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Abstract. This paper studies the energy and economic impacts from the replacement of a high-
temperature hydronic heating system, consisting of an oil-fired conventional boiler and 
constant-speed circulator, by a low-temperature system with gas-fired condensing boiler and 
electronically controlled variable speed pump, in a residential building. Five case studies, 
which are categorized by the overall thermal insulation of the building and by the installed 
heating system, are examined in each of the two largest towns in Greece, namely Athens and 
Thessaloniki. In each study, the central heating system is designed and the thermal and 
electrical energy consumption is estimated by simulating the system according to the Bin 
method. Additionally, the operating cost, the cost of replacing the heating system, and the 
payback period of the investment are calculated. In the cases analysed, without any thermal 
insulation upgrade, the annual reduction of the thermal energy requirements varies from 26 to 
29%. By upgrading the thermal insulation, thermal energy savings vary from 40 to 84%, 
depending on the previous insulation level of the building. With the use of variable speed 
circulators, electrical energy savings exceed 87% in all case studies. The fuel and electricity 
cost savings (prices of 2016) vary from 37 to 51%. 

1. Introduction 
Global energy consumption has increased significantly over the last 50 years as a result of the 
economic and population growth. Energy use in buildings is a major part of both global and national 
energy demand. In 2010, the building sector accounted for almost 32% of the world's final energy 
demand (24% for residential and 8% for commercial) and 30% of CO2 emissions associated with 
energy use [1]. In the European Union (EU), in 2012, buildings accounted for around 40% of total 
final energy consumption, 55% of electricity consumption and almost 36% of the total CO2 emissions 
[2]. Buildings are the largest end-use sector, followed by transport (32%), industry (26%) and 
agriculture (2%). In 2013, space heating in the EU-28 accounted for 69% of total household 
production, followed by domestic hot water for 11% [3]. Particularly in Greece, the residential sector 
was responsible for 26.6% of the total final energy consumption in 2015 [4].  
 It is obvious that the energy used in the building sector dominates all other end users. Moreover, 
nowadays the energy consumption for heating, ventilation and cooling in buildings, and consequently 
the greenhouse gas emissions, is of high importance due to the increasing demands for better thermal 
comfort conditions and the widening of people's living time in indoor spaces. This growth in energy 
consumption and CO2 emissions in the building environment compelled most countries to promote 
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energy efficiency and saving strategies as a priority in their energy policies. New building standards, 
codes, regulations, technical guidelines and legislation, as well as new energy efficient technologies 
are adopted to promote low energy consumption and sustainability, and thus to decrease the energy 
demands for heating and air-conditioning in buildings and consequently to minimize CO2 emissions. 
In 2009 the EU, following the Kyoto Protocol of 1997, committed to reducing greenhouse gas (GHG) 
emissions and imposed the implementation of the 2020 climate change and energy targets, known as 
20-20-20 targets, in order to reverse climate change and save energy. The three objectives to be 
reached  by 2020 are (i) reducing GHG emissions by at least 20% compared with 1990 levels, (ii) 
increasing the share of renewable energy in final energy consumption to 20%, and (iii) moving 
towards a 20% increase in energy efficiency by reducing the use of primary energy. In order to 
achieve these targets, a series of directives and implementing regulations were adopted by the EU, 
with direct application in all its Member States. 
 Because of high-energy saving potentials, the building sector has become one of the priority areas 
to meet the EU’s targets for 2020. In September 2015, the EU introduced the Energy-related Products 
(ErP) directive with the aim of annual energy savings from space and domestic water heating of about 
1900 PJ by 2020, equivalent to about 110 Mt of CO2 emissions (compared to what would happen if no 
measures were taken). According to this directive, all appliances for space heating, production and 
storage of hot water, as well as systems incorporating such devices, must meet certain EU energy-
efficiency standards laid down by the EU and be consistent with the 20-20-20 objectives. The ErP 
Directive consists of two important parts: 1) the Ecodesign Directive [5] and Commission Regulations 
813/2013 [6] and 814/2013 [7], which set minimum acceptable levels of energy efficiency and 
environmental requirements for water heaters with renewable energy sources, electric heaters, heat 
pumps and boilers with a rated thermal input ≤400 kW, and 2) the Energy Labelling Directive [8] and 
Commission Regulations 811/2013 [9] and 812/2013 [10], which impose a mandatory classification of 
each energy-related product in terms of energy consumption, noise level and other product-specific 
information. All products have to be sorted from A (higher efficiency) to G (lower efficiency). 
However, there are additional categories (A +, A ++ and A +++) that will be used for high efficiency 
products such as heat pumps. 
 By imposing restrictions on the power consumption of energy-related products, the ErP Directive 
stimulates manufacturers to create more efficient products, which will require less energy for their 
operation. In addition, the Directive excludes from the EU market all low performance products that 
do not have the necessary energy labelling and do not meet the Ecodesign directive requirements. 
According to the ErP directive, all conventional low efficiency boilers must be gradually replaced with 
condensing boilers or heat pumps. This means that from September 2015 it is prohibited for 
conventional boilers to enter the EU market and to be placed in heating installations, but the already 
existing ones will continue to operate until their end of life. Also, the use of circulators with energy 
class "A" and an energy efficiency index (EEI) of EEI≤0.23 becomes mandatory [11].  

Following the above mentioned directives and regulations, two typical measures for improving a 
building’s energy efficiency are the reduction of heating demands (by applying additional insulation 
on walls and replacing windows) and the decrease of the energy consumption of the heating system 
(by replacing the heat generator and the circulating pump with higher efficiency ones). In this study, 
the energy and economic benefits from the replacement of a high-temperature hydronic heating system 
(HTHS), consisting of an oil-fired conventional boiler and constant-speed circulator pump, by a low-
temperature heating system (LTHS) with gas-fired condensing boiler and electronically controlled 
variable speed pump are assessed in a typical residential building. In particular, different study cases 
of increasing the heating system’s efficiency, with or without refurbishment of the building envelope, 
are examined in the climatic conditions of the two largest cities of Greece, namely Athens and 
Thessaloniki. In each study case, the central heating system is designed, according to EN standards, 
and the energy consumption of the corresponding boiler (conventional or condensing) is estimated 
according to the Bin Method. Also, in each study case, the electrical energy consumption from the 
circulation pump (constant speed or electronically controlled variable speed) is also estimated. 
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Thereafter, an economic impact analysis of the heating system’s upgrade is performed, in which the 
operating cost, the cost of replacing the heating system, the payback period of the investment and the 
resulting economic benefit are calculated.  
 Various researchers have dealt with the subject of buildings’ energy-efficiency upgrade, by taking 
envelope retrofit measures and by changing the operating conditions of the heating system. Matjaž 
Prek [12] presents a method for determining the new operation conditions of HTHS in retrofitted 
buildings, considering the energy savings, the thermal comfort conditions and the energy-efficient 
operation of the system. Arefeh Hesaraki et al. [13] presented LTHS from the perspective of the heat 
emitters and heat production. In their study, they showed that LTHS are more efficient and beneficial 
to use as compared with conventional heating systems, and that with their use carbon dioxide 
emissions are reduced. Qian Wang and Sture Holmberg [14] studied energy upgrade measures 
consisting of LTHS and ventilation retrofitting in a typical low-raise Swedish multi-family house built 
among 1965-1975. They showed that the proposed retrofitting strategy with LTHS + ventilation+ air-
tightness renovation leads to higher thermal performance of the heating system and to 41% and 27% 
savings of heating and total primary energy, respectively. Renato M. Lazzarin [15] studied heating 
plant refurbishments in buildings and presented the advantages of installing condensing boilers with 
variable-speed pumps. The estimated payback period in two case studies was 8-10 years. Dan-Teodor 
Bălănescu and Vlad-Mario Homutescu did experimental work for improving the efficiency of 
condensing boilers [16]. Besides the energy and operating cost benefits, using a LTHS is also more 
sustainable due to a reduction in the generation of carbon dioxide. For every degree reduction of the 
supply temperature in a heating system, the carbon dioxide emission decreases by 1.6% [13]. 

2. Methodology 

2.1. Building description - Study cases  
The building under consideration is a three-storey block of flats with a flat roof, designed to resemble 
a typical residential building in Greece.  

 
Figure 1. Plan view of the residential building typical floor. 

 
  It consists of 6 apartments (2 per typical floor), each of which has a net area of 103 m2, and is 

considered to be fully heated in the living spaces. The two main elevations of the building are oriented 
to the north and to the south and the windows to wall ratio is 19%. The plan view of the typical floor is 
illustrated in figure 1. The building features a central heating system with hot water boiler and the heat 
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is distributed in the rooms by hydronic radiators. Thermostatic control is provided in each apartment, 
with set temperatures of 20°C during daytime and a night setback at 18°C. Typical ventilation and 
infiltration values were considered, of 0.5 air change per hour for the main rooms, of 1.0 ach for the 
kitchen and of 1.5 ach for the sanitary rooms. The study was performed for the climatic conditions of 
the two largest cities in Greece, Athens and Thessaloniki, for three cases of thermal insulation and two 
heating systems with different operating conditions, a HTHS and a LTHS. The study cases are the 
following: 
i. Building without thermal insulation – central heating system with an oil-fired conventional boiler 

sized and operating at high supply/return temperatures of 90/70°C  
ii. Building which falls under the Greek Regulation for Building Insulation of 1979 – central heating 

system with an oil-fired conventional boiler operating at high supply/return temperatures of 
90/70°C 

iii. Building which falls under the Greek Regulation for Building Insulation of 1979 – central heating 
system with gas-fired condensing boiler sized and operating at low supply/return temperatures of 
50/40°C 

iv. Building which falls under the Greek Regulation for Energy Performance of Buildings of 2010 – 
central heating system with an oil-fired conventional boiler sized and operating at high 
supply/return temperatures of 90/70°C 

v. Building which falls under the Greek Regulation for Energy Performance of Buildings of 2010 – 
central heating system with gas-fired condensing boiler sized and operating at low supply/return 
temperatures of 50/40°C. 

2.2. Design of the heating system 
The heating system’s design process involves, among others, the calculation of the design heat loads, 
the selection of various devices such as radiators, boiler, burner, safety and balancing devices 
(expansion vessel, safety valve, two/three-way valves, thermostatic valves etc.), the pipe sizing, the 
calculation of the water pressure drop in the system, and finally the selection of the hot water 
circulator pump. This design process was applied in each of the above mentioned study cases. 

2.2.1. Calculation of the design load, selection of devices 
The design heat load of the building was calculated according to EN 12831 for each level of thermal 
insulation for both cities. The hydronic radiators in the case of oil-fired conventional boiler were 
selected for water supply/return/room temperatures 90/70/20°C, and in the case of the gas-fired 
condensing boiler for water supply/return/room temperatures 50/40/20°C respectively. Boilers were 
selected from heating equipment dealers and installers in the Greek market, by assuming an increase 
of 10% at the total design heat load. The design heat load of the building ΦΗL,B, the boiler thermal load 
QK, the boiler thermal capacity QK’ and the boiler efficiency η (according to the manufacturer’s 
databooks) are given in table 1. 

After calculating the above quantities, the replacement of the high-temperature (90/70°C) hydronic 
heating systems, consisting of oil-fired conventional boiler and constant-speed circulator pump, by 
low-temperature (50/40°C) systems with gas-fired condensing boiler and electronically controlled 
variable speed pump is examined. These study cases are: 
A) Thermal upgrade of the building without thermal insulation to a building with insulation according 

to the Greek Regulation for Energy Performance of Buildings of 2010 in combination with 
retrofitting of the HTHS to a LTHS. 

B) Retrofitting of the HTHS to a LTHS, in the building which is thermally insulated according to the 
Greek Regulation of 1979. 

C) Thermal upgrade of the building with insulation according to the Greek Regulation of 1979 to a 
building which falls under the Greek Regulation for Energy Performance of Buildings of 2010 in 
combination with retrofitting of HTHS to a LTHS. 

D) Retrofitting of HTHS to a LTHS, in the building which is thermally insulated according to the 
Greek Regulation for Energy Performance of Buildings of 2010. 



5

1234567890‘’“”

The 8th International Conference on Advanced Concepts in Mechanical Engineering IOP Publishing

IOP Conf. Series: Materials Science and Engineering 444 (2018) 082001 doi:10.1088/1757-899X/444/8/082001

 
 
 
 
 
 

 
Table 1. Design thermal load in [kW], boiler thermal load and boiler thermal capacity in [kW], and 

boiler efficiency for each study case. 

Athens Thessaloniki 
Building without thermal insulation –  Oil-fired conventional boiler 

ΦΗL,B QK QK’ η ΦΗL,B QK QK’ η 
[W] [W] [kW] [%] [W] [W] [kW] [%] 

56682 62350 63 

 

91.5 73253 80578 98 92.1 
Building insulated according to Greek Regulation of 1979 – Oil-fired conventional boiler 

26292 28922 29 93.1 33507 36858 40.7 93.2 
Building insulated according to Greek Regulation of 2010 – Oil-fired conventional boiler 

23026 25328 29 93.1 29683 32652 40.7 93.2 
Building insulated according to Greek Regulation of 1979 – Gas-fired condensing boiler 

26292 28922 36.6 108 33507 36858 39 107.7 
Building insulated according to Greek Regulation of 2010 – Gas-fired condensing boiler 

23026 25328 27.5 108 29683 32652 36.6 108 
 
 The refurbishment of the building envelope results in a decrease of the required heat for heating 
and the needed power of radiators. Nevertheless, there is a risk that LTHS may not be able to provide 
enough heat to maintain the required thermal comfort level in the living spaces, therefore it is required 
to change the heat emitters in the building to be adapted to the lower supply/return water temperatures. 
By examining the radiators’ features in each study case, it is observed that although the building is 
upgraded in terms of thermal protection, through the transition from the HTHS into the LTHS, the 
power output of the radiators in their majority is not sufficient and a replacement with radiators of 
higher thermal power and larger size is needed. The only exception is the study case (A), in which 
some radiators are not required to be replaced. 

 
Figure 2. Radiators/piping/devices diagram of the high temperature water heating system (HTHS). 
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2.2.2. Pressure drop calculation, selection of circulation pump 
Figure 2 illustrates the radiators/piping/devices diagram of the high water temperature heating system 
with an oil-fired conventional boiler. 

The system is central, two-pipe, with panel type hydronic radiators.  The hot water is supplied to 
the apartments by two vertical steel pipes and is driven to the supply collectors of each apartment, 
whereupon plastic pipes are started for each radiator. The return pipes drive the water to the return 
collectors and to the boiler. Each apartment has its own heating autonomy. A two-way valve with a 
thermostat and a heat meter is installed at the supply steel pipe of each apartment, while a four-way 
mixing valve is placed after the boiler. A constant-speed pump is used to provide the needed pressure 
in the hot water and circulation pipeline.  

 

 
Figure 3. Radiators/piping/devices diagram of the low temperature water heating system (LTHS). 
  

Table 2. Technical characteristics of the water circulators for each study case. 

Athens Thessaloniki 
Building without thermal insulation – Oil-fired conventional boiler 

V H Speed Ρ1 V H Speed Ρ1 
[m3/h] [m] [rpm] [W] [m3/h] [m] [rpm] [W] 
2.71 2.14 2190 100 4.22 2.9 2500 205 

Building insulated according to Greek Regulation of 1979 – Oil-fired conventional boiler 
1.25 0.96 1890 75 1.75 0.92 1650 125 

Building insulated according to Greek Regulation of 2010 – Oil-fired conventional boiler 
1.25 0.96 1890 75 1.75 0.92 1650 125 

Building insulated according to Greek Regulation of 1979 – Gas-fired condensing boiler 
3.15 1.74 1200÷4230 3÷40 3.36 2.5 1200÷3700 7÷120 

Building insulated according to Greek Regulation of 2010 – Gas-fired condensing boiler 
2.37 1.43 1200÷4230 3÷40 3.15 1.84 1200÷3700 7÷120 
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The design concept of the low-temperature heating system, which is illustrated in figure 3, is quite 
the same but the four-way mixing valve is missed. The circulator pump is electronically controlled 
with variable speed, while thermostatic valves are installed on each radiator.  

The sizing of the piping network for each of the five study cases as well as the calculation and 
selection of all the devices are given in detail in [17]. In table 2 all the technical characteristics (flow 
rate V, head H, speed, power consumption P1) of the water circulators per study case are given. 

Energy analysis 
The energy consumption of the heating system per study case was calculated according to the Bin 
Method [18]. This method consists of performing instantaneous energy calculations at various 
different outdoor dry bulb temperature conditions and multiplying the results by the number of hours 
of occurrence of each condition. Usually, the outdoor temperature conditions are the midrange values 
of equal sized temperature intervals, which are called “bins”.  This procedure can account for the part 
load performance of the heating equipment. According to the method, the heating requirements of a 
building are considered to be a linear function of the difference between the indoor and outdoor 
temperature. Heat gains by occupants, lights, devices and solar radiation are taken into account by 
considering as indoor temperature of the building the balance-point temperature θbal. Balance-point 
temperature is defined as the outdoor temperature at which, for a given internal building temperature 
θint, the total thermal losses of the building are equal to its thermal gains, namely as the outdoor 
temperature at which the building requires neither heating nor cooling. 

2.3. Calculations procedure 
The required bin data for both cities were obtained from [19]. For each temperature interval (bin), the 
energy required for heating the building Qbuild(θj) in [Wh] is calculated as: 

 𝑄𝑏𝑢𝑖𝑙𝑑�𝜃𝑗� = 𝐻𝐵 ∙ 𝐷𝑇�𝜃𝑗� ∙ 𝑛𝑗 (1) 

where θj is the midrange value of each temperature interval in [°C], HB is the total heat loss coefficient 
of the building in [W/K], DT(θj) is the difference between the balance-point temperature of the 
building and the average value of the temperature bin interval (θbal – θj) in [K], and nj is the frequency 
of occurrence of each temperature interval in [h].  
 The balance-point temperature θbal is calculated as:  

 𝜃𝑏𝑎𝑙 = 𝜃𝑖𝑛𝑡 −
𝑄𝑔𝑎𝑖𝑛
𝛨𝛣

 (2) 

where θint is the internal 24-hour weighted temperature of the building in [˚C], and Qgain are the total 
heat gains of the building in [W] according to [18]. 
 The calculations show that the balance-point temperature ranges from 17.65÷17.80˚C at the 
building without thermal insulation, from 15.3÷15.7˚C at the building which is thermally insulated 
according to the Greek Regulation for Building Insulation of 1979, and from 14.6÷15.1 ˚C at the 
building which falls under the Greek Regulation for Energy Performance of Buildings of 2010, 
depending on region and month of calculation. That is, as the thermal protection of the building is 
upgraded, its thermal capacity is increased, and the need for heating is appeared at lower outdoor 
temperatures. Analytical calculations are given in [17]. 
 Since the efficiency of boilers depends on boiler load (ratio of heat load to boiler rated power) it is 
also necessary to calculate the partial load of the building in each temperature interval. 
 The heat load of the building in each temperature interval ΦHL,j in [W], is given by the equation: 

 𝛷𝐻𝐿,𝑗 = 𝛨𝛣 ∙ �𝜃𝑖𝑛𝑡 − 𝜃𝑗� (3) 

while the partial heat load Φ’HL,j [%] in each temperature interval is: 

 
𝛷′𝐻𝐿,𝑗 = 100 ∙𝛷𝐻𝐿,𝑗

𝛷𝐻𝐿,𝛣
. (4) 
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 The fuel consumption FC in [l of oil] for the conventional boiler or in [m3 of natural gas] for the 
condensing boiler is given by the equation: 

 𝐹𝐶�𝜃𝑗� = 𝑄𝑏𝑢𝑖𝑙𝑑�𝜃𝑗�
1000∙𝐻𝑜∙𝜂𝑡𝑜𝑡𝑎𝑙

 (5)  

where HO is the calorific value of the fuel in [kWh/l] for oil and in [kWh/m3] for natural gas, and ηtotal 
is the overall efficiency of the heating system, 

 𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 ∙ 𝜂𝑑𝑖𝑠,𝑠𝑦𝑠 ∙ 𝜂𝑒𝑚 (6)  

where ηboiler is the efficiency of the boiler (in relation to the partial load), ηdis,sys. The efficiency of the 
hot water distribution network, and ηem  the efficiency of the terminal heating units according to [20]. 

2.4. Fuel and electricity consumption - operating costs 
By applying the calculations procedure described above for the 5 different study cases of the 
paragraph 2.1, the boiler energy requirements Q (the ratio of building’s energy requirements Qbuild to 
the system's total efficiency ηtotal ) in [kWh], the fuel consumption FC in [l or m3], and the cost of fuel 
in [€] per study case were calculated. The energy analysis was also performed without taking into 
account the heat gains Qgain in the thermal balance of the building, i.e. on the basis of the internal 24-
hour weighted temperature of the building θint. In this case, the heating system is required to operate 
for a longer period because the operation starts at a higher outside temperature, as it applies θint>θbal. 
Since the balance-point temperature θbal is always calculated by making assumptions about the 
occupancy in the building, the use of devices and lights and the contribution of solar radiation to the 
thermal balance, which always imply some uncertainty, it was considered that it would be better to 
study both cases of energy analysis. The results are given in table 3 for both cases (in brackets are 
given the results of the energy analysis without the heat gains). Heating oil prices in [€/l] were taken 
from [21], for the period October 2015÷April 2016. Natural gas prices (with all taxes included) in 
[€/kWh] and calorific values in [kWh/m3] for the given period were obtained from [22], [23]. 
 

Table 3. Energy requirements in [MWh], fuel consumption in [l or m3] and fuel cost in [€] throughout 
the heating season per study case for Athens and Thessaloniki. 

 No thermal 
insulation 

Thermal insulation according 
to Greek Regulation of  1979 

Thermal insulation according 
to Greek Regulation of 2010 

 
Athens 

Conventional 
boiler 

Conventional 
boiler 

Condensing 
boiler 

Conventional 
boiler 

Condensing 
boiler 

Q [ΜWh] 113.0 (146.2)* 32.1 (62.7) 23.8 (44.5) 23.7 (53.6) 17.7 (38.0) 
FC [l or m3] 11301 (14624) 3213 (6273) 2044 (3816) 2372 (5362) 1520 (3262) 

Cost [€] 9825 (12714) 2793 (5454) 1827 (3411) 2062 (4662) 1358 (2916) 
 Thessaloniki 

Q [ΜWh] 162.9 (197.2) 47.2 (79.4) 34.6 (56.5) 36.1 (67.7) 26.5 (47.8) 
FC [l or m3] 16291 (19720) 4717 (7941) 3039 (4956) 3609 (6770) 2323 (4196) 

Cost [€] 14029 (16982) 4062 (6838) 2032 (3313) 3108 (5830) 1504 (2717) 
 *Values in brackets have been calculated without the heat gains in the building 
  

The calculation of the pumps electric power consumption PC was based on the power consumption 
P1 given by the manufactures. For constant speed circulators, the power consumption is assumed to be 
constant throughout the system’s operation and is equal to that given in table 2. For electronically 
controlled variable speed circulators, the power consumption varies according to the water mass flow 
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rate. In this study, it was considered that the water mass flow is reduced proportionally to the heat load 
of the building and that the differential pressure of the circulator remains constant. The power 
consumption in [W] is calculated from the electronic application of the circulators manufacturer [24]. 
By multiplying the power consumption with the frequency of occurrence of each temperature interval 
nj, the electricity consumption of the circulators PC in [Wh] is resulted, which is considered to be zero 
when there is no demand for heating. Electricity prices (with all taxes) were calculated according to 
[25]. Table 4 gives the electricity consumption and the cost of electricity for all study cases. 
 

Table 4. Electricity consumption in [kWhel] and electricity cost in [€] throughout the heating season    
per study case for Athens and Thessaloniki. 

 No thermal 
insulation 

Thermal insulation according 
to Greek Regulation of  1979 

Thermal insulation according 
to Greek Regulation of 2010 

 

Athens 
Constant-

speed 
circulator 

Constant-
speed 

circulator 

Variable-
speed 

circulator 

Constant-
speed 

circulator 

Variable-
speed 

circulator 
PC [kWhel]  421 (463)* 270 (374) 12 (20) 213 (374) 8 (13) 

  Cost [€] 143 (150) 116 (130) 71 (72) 106 (130) 70 (71) 
 Thessaloniki 

PC [kWhel] 922 (978) 510 (596) 61 (75) 443 (596) 55 (74) 
  Cost [€] 232 (242) 159 (174) 79 (82) 147 (174) 78 (82) 

* Values in brackets have been calculated without the heat gains of the building 
 

The results given in tables 3 and 4 show the great energy savings achieved by replacing 
conventional boilers and constant-speed circulators with more energy-efficient systems. More 
specifically, the annual reduction in thermal energy consumption with the installation of a LTHS in a 
building, without any thermal insulation upgrade (study case B) is 26% for Athens and 27% for 
Thessaloniki (the corresponding percentage without considering any heat gains in the building is 29% 
for both cities).  

In cases where the building is thermally insulated according to the Greek Regulation for Energy 
Performance of Buildings of 2010 the thermal energy savings range from 44% for the study case C, to  
84% for study case A, for both cities (the corresponding percentages for the calculations with no heat 
gains in the building are 40% and 75%). The use of a variable-speed circulator leads to energy savings 
that exceed the 87% in all cases (87 ÷ 98% depending on the studied case). Moreover, the economic 
benefit resulting from this replacement is high, so there are benefits not only for the environment but 
also for the cost of living. 

2.5. Cost of new equipment – payback period 
The cost of upgrading the heating system from a HTHS to a LTHS, in any study case (A-D), takes into 
account the cost of new radiators, the replacement of oil-fired conventional boilers with new of 
condensing technology, and the replacement of the constant-speed circulators with electronically 
controlled variable-speed ones.  
 The required changes in each case of upgrading of the heating system are described in detail in 
[17]. Table 5 shows the investment cost of replacements in each case of the heating system’s 
upgrading. At this point, it should be noted that the extra cost of upgrading the thermal insulation of 
the building is not taken into account. 
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Table 5. Investment cost [€] for the energy upgrade of the heating system. 

From/To 1979 Greek Regulation   2010 Greek Regulation 
                      LTHS                                               LTHS 

  

HTHS 

Athens 
Cost of new 

radiators 
Cost of new 

boiler/circulator 
Cost of new 

radiators 
Cost of new 

boiler/circulator 

No thermal insulation - - 3605 2035 
1979 Greek Regulation 6720 2335 5575 2035 
2010 Greek Regulation - - 5575 2035 

 Thessaloniki 
No thermal insulation - - 6282 2710 

1979 Greek Regulation 8155 3955 7776 2710 
2010 Greek Regulation - - 7776 2710 

 The payback period was calculated using the Simple Payback Method according to the equation: 

 𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑃𝑒𝑟𝑖𝑜𝑑 = 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡
𝐴𝑛𝑛𝑢𝑎𝑙 𝐼𝑛𝑐𝑜𝑚𝑒

. (7)  

 The Annual Income is defined as the difference in the cost of fuel consumption FC and power 
consumption PC (given in tables 3 and 4) before and after the energy upgrading of the building and the 
heating system. Table 6 gives the results of the “Annual Income” for each study case. The annual 
benefits are calculated for both cases: i) with energy analysis based on the balance-point temperature 
θbal and ii) with energy analysis without taking into account the building’s thermal gains (values in 
brackets in table 6). In the second case, obviously the benefit is higher because the heating system is 
operating for a longer period during the winter season, as explained previously.  
 
 

Table 6. Annual Income [€] per study case of the heating system’s upgrading. 

                1979 Greek Regulation   2010 Greek Regulation 
                From/To LTHS LTHS 
                HTHS                                    Athens 
No thermal insulation - 8540 (9879) 
1979 Greek Regulation 1012 (2101) 1482 (2597) 
2010 Greek Regulation - 740 (1805) 

                                Thessaloniki 
                                                        

 
      - 

No thermal insulation 2109 (3617) 12678 (14425) 
1979 Greek Regulation - 2559 (4122) 
2010 Greek Regulation   

 * Values in brackets have been calculated without the heat gains of the building 
 
 The payback periods for each case of the building’s upgrading are given in figure 4. But, according 
to the ErP Directive, all conventional boilers and constant-speed circulators should be replaced by 
condensing boilers and inverter circulators respectively at the end of their life cycle. If we consider as 
investment cost only the cost of the radiators (provided that the boiler and the circulator have to be 
replaced anyway), then the payback period is even lower. The Payback Period in this case is given in 
figure 5. 
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Figure 4. Payback period of the heating system’s replacement for each study case. 

 

 
Figure 5. Payback period of the heating system’s replacement for each study case                     

(without taking into account the boiler’s and the circulator’s cost).  

 The payback period for the heating system’s replacement in the case of building which falls under 
the Greek Regulation of 2010 (study case D) is 10.3 years in Athens and 6.3 years in Thessaloniki. In 
the case of a building with thermal insulation according to the 1979 Greek Regulation (study case B) 
the corresponding payback periods for the two cities are 9 and 5.7 years respectively. When the 
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thermal protection of the building is upgraded from the 1979 Greek Regulation to the Regulation of 
2010 (study case C), the payback period is less than 5 years for both cities, whereas in the case of the 
building without thermal insulation, which is energy upgraded according to the Regulation of 2010 
(study case A), the payback period is less than one year. With an energy and economic analysis based 
on the 24-hour internal weighted temperature of the building θint, the payback periods of the heating 
system’s upgrade are smaller in all study cases. In study cases B and D, the payback period is about 
4.3 years in Athens while for Thessaloniki the corresponding period is about 3.3 years. When the 
thermal protection of a building is upgraded, the payback period is less than 3 years in study case C, 
for both cities, and less than one year in study case D.  

Of course, as already mentioned, the second approach is theoretical because there are always some 
internal and solar heat gains which contribute to the thermal balance of the building. Since the results 
of every simulation procedure are just an approach of the real operation of a system, which depend to 
a large extent on assumptions from the system’s operation, the behavior of the users and the accuracy 
of the data (climate, building, efficiency etc.), it could be assumed that the payback periods are 
between the results obtained with the two approaches for the building’s heat gains. If it is considered 
that the investment cost includes only the cost of the radiators, then the payback period for Athens 
varies from 0.4 to 7.5 years, while for Thessaloniki from 0.5 to 4.5 years, depending on the study case. 
For an energy and economic analysis based on the internal weighted temperature of the building θint, 
the payback period is less than 3 years for all study cases. Here also, it can be assumed that the actual 
payback period is between the results according to the two approaches. 

3. Conclusions 
The implementation of the ErP Directive in hot water heating systems requires the transition from high 
temperature to low temperature systems, in which the heat source will be either a condensing boiler or 
a heat pump. Respectively, the installation of electronically controlled variable speed circulators is 
becoming also mandatory. In this paper, the energy and economic benefits of transforming a 
conventional high temperature central heating system with an oil-fired boiler and a constant speed 
circulator to a low temperature one with natural gas condensing boiler and variable speed circulator, in 
a typical residential building in Athens and Thessaloniki, are presented. The cases that have been 
studied are the heating system’s replacement without upgrading the building’s thermal protection and 
the replacement with upgrading the thermal protection according to the Greek Regulation for Energy 
Performance of Buildings of 2010.  

The results show that the decrease in energy consumption, without upgrading the building’s 
thermal insulation, is about 26% for both cities. In the cases where the building is thermally insulated, 
the energy conservation ranges from 44% for the building which falls under the Greek Regulation for 
thermal insulation of 1979 up to 84% for the building without thermal insulation. The use of a variable 
speed circulator leads to electricity savings ranging from 87 ÷ 98% depending on the study case. The 
savings in operating costs, i.e. in the cost of fuel and electricity, are proportional to the energy savings 
achieved in each study case. The annual cost reduction with the installation of a LTHS, without 
upgrading the thermal insulation of the building, is about 35% for Athens and 50% for Thessaloniki. 
When applying the Greek Regulation for Energy Performance of Buildings of 2010, the annual 
reduction in operating costs ranges in Athens from 51% for a building which falls under the 1979 
Greek Regulation up to 86% for a building without thermal insulation. The corresponding values for 
Thessaloniki are 63% to 89%.  

The payback period ranges from 3 to 10 years without upgrading the thermal protection of the 
building and from 1 to 5 years with upgrading (without taking into account the cost of thermal 
insulation), according to the study case. Of course, electricity and fuel prices, which are always 
characterized by some uncertainty as to their future behavior, determine the result to a significant 
extent. 
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