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0  INTRODUCTION

In the past decade, the EU has been taking a more 
active role in the field of improving energy efficiency, 
reducing energy consumption and exploiting 
renewable energy sources. In order to define the actual 
primary energy efficiency of various energy-related 
processes, the primary energy factor (PEF) can be 
used as a tool. The PEF enables a comparison between 
the input primary energy to the system and the energy 
delivered to the consumer. Its evaluation involves the 
energy required for the extracting, processing, storing 
and transporting to a power plant, energy conversion, 
transmission, distribution and the losses associated 
with these processes. The primary energy in this 
particular case includes the energy contained in the 
raw fuels as well as other forms of energy received as 
the input to the energy-supply system. It covers both 
renewable and non-renewable energy sources and 
the definition here is in accordance with EN 15316-
4-5 [1], which states that ‘… waste heat, surplus heat 
and regenerative heat sources are included with the 
appropriate primary energy factors.’

A set of directives has been approved in order to 
reduce the energy consumption, increase the efficiency 
and exploit renewable energy sources. The PEF has 
been used as a significant metric in order to calculate 
the actual primary energy efficiency of different 

processes in several legislations, i.e., in Directive 
2012/27/EU on energy efficiency [2], Directive 
2010/31/EU on the energy performance of buildings 
[3] and Directive 2009/28/EC on the promotion 
of the use of energy from renewable sources [4]. 
The essential requirements from those directives 
appear in the relevant European standards in order 
to implement the calculation of the energy efficiency 
and the PEF. Standard EN 15203/15315:2006 [5] 
presents the different values of the PEF provided 
by the Swiss Federal Institute of Technology. In the 
standards EN 15316-4-5:2006 [1] and EN 15603:2008 
[6] the different values of the PEFs for various types 
of electricity generation are recommended. All the 
standards listed above use fixed values of the PEFs 
that are commonly not updated. However, PEFs are 
variable, because they depend on the specific mix 
of primary energy sources and the efficiency of the 
processes of generation, storage and transportation. 

Beretta et al. [7] presented a method that provides 
a dynamic calculation of the PEF depending on the 
variation of time and geographical location. Laverge 
an Janssens [8] attempted to use empirical data to 
calculate the PEFs for a set of countries in a specific 
year. However, his study did not follow a complete 
and replicable methodology and it did not include 
the losses associated with generation, storage and 
transportation. Wilby et al. [9] claimed that fixed 
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values of PEFs are not capable of representing the 
evolution of the energy system. He proposed an 
application to calculate dynamic PEFs based on 
empirical data. Among the 14 countries that were 
included in the study, 9 countries had real PEFs of 
electricity below the European average of 2.5 (Finland 
1.32, Norway 1.39, Denmark 1.7, etc.) and the rest 
of the countries had values above the European 
average (Poland 2.91, France 3.4, etc.). Schicktanz 
et al. [10], Fumo and Chamra [11] and Mago and 
Chamra [12] used the PEF to calculate the primary 
energy consumption and energy costs of a combined 
heating, cooling and power system (trigeneration). 
Different PEFs from different types of district heating 
and cooling systems are presented by Wirgentius 
[13]. The renewable part of the primary energy was 
excluded from the study. Dalla Rosa and Christensen 
[14] presented the primary energy performance of 
a network that was designed for low-temperature 
operation. The calculations hypothesized PEFs of 2.5 
for electricity and 0.8 for district heating. Prandin [15] 
used the PEFs to calculate the exergy consumption of 
a space heating system. Życzyńska [16] explored the 
methodology for determining the PEF of a specific 
urban heating system. The methodology was based 
on real measurements. A PEF of 0.5 (heat from 
cogeneration) was obtained in this study. Jungbauer et 
al. [17] presented measurements of the PEF of a district 
cooling system in Barcelona (0.6), Copenhagen 
(0.93), Helsinki (0.18), Gothenburg (0.44) and Vienna 
(0.62). Riepl et al. [18] used PEFs to calculate the 
primary energy savings using solar thermal cooling 
and heating plants with absorption chillers compared 
to electric vapour-compressor chiller systems. 

The aim of this study is a development of a 
general mathematical model for the calculation of 
the PEFDC. This mathematical model can be used as 
a tool in a feasibility study of a new district cooling 
system in order to select the cooling technology with 
the lowest PEFDC. In this paper several different types 
of cold production are included in the calculation of 
the PEFDC. This study concerns cold production with 
an absorption chiller driven by the heat from different 
available sources as well as cold production with a 
compressor chiller driven by different types of engines 
and related energy sources. A study of PEFDC in such 
a wide range of district cooling technologies has not 
yet been found in the literature.

1  DEFINITION OF THE PEF OF A DISTRIC COOLING SYSTEM

The primary energy efficiency of a district cooling 
system can be defined by evaluating the PEFDC, 

which is the ratio between the primary energy input 
QP and the cooling energy at the primary side of 
the substation QDC. The cooling energy QDC in the 
Eq. (1) presents the sum of the cooling energy of all 
consumers connected to the district cooling system. 
The basic definition of the PEF for a district cooling 
system can be shown using the following expression:

	 PEF Q QDC P DC= . 	 (1)

In the case of a trigeneration system only part of 
the fuel input is used for the cold production. The rest 
of it is used for the production of heat and electricity. 
Therefore, in the case of a district cooling system 
related to a trigeneration plant, the expression for PEF 
in Eq. (1) can be rearranged as [19]:
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In the following text, the PEFDC for different 
types of cold production and different types of fuel 
input are determined. In this case the cooling-energy 
consumption of an absorption chiller is defined as:

	 Q Q COPDC abs H abs DN,
.= ⋅ ⋅η 	 (3)

For the compressor chiller, the cooling-energy 
consumption is defined as:

	 Q W COPDC com el com DN,
.= ⋅ ⋅η 	 (4)

Fig. 1 illustrates the different types of cold 
production that are analyzed in this paper. Cold can 
be produced either by a compressor or by absorption 
chillers. Different types of absorption chillers can 
be used: a single-effect absorption chiller (SEAC) 
driven by hot water, a double-effect absorption chiller 
(DEAC) driven by steam and a direct-fired absorption 
chiller (DFAC) driven by natural gas. Waste heat 
(WH) from an industrial process can also be used to 
drive an absorption chiller. Compressor chillers are 
divided into two groups: compressor chillers driven 
by an electric motor (CC) and compressor chillers 
driven by an internal combustion engine (ICE). In this 
study, the primary energy consumption of the cooling 
towers is not included in the calculation of the PEFDC.

The technical parameters of the chillers are 
presented in Table 2.
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1.1 Cold Production with an Absorption Chiller Driven by 
the Heat from a Boiler (CB)

The heat from the combustion of fuel in a boiler 
drives the absorption chiller. A single- or double-
effect absorption chiller can be used to produce cold. 
The primary energy consumption is: 

	 Q Q PEFP CB
H

CB
F,
.= ⋅

η
	 (5)

The PEF of a district cooling system for this 
particular case can be defined by using Eqs. (3) and 
(5) in Eq. (1):

	 PEF
COP

PEFDC CB
abs DN CB

F,
.=

⋅ ⋅








 ⋅

1

η η
	 (6)

Coal and natural gas are considered as fossil fuels 
in this study. According to [1], the PEFcoal = 1.3, and 
for natural gas, the PEFNG = 1.1 (see also Table 1).

1.2 Cold Production with a Direct-Fired Absorption Chiller 
Driven by Natural Gas (DFACNG)

A direct-fired absorption chiller is driven by the 
heat from the combustion of natural gas. According 
to Makita [20], the COP of a direct-fired absorption 
chiller is defined as:

	 COP Q QDFAC C LHV= . 	 (7)

The primary energy consumption of a direct-fired 
absorption chiller is calculated as:

	 Q Q PEFP NG LHV NG,
.= ⋅ 	 (8)

Using Eqs. (1), (7) and (8), the PEF of a district 
cooling system can be defined as:

	 PEF
COP

PEFDC NG
DFAC DN

NG,
.=

⋅








 ⋅

1

η
	 (9)

The PEFNG is given in Section 1.1 (see also Table 
1).

1.3 Cold Production with an Absorption Chiller Driven by 
Waste Heat from an Industrial Process (WH)

In the case of a district cooling system consisting of 
an absorption chiller driven by the waste heat from an 
industrial process, the primary energy consumption is 
calculated as follows:

	 Q Q PEFP WH H WH,
.= ⋅ 	 (10)

The heat delivered to the absorption chiller can 
be effluent, hot water or steam. Using Eqs. (1), (3) 
and (10), the PEF of the waste heat from the industrial 
process is:

	 PEF
COP

PEFDC WH
abs DN

WH,
.=

⋅








 ⋅

1

η
	 (11)

The waste heat includes the heat from municipal 
incineration and industrial surplus heat. The PEF of the 
waste heat is defined according to Refs. [21] and [22] 
as PEFWH = 0.05 (see also Table 1). Using waste heat 

Fig. 1.  The different types of cold production included in this study
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to drive an absorption chiller avoids the use of fossil 
fuels and make use of the energy flows that otherwise 
would be lost. Hence, the value of the PEF is almost 
0. When calculating the PEFDC that uses waste heat to 
drive an absorption chiller, it is necessary to take into 
account that heat with different parameters (see Table 
2) is used. 

1.4 Cold Production with a Compressor Chiller Driven by 
the Electricity from the Grid (CCmix)

Different energy sources can be used to generate 
electricity. This is then further used to drive the motor 
of the compressor chiller. 

The primary energy consumption of an 
electrically driven compressor chiller is:

	 Q W PEFP mix el el mix, ,
.= ⋅ 	 (12)

Using Eqs. (4) and (12), Eq. (1) can be rewritten 
as:

	 PEF
COP

PEFDC CC
com DN

el mixmix, ,
.=

⋅








 ⋅

1

η
	 (13)

The PEF of the electricity from the grid is defined 
according to Ref. [14] as PEFel,mix = 2.5. This value 
represents the European average. Each country has the 
right to set a different value for its PEFel,mix, providing 
its choice is adequately justified (see also Section 0).

1.5 Cold Production with a Compressor Chiller Driven by 
the Electricity Generated in a Thermal Power Plant (CCTPP)

Since the electricity from thermal power plants 
(TPP) represents only a part of the electricity mix, 
the electricity produced in the thermal power plant is 
discussed separately. 

In this subsection a compressor chiller driven 
by the electricity from a thermal power plant (TPP) 
is studied. Two different scenarios are discussed: 
a compressor chiller driven by the electricity 
generated in a generator, connected to a steam turbine 
(combustion of coal), and a compressor chiller driven 
by electricity, where the generator is connected to a 
combined cycle of gas and steam turbine (combustion 
of natural gas). 

The primary energy consumption of the 
electrically driven compressor chiller is calculated as:

	 Q W PEFP TPP
el

el
F,
.= ⋅

η
	 (14)

The PEF of a district cooling system with an 
electrically driven compressor chiller (electricity 

produced in a thermal power plant) is calculated using 
Eqs. (1), (4) and (14):

	 PEF
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PEFDC CC
com DN el

FTPP,
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The PEFF are given in Section 1.1 (see also Table 
1). 

1.6 Cold Production with a Compressor Chiller Driven by an 
Internal Combustion Engine (CCICE)

This kind of system consists of a compressor chiller 
that is driven by the mechanical energy produced with 
an internal combustion engine (ICE). According to 
Yingjian [23], the COP of an engine-driven compressor 
chiller is defined as:

	 COP Q Wcom ICE C me,
.= 	 (16)

The primary energy consumption of an engine-
driven compressor chiller is:

	 Q W PEFP ICE me F,
.= ⋅ 	 (17)

Using Eq. (4), (16) and (17), Eq. (1) can be 
rewritten as:

	 PEF
COP

PEFDC CC
com ICE DN

FICE,

,

.=
⋅









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1

η
	 (18)

The ICE can be driven by diesel, petrol, kerosene 
or natural gas; the values for the PEF of the fuel are 
defined according to [1] and [24] (see also Table 1).

1.7 Cold Production in Combined Cooling and Power 
Generation (CCP)

A trigeneration system (combined cooling, heating and 
power generation) is a combination of a cogeneration 
plant and an absorption chiller (see Fig. 1). In such 
a system where the cooling energy is produced with 
absorption chillers driven by heat, the steam should 
be extracted from an extraction-condensing turbine 
using the parameters that are required for the chiller’s 
normal operation (see the parameters in Table 2). 
Consequently, the generation of electrical energy 
is reduced, and more primary energy is consumed 
in order to produce the same amount of electrical 
energy as in the case of a condensing turbine regime. 
In this subchapter the combined cooling and power 
generation is considered. It is assumed that all the 
available heat from a thermal power plant is used to 
produce cold. Therefore, the district heat consumption 
QDH in Eq. (2) is equal to 0.
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To calculate the PEFDC based on combined 
cooling and power generation (CCP) the Eq. (2) can 
be rearranged to:

    PEF Q PEF
COPDC CCP

F F

abs DN CCP total CCP el
,

, ,

,=
⋅
⋅

⋅
−( )

∆
η η η

1 	 (19)

where ΔQF presents the difference between the 
energy consumption of fuel, when both, electricity 
and cold are produced (i.e. CCP) and when only 
electrical energy is produced in thermal power plant 
(TPP) (see the Eq. (20)). In both cases the amount 
of produced electrical energy remains the same 
(Wel = Wel,TTP = Wel,CCP).

       ∆Q Q Q WF F CCP F TPP el
CCP el el

= − = −








, ,

,
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1 1

η η
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The PEF of a district cooling system where all 
the available heat from plant is used in an absorption 
chiller to produce the cooling energy is calculated 
using Eqs. (3), (19) and (20):

  PEF
PEF x
COPDC CCP

F

abs DN CCP total CCP el
,

, ,

,=
⋅ −( )
⋅

⋅
−( )

1 1

η η η
	 (21)

where
	 x CCP el el=η η, , 	 (22)

is the ratio between the energy efficiency of the 
electricity generation in a combined cooling and power 
generation system ηCCP,el (heat and power production; 
heat is extracted from an extraction-condensing 
turbine) and the energy efficiency of the electricity 
generation in a thermal power plant when operation is 
related only to the production of electricity ηel (power 
production; condensing turbine). The total energy 
efficiency of a cogeneration system where all the 
extracted heat is used for cold production is ηCCP,total. 
Only natural gas and coal are considered as the fuels 
in this study. The PEFF are given in Section 1.1. 

2  PARAMETERS USED IN THIS ANALYSIS

Based on the equations from Section 1 a mathematical 
model was developed. The parameters used in this 
model are divided into two categories: 
•	 Primary energy factors (PEFDC, PEFel, PEFF 

(PEFcoal, PEFNG, PEFWH)).
•	 Technical parameters (ηCB , ηDN , ηel , ηCCP,el , 

ηCCP,total, COPabs, COPDFAC, COPcom, COPcom,ICE).
The PEFs of the fuels considered in this study are 

shown in Table 1. 

Table 1.  Primary energy factors of fuels

Fuel PEF Ref.
Coal 1.3 [1]
Natural gas 1.1 [1]
Oil 1.1 [1]
Heat from combined gas and steam turbine 0.5 [25]
Heat from steam turbine 0.8 [14] and [25]
Waste heat from industrial process 0.05 [21] and [22]
Electricity (EU average) 2.5 [14]
Diesel, petrol, kerosene 1.19 [24]

Table 2 shows the technical parameters of the 
chillers considered in this study. The calculations for 
the PEFDC were made for a single-effect absorption 
chiller driven by hot water, a double-effect absorption 
chiller driven by steam, and a direct-fired absorption 
chiller driven by natural gas or the waste heat from an 
industrial process. The electrically driven and engine-
driven compressor chillers were also included in this 
study.

In the literature the COPs of different types of 
chillers were presented at given conditions: for gas 
absorption and engine-driven compressor chiller the 
chilled water temperature was 7 °C. The cooling water 
inlet temperature was 32 °C for DFAC and 30  °C 
for ICE. For all other types of chillers the chilled 
water temperature was 6 °C and cooling water inlet 
temperature 32 °C.

Table 2.  Data for the selected chillers

Chiller
Cooling 
power  
[kW]

Chilled water 
temperature  

[°C]

Cooled water 
inlet temperature 

[°C]
Driving energy COP Ref.

Steam absorption (DEAC) 2000 6 32 8 bar steam COP = QC / QH = 1.39 [26]

Hot water absorption (SEAC) 2000 6 32 98 °C hot water COP = QC / QH =0.79 [26]

Gas absorption (DFAC)
282 to 
2462

7 32
Natural gas  

(LHV=34 MJ/Sm3) COP = QC / QLHV =1.42 [20]

Compressor chiller 2000 6 32 Electricity COP = QC / Wel =6.6 [26] and [27]

Engine-driven compressor 
chiller (ICE) 140 7 30 Fossil fuels COP = QC / Wme =2.7 [24] and [28]
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The following energy efficiencies were used in 
this study [29] to [34]: the total energy efficiency of 
a combined cooling and power generation system 
(ηCCP,total), the boiler efficiency (ηCB) and the energy 
efficiency of a district network (ηDN). For the purpose 
of the study they are all assumed to be 0.9. Energy 
efficiency of the network considers heat gains which 
affect the primary energy consumption; therefore, 
more primary energy has to be used to provide the 
required cooling demand. 

3  RESULTS AND DISCUSSIONS

Based on the parametric analysis, introduced in 
Section 1, this section provides the values for the 
PEF of a district cooling system (PEFDC) for different 
types of cold production as a function of:
•	 the COP of absorption or compressor chillers 

(COPabs, COPcom),
•	 the PEF of the electricity (PEFel),
•	 the energy efficiency of the electricity generation 

when operation is related only to the production 
of electricity (ηel).
In this study the ratios x in Eq. (22) are set as 

0.95 when single effect absorption chiller is used for 
cold production and 0.92 or 0.90 when double effect 
absorption chiller is used. The values of the PEF for 
the electricity mix considered in this study are 2.5 
[17] and 1.3 [9]. The PEFDC in Sections 3.1 and 3.2 
were calculated for a constant energy efficiency of the 
electricity generation when operation is related only 
to the production of electricity: ηel = 0.37 for a steam 
turbine and ηel = 0.55 for a combined cycle of gas and 
steam turbine. 

The COP is highly dependent on operating 
conditions. The operating conditions are considered in 

this study indirectly in Sections 3.1 and 3.2, where the 
PEFDC as a function of COPs is presented. 

3.1 PEFDC as a Function of the COP for the Absorption 
Chiller

The PEF of a district cooling system (PEFDC) as a 
function of the COP of an absorption chiller (COPabs) 
is presented in Fig. 2. In this case, different types of 
cooling with an absorption chiller were evaluated: 
•	 cooling with an absorption chiller driven by heat 

from a boiler, where coal (CBcoal) and natural gas 
(CBNG) are used as the fuel, 

•	 cooling with a direct-fired absorption chiller 
where natural gas (DFACNG) is used as the fuel,

•	 cooling with an absorption chiller driven by waste 
heat from an industrial process, 

•	 cooling with combined cooling and power 
generation, where coal (CCPcoal x el, . , .= =0 95 0 37η ) and 
natural gas (CCPNG x el, . , .= =0 95 0 55η ) are used as the 
fuel.
In this Section the ratio x remains the same 

(x = 0.95) for all the values of the COPabs. In the 
following subsections the different values of the ratio 
x, as a consequence of the different parameters of the 
heat extracted from the extraction-condensing turbine, 
are taken into account. 

As can be seen from Fig. 2, the PEFDC decreases 
with an increase of the COPabs (since less heat is 
required to drive the absorption chiller). The highest 
value of the PEFDC is achieved when the absorption 
chiller is driven by the heat from a boiler and when 
coal is used as the fuel (CBcoal). For this particular 
case the PEFDC = 2.53 for the absorption chiller with 
the COP = 0.6 and the PEFDC = 1.09 for the absorption 
chiller with the COP = 1.4. 

Fig. 2.  Primary energy factor of a district cooling system as a function of the COP for an absorption chiller
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The PEFDC can certainly be improved in the case 
of combined cooling and power generation (CCP – a 
CHP plant where all amount of heat is used to drive 
absorption chillers). For instance, when coal (i.e. case 
CCPcoal) is used as the primary energy source in such 
a plant, the PEFDC = 0.22 (for the COP = 0.6) and the 
PEFDC = 0.09 (for the COP = 1.4). When natural gas 
(i.e. case CCPNG) is considered as the primary energy 
source, the PEFDC = 0.27 (for the COP = 0.6) and to 
PEFDC = 0.12 (for the COP=1.4). The lowest value 
of PEFDC is achieved when the absorption chiller is 
driven by waste heat from the industrial process.

3.2 PEFDC as a Function of the COP for the Electrically 
Driven Compressor Chiller

The PEFDC as a function of the COP for an electrically 
driven compressor chiller (COPcom) is shown in 
Fig. 3. In this case different types of cooling with a 
compressor chiller were evaluated: 
•	 cooling with a compressor chiller driven by 

electricity mix from the grid (CCmix),
•	 cooling with a compressor chiller driven by 

electricity generated in a thermal power plant, 
where coal (CCTPP coal el, , .η =0 37  and CCTPP coal el, , .η =0 45 ) 
and natural gas are used as the fuel  
(CCTPP NG el, , .η =0 55  and CCTPP NG el, , .η =0 60 ).
From the results in Fig. 3 it is clear that the lowest 

values of the PEFDC are achieved when a compressor 
chiller driven by electricity mix from the grid 
(PEFel = 1.3) is used. For this particular case 
PEFDC = 0.36 (for the COPcom = 4) and PEFDC = 0.18 
(for the COPcom = 8). In the case when the compressor 
chiller is driven by electricity from a thermal power 
plant (combined cycle of gas and steam turbine; 
natural gas is used as the fuel), PEFDC = 0.56 (for the 
COPcom = 4) and PEFDC = 0.28 (for the COPcom = 8) 

when ηel = 0.55. When ηel = 0.60, the PEFDC for this 
case decrease to PEFDC = 0.51 (for the COPcom = 4) 
and PEFDC = 0.25 (for the COPcom = 8). The highest 
values of PEFDC are achieved when the cold is 
produced by a compressor chiller driven by electricity 
generated in a thermal power plant with ηel = 0.37 
where coal is used as the primary energy source 
(CCTPP coal el, , .η =0 37 ).

3.3 PEFDC as a Function of the PEF for Electricity

Fig. 4 shows the PEFDC depending on the PEF 
of electricity (PEFel) for the typical COPs for the 
absorption and compressor chillers given in Table 2. 
Different types of cold production were considered in 
this analysis: 
•	 the cold production by an electrically driven 

compressor chiller (CCmix); the PEFel,mix ranges 
from 1.3 to 3.5, 

•	 the cold production by an engine-driven 
compressor chiller (CCICE),

•	 the cold production by single- and double-effect 
absorption chillers; absorption chillers driven 
by the heat from a steam turbine; (CCPSEAC,coal, 
CCPDEAC,coal ); the ηel of a steam turbine ranges 
from 0.32 to 0.45 and consequently the PEFel of a 
steam turbine ranges from 2.9 to 4,

•	 the cold production by single- and double-
effect absorption chillers driven by the heat 
from a combined cycle of gas and steam turbine 
(CCPSEAC,NG, CCPDEAC,NG); the ηel ranges from 
0.35 to 0.60 and consequently the PEFel of a gas 
and steam turbine ranges from 1.8 to 3.1. 
From the results in Fig. 4 it is clear that the 

PEFDC system decreases when increasing the PEFel of 
the thermal power plant in the case when absorption 
chillers are used to produce the cold. The PEFel of 

 
Fig. 3.  Primary energy factor of a district cooling system as function of the COP for an electrically driven compressor chiller
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the thermal power plant is inversely proportional 
to the energy efficiency of the electricity generation 
(PEFel = PEFF / ηel); therefore, by decreasing the 
ηel , the PEFDC decreases. In the case of electrically 
driven compressor chiller the PEFDC increases when 
increasing the PEFel.

The PEFel does not affect the PEFDC when an 
engine-driven compressor chiller (CCICE) is used 
(because this particular compressor chiller is directly 
driven by mechanical energy, i.e., no electricity 
is used). In this particular case the PEFDC can be 
considered as constant (PEFDC,ICE = 0.49). Therefore, 
when the PEFel > 2.9, the primary energy consumption 
is lower in the case of an engine-driven compressor 
chiller, compared to an electrically driven compressor 
chiller PEF PEFCC CC mixICE

<( ), .
The PEFDC of the electrically driven compressor 

chiller (CCmix) increases from PEFDC = 0.22 (at 
PEFel = 1.3) to PEFDC = 0.59 (at PEFel = 3.5). 

The lowest value for the PEFDC is achieved when 
a double-effect absorption chiller (x = 0.92), driven 
by the heat from a combined cycle of gas and steam 
turbine, is used (CCPDEAC,NG,x=0.92). For this example 
PEFDC = 0.24 (at ηel = 0.6 and PEFel = 1.8) and 
PEFDC = 0.13 (at ηel = 0.35 and PEFel = 3.1). If ratio x 
for double effect absorption chiller is lower (x = 0.9), 
the PEFDC increases and is even higher compared to 
PEFDC when single effect absorption chiller is used. 

The energy efficiency of the electricity generation 
using the steam turbine, when operation is related 
only to the production of electricity, ranges from 0.32 
to 0.45. The lower the ηel, the lower is the PEFDC. 
For this particular case the lowest PEFDC = 0.18 is 
achieved at ηel = 0.35 when double effect absorption 
chiller (x = 0.92) is used.

3.4 PEFDC as a Function of the Energy Efficiency of 
Electricity Generation in a Thermal Power Plant

The aim of this subsection is to provide information 
about the PEFDC as a function of the energy efficiency 
of electricity generation in a thermal power plant, 
when operation is related only to the production of 
electricity (ηel). In Fig. 5a, the condensing steam 
turbine (coal is used as the primary energy source) 
is illustrated when a compressor chiller is driven by 
the electricity from the thermal power plant, and an 
extraction-condensing steam turbine is illustrated 
when absorption chillers are used. In Fig. 5b the 
combined cycle of gas and steam turbine is taken into 
account (natural gas is used as the primary energy 
source).

As is clear from both examples in Fig. 5, the 
PEFDC is the lowest when a double-effect absorption 
chiller (CCPDEAC,x=0.92) is used to produce the cold. 
The PEFDC, with a compressor chiller driven by 
electricity from the grid (CCmix,), does not depend 
on the energy efficiency of the thermal power plant 
(ηel). In this particular case, it remains constant 
(PEFDC = 0.42 at PEFel = 2.5 and PEFDC = 0.22 at 
PEFel = 1.3). By increasing the value of the ηel the 
PEFDC decreases when a compressor chiller driven by 
electricity from a thermal power plant (CCTPP) is used.

From the results in Fig. 5a, the PEFDC with a 
single-effect absorption chiller (CCPSEAC,coal,x=0.95) and 
double-effect absorption chillers (CCPDEAC,coal,x=0.92 
and CCPDEAC,coal,x=0.90) are lower, compared to 
electrically driven compressor chillers (CCmix and 
CCTPP), for any value of ηel at given ratios x.

Analysing the results from Fig. 5b, the PEFDC 
with a compressor chiller driven by electricity from 

Fig. 4.  Primary energy factor of a district cooling system as a function of the primary energy factors of electricity for different chillers
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a thermal power plant is lower, compared with the 
one driven by the electricity mix (PEFel = 2.5) when 
ηel > 0.44. In the case of cold production with a 
single-effect absorption chiller (CCPSEAC,NG,x=0.95), 
the PEFDC is lower compared to electrically driven 
compressor chiller (PEFel=1.3) until ηel > 0.57. Using 
the double-effect absorption chiller with x = 0.92, the 
PEFDC are lower compared to any electrically driven 
compressor chiller for any value of ηel. When double 
effect absorption chiller with x = 0.90 is used, the 
PEFDC is lower compared to the compressor chiller 
driven by electricity from the grid (PEFel = 1.3) when 
ηel < 0.55.

4  CONCLUSIONS

In this paper an analysis of the primary energy factors 
of district cooling systems (PEFDC) for different types 
of cold production is presented. Several different types 
of chillers were included in the study: a single-effect 
absorption chiller, a double-effect absorption chiller, a 
direct-fired absorption chiller and a compressor chiller 
driven by electrical energy or by mechanical energy 

from an internal combustion engine. The PEFs of the 
different fuels were taken from earlier studies. 

The results of the study reveal that:
•	 The most primary energy of all the cases 

discussed in this study is consumed for cold 
production with an absorption chiller driven by 
the heat from a boiler (see Fig. 2).

•	 Cold production with an engine-driven 
compressor chiller (ICE) compared to an 
electrically driven compressor chiller (CCmix) is 
rational only if the PEFel > 2.9 (see Fig. 4).

•	 Primary energy consumption can be reduced by 
using heat from CHP plant to drive absorption 
chillers (heat and electricity are produced in 
a CHP plant; all of the heat is used for the cold 
production). The lower the energy efficiency of 
electricity generation in a thermal power plant 
(ηel), the lower is the PEFDC (see Fig. 5).

•	 If the energy efficiency of electricity generation 
in a thermal power plant with a combined cycle 
of gas and steam turbine is higher than 0.44, the 
PEFDC is lower for a compressor chiller driven by 
electricity from a thermal power plant (CCTPP,NG) 

Fig. 5.  Primary energy factors for a district cooling system as a function of the energy efficiency of the electricity generation in a thermal 
power plant: a) steam turbine (coal), b) combined cycle of gas and steam turbine (natural gas)
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, compared to a compressor chiller driven by 
electricity from the grid with PEFel = 2.5 (see Fig. 
4). The PEFDC of a thermal power plant with a 
combined cycle of gas and steam turbine achieve 
its lowest value when ηel = 0.6 (PEFDC = 0.31).

•	 The heat extracted from the turbine affects the 
energy efficiency of electricity generation in 
a CHP plant. When a double-effect absorption 
chiller is used to produce cold, the energy 
efficiency of the electricity generation is lower 
compared to the energy efficiency of electricity 
generation when the heat to drive a single-
effect absorption chiller is extracted. The ratio 
x, between the energy efficiency of electricity 
generation in a CHP plant (the heat is extracted 
from the extraction-condensing turbine) and the 
energy efficiency of electricity generation in a 
thermal power plant (condensing turbine) has a 
significant impact on the PEFDC (see Fig. 5).

•	 The comparison between the primary energy 
consumption of different cooling technologies 
and the cooling with electrically driven 
compressor chiller when PEFel = 2.5 is presented 
in Appendix A.
The general mathematical model developed in 

this study can be used as a tool for selecting the most 
primary energy efficient type of cooling technology 
in a feasibility study of a new district cooling system 
implementation. In the future work this mathematical 
model has to be improved by considering the 
production of the electricity, heat and cold at the 
same time (trigeneration system). A very complex 
general mathematical model for the calculation of 
the PEFDC will have to take into account the ratio 
between the heat used for heating and the heat used 
for cold production. Moreover, it will consider the 
increase of the consumption of the primary energy 
as a consequence of heat extraction from the turbine 
and lastly, the primary energy consumption as a 
consequence of different parameters of the extracted 
steam has to be taken into the consideration. 

5  NOMENCLATURE

COP	 coefficient of performance, [-]
PEF	 primary energy factor, [-]
Q		  energy, [kWh]
W		  work, [kWh]
η		  energy efficiency, [-]

Abbreviations
abs		  absorption chiller
coal		 coal

com		 compressor chiller
el		  electricity
G		  generator
H		  heat
F		  fuel
me		  mechanical energy
mix		 electricity mix
P		  primary energy
trigen	 trigeneration
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APPENDIX  A

The ratio between the primary energy input of 
different cooling technologies and the primary energy 
input for the case of cooling with electrically driven 
compressor chillers (PEFel = 2.5) is presented in 
Fig. A1. The primary energy input is calculated by 
rearranging the Eq. (1):

	 Q PEF QP DC DC= ⋅ ,

and the ratio is calculated as:
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PEFDC at given conditions for different cooling 
technologies are given in Table A1. 
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Table A1.  PEFDC for different types of cooling technologies

Type of cooling 
technology General Eq. for PEFDC,i PEFDC
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COP

PEFDC CB
abs DN CB
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Fig. A1.  The primary energy input of different cooling technologies compared to the primary energy input when cooling with electrically 
driven compressor chillers (PEFel = 2.5)
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