limits this regulation.
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2.8.3. Discharge bypass
A refrigeration cycle can be regulated by dividing and redirecting discharge gas flow. This happens either
through a direct hot gas bypass between the high pressure and suction side on the compressor or through

Figure 28: left: direct discharge bypass, right: indirect discharge bypass
©Siemens (Siemens Schweiz AG)

an indirect hot gas bypass to the evaporator, shown in Figure 28 (Siemens Schweiz AG). This method is
inexpensive, but power consumption is reduced only slightly (shown in Figure 29 for piston compressors and
in Figure 32 for screw compressors).

Figure 29: Exemplary representation of the influence of control modes in a piston compressor (Source
(Österreichische Energieagentur, Petra Lackner, 2015) -translated)
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2.8.4. Control of volume flow
Basically, there are two different ways to control the
volume flow in a refrigerant system. Either by the
change of RPM or by inner (compressor) measures.

Power consumption

Screw compressor

"inner measures"
Naturally, those measures vary with the used type of
compressor. Common for piston compressors is
cylinder deactivation, for screw compressors a slide
valve control.

piston compressor

Figure 30 shows those two measures in a
representative comparison. It is noticeable that the
efficiency gets better, the closer the setpoint is to full
Cooling power
load (Wolfgang Sandkötter, Leiter Entwicklung bei der
GEA Germany Berlin, 2015). As shown piston Figure 30: Exemplary partial load behavior Screw compressor
deactivation is “efficient” but at the same time, with control slide valve and piston compressor with 10
cylinders (Source: (Wolfgang Sandkötter, Leiter Entwicklung
however, it is very complex in its implementation.
bei der GEA Germany Berlin, 2015) – translated)

speed control
More efficient is a speed control of the compressor.
Due to lower fluctuations in suction pressure as a result of higher control accuracy, the evaporation
temperature can be increased in comparison to other control strategies. The motor power consumed
decreases (almost) proportionally to the speed and thus for delivery quantity and cooling power with constant
torque (Österreichische Energieagentur, Petra Lackner, 2015).
But even these additional measures are not "ideal" in terms of their effectiveness, according to requirements
e.g. the lubrication or cooling of fully hermetic and suction gas-cooled compressors a certain minimum speed
in the low load range, which is enough for low cooling demand and can be associated with the generation of
excess cooling power. FU/Frequency converters are an efficient and reliable way to control the mass flow
and so the cooling power.
2.8.5. Suction throttling
The compressor supplies a volume, determined by the swept
volume and gaseous state. This volume remains approximately
constant. By changing the pressure on the suction side, the mass
flow can be varied. The lower the suction pressure under the
Evaporation pressure drops, the more the suction gas density
drops, and the mass flow decreases. This principle is used by
suction throttling (Siemens Schweiz AG) Figure 31shows the
schematic of a simple suctions throttling. A second valve additional
to the expansion valve is throttling the mass flow depending on the
temperature or other criteria. The saving of power consumption
varies between the different compressor types and operating point
(compare Figure 29 for piston compressors and in Figure 32 for
screw compressors)

Figure 31: suction throttling (Source:
(Siemens Schweiz AG))
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Figure 32: Exemplary representation of the influence of control modes in a screw compressor
(Source (Österreichische Energieagentur, Petra Lackner, 2015) -translated)

2.8.6. EXV
To protect the compressor, no liquid refrigerant should get into the compressor, therefore
the refrigerant is usually overheated by a few Kelvin in the evaporator. In a traditional
system this is realized with an TXV (thermal expansion valve, compare TXV - page 21)
The actual superheat at the end of the evaporator is generally between 6 and 10 K, which
also is required for the function of the thermostatic expansion valve. The overheating is
designed for a nominal load with a thermostatic expansion valve. In the partial-load range,
the overheating may no longer be optimal. With an electronic expansion valve (EXV), the
necessary overheating can be better controlled and therefore reduced. By installing an
electronic expansion valve, the area in which the system is operated with low overheating
Figure 33 EXV
gets enlarged [17] The evaporator is always optimally filled with refrigerant. Even in the
© Carel
case of strong fluctuations in capacity (i.e. partial load cases), the amount of refrigerant to
be injected can be precisely dosed. This adaptive control of the refrigerant injection leads to an optimum use
of the evaporator and thus to the highest possible evaporation pressures that can be achieved in this specific
system. Furthermore, the suction pressure can be increased, and the high-pressure decreased (depending
on operational point) to reduce the power consumption.

2.8.7. Ventilation Control
Fans in HVAC systems are not always fully controllable. Especially in older systems, the speed of the fans
can only be controlled in steps or not at all. Demand-oriented speed control, however, ensures that pressure
fluctuations and adjustments to load points can be carried out energy efficiently. Frequency converters are
state-of-the-art technology for the control. They are not required for more efficient, but more expensive EC
motors.
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2.9. KPIs and reference parameters
This section covers an explanatory energy consumption calculation of a “typical car” (Main Line). This “typical
car” is used by the working group of the EN50591 and the WG08 relative to comfort criteria and shall be used
here to demonstrate an energy consumption calculation according to the set points of EN50591. The results
are intended to give a feel about the dependencies (e.g. temperature, humidity…) and to deliver a comparison
value for further investigations.
a)

Characteristics of the car

Table 2 shows the characteristic that were specified for the mentioned “typical car”:
Absorption
factor
(Abs) / Solar factor
(SF)

Coeff k [W/(m².K)]

Surface in sun side
[m²]

Surface in shadow
side [m²]

Floor
Side
Doors
Windows
(main and doors)

Abs = 0,7
Abs = 0,7
Abs = 0,7
SF = 0,3

1,3
1,5
5,4
2,0

0,0
45,0
3,0
12,0

60,0
45,0
3,0
12,0

Roof
End

Abs = 0,7
Abs = 0,7

1,4
2,0

55,0
2,5

0,0
5,5

Table 2 characteristics and boundaries of the used “typical car”

Additionally:
- The total external surface of the car Is 243m² and the coefficient k is 1.59 W/(m².K)
- The volume of this car is around 180 m3. The passenger load is 125 passengers (that represents
100%)
- The internal load is considered at 1 kW
b)

Sizing of the HVAC unit

Cooling mode
For this analyse the dimensioning is done according to EN13129 (relative to main line) summer climatic zone
II. The sizing of the cooling capacity must be done with the following conditions:

-

External conditions: 35°C 50% En = 700 W/m² angle 30°
Internal temperature: 27°C
The car is at standstill (external coefficient of convection is taken at 17 W/(m².K)
The fresh airflow is 15 m3/h/p that corresponds to 1875 m3/h/car.
Passenger load is 100% (125p). The sensible and latent heat exhausted by passengers are
given in the annex J of EN13129
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Figure 34 Metabolic Heat Gain from Persons

To perform this calculation, the hypothesis of 90% of relative humidity is taken (at the outlet of the unit) with
a supply airflow of 5000 m3/h. A thermal balance in sensible (ability to reduce the temperature) and in latent
heat
(ability
to
dehumidify
the
air)
is
performed.
Table 3 shows this breakdown and the resulting cooling demand of the car: 40 257 W

Sensible
[W]

Latent
[W]

Total
[W]

Fresh air

5 028

9 916

14 944

Passengers

8 043

6 601

14 644

Convection
(coeff k)
Solar
load (windows)
Solar load (faces)

3 091

0

3 091

2 542

0

2 542

4 035

0

4 035

Air leaks

0

0

0

Other load

1 000

0

1 000

Total

23 739

16 518

40 257

Table 3 cooling need of the typical car
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Heating mode
For this calculation the sizing is done according to EN13129 (relative to main line) winter climatic zone II.
The sizing of the heating capacity must be done with the following conditions:
Total [W]
Fresh air

19 911

Convection (coef k)

22 915

Passenger

0

Other load

0

Total

42 826

-

External conditions: -20°C
Internal temperature: 21°C
Without passenger
Maximum speed of the train. Coefficient k = 2.3 W/(m².K).
Internal load: 0 kW
Fresh airflow is 10 m3/h/p (with the nominal passenger load of
125p). So the total fresh airflow is 1250 m3/h/car.

Table 4 Partition of heating need

The total heating need of the car is 42 826 W with the used repartition, found in Table 4.
c)

Model of the unit

For the cooling circuit we consider 2 compressors circuit with a bypass system. The hypothesis is made that
the energy consumption in the bypass is identical (for the same external conditions of the unit) as the
consumption without bypass; The cooling capacity (in kW) and the electrical consumption (in kW) on one
compressor are given thank the polynomial
𝑃 = 𝑎0 + 𝑎1 . 𝐿𝑃 + 𝑎2 . 𝐻𝑃 + 𝑎3 . 𝐿𝑃 2 + 𝑎4 . 𝐿𝑃. 𝐻𝑃 + 𝑎5 . 𝐻𝑃 2 + 𝑎6 . 𝐿𝑃 3 + 𝑎7 . 𝐻𝑃. 𝐿𝑃 2 + 𝑎8 . 𝐿𝑃. 𝐻𝑃 2 + 𝑎9 . 𝐻𝑃 3 (Equation 7)

With P is the cooling capacity or the electrical consumption of one compressor. LP is the low pressure in
Celsius degrees HP is the high pressure in Celsius degrees. With coefficients shown in Table 5.

Coefficient

Cooling
capacity
[kW]

Electrical
consumption
[kW]

a0

26,8108383

2,77881841

a1

1,07244605

0,01139103

a2

-0,0303776

0,05514516

a3

0,01869717

0,00091001

a4

-0,0039884

0,0003756

a5

-0,0031788

-0,0002035

a6

0,00014631

7,5755E-06

a7

-0,0001574

-1,238E-05

a8

-2,001E-05

-7,766E-06

a9

7,8532E-06

1,4968E-05

Table 5 coefficients for Equation 7
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In order to determine the low and the high pressure we consider the following model:
LP = Tmix – 25 & HP = Tem + 20

(Equation 8)

With Tmix the mixed air temperature and Tem the external temperature.
The hypothesis relative to fans are:
- consumption of the condenser fan is 2kW (called CD)
- consumption of the evaporator fans is 1.5kW (called VENT)
- consumption of the exhaust air fans is 0.5kW (called EXH).
•Compressor 1 : ON in full capacity
100% •Compressor 2 : ON in full capacity

75%

•Compressor 1 : ON in full capacity
•Compressor 2 : ON in by pass

50%

•Compressor 1 : ON in full capacity
•Compressor 2 : OFF

25%

•Compressor 1 : ON in by pass
•Compressor 2 : OFF

0%

•Compressor 1 : OFF
•Compressor 2 : OFF

Figure 35 considered regulation strategy in dependency
of the load

The principle of the calculation is to apply the different steps:
1. Calculate the cooling need (called CN) or heating need (called HN) of the car thanks to a thermal
balance of the car
2. Estimate the rate of usage of the compressor (called Rate) is the ratio between the cooling need
(CN) and the cooling capacity if the unit (CCU)
3. Estimate the cooling capacity of the unit (called CCU) thanks the polynomial and the Rate
4. Estimate the consumption of the 2 compressors (called C2C) thanks the polynomial (Equation 7)
5. The consumption is depending of the mode, the heating need, and the Rate (see Table 6)
6. The principle is that the regulation in cooling mode oscillates between 2 steps of cooling
capacity (see Figure 35).
Mode

Condition

Formula

Heating
Heating
Cooling
Cooling
Cooling
Cooling

HN > MaxH
HN < MaxH
0 < Rate < 25%
25% < Rate < 50%
50% < Rate < 75%
Rate > 75%

MaxH + VENT + EXH
HN + VENT + EXH
2.Rate.(C2C+CD)+VENT + EXH
0,5.C2C+CD+VENT + EXH
(2.Rate – 0,5).C2C + CD + VENT + EXH
C2C + CD + VENT + EXH

Table 6 consumption dependent of mode, heating need and the rate
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d)

Consumption calculation according to the setpoints of EN50591

The setting temperature used for the thermal balance is the proposed curve defined in EN13129 (§9.2)

Figure 36 temperatures accordning to EN13129

I.

Calculation In-service mode with commercial operation

Operational
point

Reference

External

External

Passengers

Sun load

Heating

Cooling

Consumption

test
number of

temperature

relative

(%)

(En in

need

need

[kW]

(Tem in °C)

humidity

W/m²)

[kW]

[kW]

EN13129

(Rhem in
%)

OP1

14

-10

90

0

0

30,2

32,2

OP2

6

0

90

100

0

14,9

16,9

OP3

28

10

90

50

0

8,1

10,1

OP4

31

15

90

50

0

2,1

4,1

OP5

43

22

80

100

0

16,9

9,8

OP6

50

28

70

100

600

33,8

17,2

OP7

59

35

50

100

700

40,3

19,4

Table 7 In-service mode with commercial operation

II.

Calculation In-service mode without commercial operation

Operational

Reference

External

External

Passengers

Sun load

Heating

Cooling

Consumption

point

test

temperature

relative

(%)

(En in

need

need

[kW]

number of

(Tem in °C)

humidity

W/m²)

[kW]

[kW]

EN13129

(Rhem in
%)

OP8

19

-20

90

0

0

31,5

33,5

OP9

14

-10

90

0

0

30,2

32,2

OP10

4

0

90

0

0

25

27,0

OP11

36

15

80

0

0

7,3

9,4

OP12

39

22

80

0

0

0,5

OP13

62

35

50

0

700

2,5
15,6

12,6

Table 8 In-service mode without commercial operation
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III.
Calculation Parking mode
Example of conditions for this mode that we can use
- Temperature setpoint in heating: 10°C
- Temperature setpoint in cooling: 30°C
- No fresh air when it is not useful. In this case the exhaust air fan is stopped (with the reduction
of the energy consumption).
Example: in OP16 it is more interesting to continue to have maximum fresh air.
Operational

Reference

External

External

Passengers

Sun load

Heating

Cooling

Consumption

point

test

temperature

relative

(%)

(En in

need

need

[kW]

number of

(Tem in °C)

W/m²)

[kW]

[kW]

0

2,9
0

EN13129

humidity
(Rhem in
%)

OP14

-

0

90

0

OP15

-

15

80

0

0

OP16

-

28

50

0

700

4,4
0

1,5

5,6

8,3

Table 8 Parking mode

IV.

Total energy consumption
Electrical

Electrical

Electrical

Consumption in

Consumption in

consumption

heating [kWh]

cooling [kWh]

[kWh]

65

2 093

0

2 093

OP2

945

15 971

0

15 971

OP3

1442

14 564

0

14 564

OP4

1102

4 518

0

4 518

OP5

627

0

6 145

6 145

OP6

185

0

3 182

3 182

OP7

14

0

272

272

ISCO

4380

37 146

9 598

46 744

Operational point

OP1

nb hours [h]

OP8

0

0

0

0

OP9

21

676

0

676

OP10

490

13 230

0

13 230

OP11

674

6 336

0

6 336

OP12

257

643

0

643

OP13

18

0

227

227

ISWOCO

1460

20 884

227

21 111

OP14

512

2 253

0

2 253

OP15

801

0

1 202

1 202

OP16

147

0

1 220

1 220

PM

1460

2 253

2 422

4 674

Annual consumption

7300

60 283

12 247

72 530

Table 9 results of total energy consumption

Results: On this example with the mission profile defined in the standard EN50591 the yearly consumption
will be 72.5 MWh / year (83% in heating and 17% in cooling)
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2.9.1. Reference parameters
Reference parameters are required as a basis to assess the improvement of innovations.
Table 10 shows representative values of the HVAC system for high speed and regional train. Since trains
have a different number of coaches, the values are given per coach. The technical values are stated in
absolute numbers while the cost values are stated as relative values with respect to the total coach costs.
For high speed trains the relative costs of the HVAC system are lower than for regional trains, since the total
costs for high-speed trains per km are higher, while the HVAC costs are in the same order. Due to the number
of movable parts and the exposition to their environment, HVACs cause a high maintenance effort, especially,
if a high availability is wanted.

Parameter
Capital cost
Maintenance cost
Mass
Volume
Energy consumption
Energy consumption heating
Energy consumption cooling

Value for
high-speed coach
1,3
1,7
1
1,9
72,5
60,2
12,3

Value for
regional train coach
2,5
4,6
1
1,9
72,5
60,2
12,3

Unit
%
%
to
m3
MWh/a
MWh/a
MWh/a

Table 10 representative reference parameters
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3. CONCLUSION
The first chapter of this report provides a general foundation for further elaborations in the field of energy
saving. For this purpose, the report described first the basics of common cooling & heating processes and
their implementation in the HVAC system of rail transport technology. Furthermore, the general influences
that affect the energy consumption of a train HVAC are displayed. Afterwards the state-of-the-art measures,
used for energy savings and new HVAC developments are listed. As a basis for this, this report gives also
an overview of control mechanisms and control possibilities.
In the end, a set of reference parameters called “key performance indicators” (KPI) is given. These values
mediate a sense of the most important parameters of an HVAC, that are related to its classification and
energy efficiency. They demonstrate that energy-costs to operate HVACs are, in most cases, significantly
higher than the maintenance costs. This means, when discussing energy-saving measures for air
conditioning systems with the goal to protect the environment or reduce costs, the importance of successful
partial load operation as shown in chapter 2.10 applies. As stated in the temperature distribution in section
2.1, lower temperatures dominate in every climate zone, which is the reason why the relevance of a good
partial load control is more important, than a high COP in the design point.
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