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Abstract 

The Energy Performance of Buildings Directive (EPBD) issued by the European Council forces 

an increased energy efficiency of buildings in Europe. Beside the reduction of required heating 

energy, this directive aims also towards ventilation and cooling. The method described in 

FprEN 16798-13 (‘Cooling Generation’) is implemented into a computer code and validated 

against the results of the spread sheets provided with the standard. This code allows performing 

annual energetic simulations in order to obtain the energy efficiency by means of the individual 

energies (electrical energy for a compressor, heating energy for desorption, auxiliary energy for 

heat rejection and sensors&actors …). The influences of various system components, control 

schemes, as well as part-load and temperature levels are tested and their results displayed. 

These results support a detailed discussion of the advantages and disadvantages of the system, 

control, and part-load schemes, which can also be of use for the design of cooling systems. 

Keywords: Cooling Generation; FprEN 16798; Energy Efficiency 

1. Introduction  

The Paris agreement as the result of the United Nations framework convention on 
climate change forces the signing states to reduce their primary energy demand with its 
corresponding carbon dioxide emissions. In order to meet the requirements it is 
necessary to improve the energy efficiency of technical systems [1]. The cooling 
generation1 required a significant share on the primary energy demand in recent years. 
For instance, this share has grown to 14 % in Germany by 2014, wherein the cooling 
generation in buildings is increasingly important [2].  

In order to reduce the primary energy demand for cooling generation, there are two 
main options: Reducing the required cooling energy by, firstly, constructional means 
and, secondly, by increasing the energy efficiency. The latter point is the subject under 
consideration here. The package of European standards of the EPBD set has a modular 
structure, whereby the cooling generation is located in module M4-8, which is covered 
by the standard FprEN 16798-13 [3] with its companying technical report 

                                                           
1 It shall be noted here, that the term cooling generation is not strictly correct. However, it is 

a useful abbreviation for the process of providing a heat sink with a temperature smaller than that 
of a particular zone in order to extract heat from there. 
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CEN/TR 16798-14 [4]. There are two methods available, which comprise compression 
and absorption type chillers (air- or water-cooled), directly-evaporating systems, and 
various kinds of heat rejection (dry, wet, hybrid). The so-called Method B has an 
advantage over the other one due to its large set of default values provided for many 
system combinations. This is the reason why it is employed here. 

The objective of this contribution is to determine the annual energy efficiency of 
cooling generation for three different systems of compressors and their control, all heat 
rejection systems, two different chilled water temperatures, and four different locations. 
These are tested in all their permutations and read: 

 Compressor/control system: 

 Piston compressor with hot-gas by-pass 

 Piston compressor with staged capacity control 

 Centrifugal compressor with inverter capacity control 

 Water-cooled heat rejection system with: 

 dry heat rejection 

 wet heat rejection 

 hybrid heat rejection 

 Chilled water temperature: 

 6 °C 

 13 °C 

 Location: 

 Cairo 

 Potsdam 

 Shanghai 

 Vancouver 

2. Method 

The model employed here consists of various parts: Firstly, the cooling energy 
calculation taken from Method B of FprEN 16798-13 [3], secondly, the determination 
of the annual energies and energy efficiency carried out according to FprEN 16798-
9 [5], and, thirdly, the calculation of the required cooling energies conducted separately 
according to VDI 2078 [6] with the software Solarcomputer2. The meteorological data 
for the locations is obtained with Meteonorm. The first two model items are 
implemented into an own software, in order to facilitate the efficiency calculation in 
hourly time steps. The core features are briefly described in the following. The annual 
cooling generation energy efficiency is defined as: 

                                                           
2 Although there is a standard under development at ISO level (ISO/DIS 52016-1 [7]), the 

German standard VDI 2078 with its already present software implementation is employed here 
for simplicity purposes. However, this implies that the energies for sensible cooling are calculated 
only, whilst latent cooling is not considered here. Since the required cooling energy is a property 
of the building and internal loads due to its utilisation, it is outside the scope of this contribution.  
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. (1) 

Herein, 
C;gen;in

Q  is the thermal energy supplied to the cooling generation system (i.e., 

the cold), which is determined by the external cooling load calculation. The 

variables
C;gen;el;in

E , 
C;aux;gen

W , and 
H;C;gen;abs;in

Q  are the energies for driving the 

compressor, supplying auxiliary devices, and driving the absorber in an absorption-type 
system, respectively, which have to be determined in every time interval. However, the 
latter energy is zero, since compression-type systems are investigated here. The factors 

w;el
f  and 

w;th
f are weights for the electrical and thermal energy sources, respectively. 

Both are unity by default. 
The energy for driving the compressor is calculated as follows: 

C ;gen;in

C ;gen;el;in

n EER ;corr

Q
E

PLV EER f
 . (2) 

Herein, 
EER;corr

f  is a correction factor different from unity if the design of the system is 

at other temperatures than required by EN 14511 [8], at which the nominal energy 

efficiency ratio 
n

EER  is obtained. The part-load value is the product of four factors and 

it is defined as: 

C;PL;k hr;PL hr;fc C;mult
PLV f f f f . (3) 

In brief, the factors describe the part-load behaviour of the cooling generation unit, the 
part-load behaviour of the heat rejection system, the free-cooling influence on the heat 
rejection, and the multiple-generator influence, respectively. Details on the 
determination of these values shall be obtained from reference [3]. 

The auxiliary energy demand 
C;aux;gen

W comprises the energies for heat rejection 

(i.e., the fan), for distribution of cooling water to the heat rejection system (i.e., the 
pump), and for control issues (i.e., sensors and actors) as 

C;aux;gen hr;el;in dist;hr;el;in ctrl;el;in
W W W W   , (4) 

respectively. Details on the determination of these values shall be obtained from 
reference [3]. It shall be pointed out that the annual efficiency in Eq. (1) considers 
system properties, particular load, and weather conditions and is therefore superior over 

other general efficiency indicators such as ( )E SEER . 

The different parameter combinations displayed above are tested in an office zone 

with a floor area of 2
20 5.2 m  at a ceiling height of 3.75 m . The large wall areas face 

to the north and south direction, whereby the latter wall has a window size of 
2

18 3.45 m . Whilst the west wall is a window-less outer wall, the other walls (i.e., 

north and east) are internal with three doors. The sun-blinds are closed as soon as the 
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radiative heat flux is above 2
200W/ m . The internal loads comprise seven occupants at 

activity level 1 ( 805W ), lighting ( 1038 W ), computers ( 1750W ), and other heat 

sources ( 727 W ) during the utilisation period weekdays from 7 a.m. until 6 p.m. 

Moreover, the ventilation rate is at 3
30m /(h occupant) . 

The validation of the model is carried out with example calculations, which are 
distributed along with the FprEN 16798-13 in the companying technical report [4]. 
Here, two different systems are calculated: Firstly, an air-cooled room-conditioning 
system and, secondly, a water-cooled chiller with a wet heat rejection. The results of the 
validation are displayed in Table 1. 

Table 1: Results of validation of the present software implementation 

Quantity Case 1 Case 2 

 Reference Present Reference Present 

System 
air-cooled room-air 
conditioning system 

water-cooled chiller 

Compressor piston piston 

Part-load control fixed capacity fixed capacity 

n
EER  3.5 4.5 

C;gen;in
Q  in kWh 10 100 

EER;corr
f  1.032 1.032 1.023 1.023 

C;gen;el;in
E  in kWh 2.18 2.18 19.59 19.59 

C;aux;gen
W  in kWh 0.1 0.1 4.99 4.99 

C;gen;an
  4.385 4.385 4.068 4.068 

 

3. Results and Discussion 

Part-load conditions 

The cooling loads in every hour of a year are determined by energetic annual 
simulations with Solarcomputer. In the post-processing of these calculations, the 
maximum cooling load is determined, which is assigned to be the design cooling power 

of the system. From this, the part-load stage k   is determined as the ratio of required 

cooling energy and deliverable cooling energy, whereby for cases of 0.05k  the 

cooling generation system is considered to be switched off. The histogram of the 10-%-
classes is illustrated in Figure 1 utilising the left-hand side ordinate. It can be clearly 
observed that the part-load behaviour of this zone is more or less the same for all 
locations, which is basically caused by neglecting latent cooling loads (see footnote 2 
on page 2 for details about this). However, it shall be mentioned that the maximum 
cooling load is approx. three times larger for Cairo and Shanghai compared to Potsdam 
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and Vancouver. This fact is not surprising since the climatic conditions are quite 
different here. 

Moreover, the part-load behaviour of the three system combinations considered is 
illustrated utilising the right-hand side ordinate. It can be clearly observed that the 
piston compressor with a hot-gas by-pass has the worst part-load factor C ;PL;kf , whilst 

the inverter-controlled centrifugal compressor has an explicit part-load optimisation. 
The piston compressor with particular part-load stages has an intermediate performance 
with a slightly better part- than full-load. 

 

 

Figure 1: Results of the cooling load calculations as normalised frequency of occurance for four different 

locations (left-hand side ordinate) and the part-load behaviour of various system and control combinations 

(right-hand side ordinate) 

Influence of the machine and control type 

The influence of the machine and control type combination is illustrated in Figure 
2. Herein, the annual cooling generation energy efficiency is related to the nominal 
energy efficiency ratio nEER  of the system. It can be clearly observed that the part-
load factor in conjunction with the frequency of occurrence of particular part-load 
stages leads to characteristic results. Whilst the piston compressor with hot-gas by-pass 
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has an annual efficiency far below its nominal nEER , the other two systems are much 
better. Especially, the centrifugal compressor with inverter control allows annual 
efficiencies 40…50% more than its nominal nEER . At this point it shall be mentioned 
again, that the chilled water temperature (it is 13 °C here) has an influence on the part-
load value, which is the reason why the relative annual efficiencies are larger than 
might be expected from Figure 1. 

 

Figure 2: Relative annual cooling generation energy efficiency (related to corresponding nEER )  for various 

locations and system combinations with dry heat heat rejection and a chilled water temperature of 13 °C 

Influence of the heat rejection system 

The influence of the heat rejection system is illustrated in Figure 3, wherein the 
annual cooling generation energy efficiency related to the nominal nEER  is displayed 
for three different heat rejection systems. It is shown that the dry heat rejection is 
superior over both the wet and hybrid heat rejection, which exhibit more or less the 
same annual efficiency. This observation might be surprising but it is the effect of the 
relative illustration of the results. In fact, the part-load value is larger for dry heat 
rejection due to the larger heat rejection part-load factor (see Eq. (3)). However, the 
nominal energy efficiency ratio nEER  of a dry system is significantly smaller than 
those of the other systems. Depending upon the temperatures, the EER of a wet system 
is approx. 30% larger than the one of a dry system. Considering this, the wet and hybrid 
systems are superior and shall be the ones of choice.  
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Figure 3: Relative annual cooling generation energy efficiency (related to corresponding nEER  )  for 

various locations and heat heat rejection systems for the staged piston compressor and a chilled water 

temperature of 13 °C 

Influence of the chilled water temperature 

The influence of the chilled water temperature on the annual cooling generation 
energy efficiency related to the nominal nEER  is presented in Figure 4. It can be 
clearly observed that the results for the smaller temperature are significantly worse than 
the others. The reason is that the energy efficiency ratio of the machine decreases as the 
chilled water temperature decreases. This behaviour is incorporated in the model with 

the correction factor 
EER;corr

f . Hence, it shall be desired to keep the chilled water 

temperature as high as possible, considering the thermal boundary conditions for, e.g., 
dehumidification if necessary. 
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Figure 4: Relative annual cooling generation energy efficiency (related to corresponding nEER  )  for 

various locations and chilled water temperatures for the staged piston compressor and dry heat rejection 

4. Summary 

This contribution is about the energy efficiency of cooling generation in buildings. 
By means of a software implementation of the methods described in FprEN 16798-9 
and FprEN 16798-13 it is possible to carry out annual simulations with hourly time 
step. The cooling load which is necessary to obtain the required cooling energies per 
time step is determined separately with Solarcomputer.  

The statistical analysis of the cooling load calculations reveals an explicit part-load 
demand for all locations, which is, in normalised illustration, quite similar. However, 
the absolute values differ by factor three between the hot locations Cairo and Shanghai 
and the cold ones Potsdam and Vancouver. The results of the annual calculations are 
presented in terms of relative annual cooling generation energy efficiency. They clearly 
show that the piston compressor system with a hot-gas by-pass has the worst efficiency 
whilst the centrifugal compressor with inverter control is superior. The dry heat 
rejection system appears to be the best one at a first glance. However, if considering 
also the lower nominal energy efficiency ratio dry systems, it is clear, that both the wet 
and hybrid heat rejection systems are superior. Moreover it is obviously illustrated that 
the chilled water temperature has a large impact on the energy efficiency.  
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