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Abstract 

This paper investigates the advantages of performing exergy analysis for thermodynamic 

systems consisting of a district heating network (DHN) by comparing the exergy performance 

with energetic and environmental performance of three case studies in Austria. Furthermore, 

the effect of influential parameters such as energy source type, conversion technology, 

supply/return temperature and reference temperature on exergy performance of the system 

was investigated. An initial literature review and analysis of the case studies showed that the 

most influential factor on exergy performance of a system was the type of energy source and 

its conversion technology. Although lowering the supply temperature of DHN can increase 

the exergy efficiency of the system, changing reference temperature did not show a clear 

relationship with exergy efficiency. Finally, no clear relationship between energy and exergy 

efficiencies of the system was discovered; nevertheless, the higher the exergy efficiency of a 

system the lower the direct CO2 emissions from it. 
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1. Introduction 

The energy demand for heating and cooling of buildings and communities is responsible for 

30% of global energy consumption and today it is mainly provided by fossil fuels (IEA, 

2019). Since fossil fuels are the main cause of greenhouse gas (GHG) emissions, they are 

responsible for nearly 40% of the total direct and indirect CO2 emissions (IEA, 2017). 

Serious action is required to reduce the average energy use per capita by at least 10% using 

energy-efficient and low-carbon building technologies by 2025 (IEA, 2017). 

According to results of ECBCS Annex 49 (Torio & Schmidt, 2011), there is a great potential 

for exergy management of building energy systems, which emphasizes the necessary basis for 

exergetic investigations. Exergy is defined as the maximum amount of work can be obtained 

from different forms of energy (Dincer & Rosen, 2007) that shows the quality of the energy 

form. Exergy analysis can identify a strategy to find the optimum design and operational 

structure of a system (Dobrovicescu, et al., 2017) and since it takes into account irreversibility 

in the system, it helps the outcome of theoretical models to be closer to actual models 

(Gadalla, et al., 2010). Therefore, exergy analysis can optimize energy systems by taking into 

account both quality and quantity of energy. Increasing exergy efficiency of these systems 

may decrease the consumption of energy that can result in a considerable reduction of 

environmental pollutions (specifically CO2 emission). It helps to match the exergy level of the 

source with the exergy level of demand. Energy needed for space heating (SH) and domestic 

hot water (DHW) applications in buildings is in low temperature, which means that it will 



contain a low amount of exergy. In an exergy efficient energy system, low quality sources 

(with low exergy content) should be used for these kinds of applications. Hence, it is crucial 

to examine the influence of different energy sources on the exergetic performance of building 

energy systems. Meanwhile, it is important to simultaneously consider the amount of CO2 

emission from those energy sources to find a connection between exergy performance and 

environmental pollution of the system (Rosen, 2002). For example, energy sources such as 

fossil fuels contain a high amount of exergy and huge amounts of emissions at the same time, 

while solar energy, which is thermal radiation emitted at the temperature of the sun 

(approximately 5800 K), contains much energy and exergy without any direct CO2 emission, 

though the maximum exergy efficiency of a solar trigeneration system is less than 5% (Zhang, 

et al., 2018). 

This study analyzes the exergy performance of the process of heat/electricity generation (e.g. 

power plant), transportation (DHN) and consumption (building), and investigates the 

advantages of performing exergy analysis for thermodynamic systems consisting of DHN. 

The work is a participation to the Annex 64 international research project called “lowEx 

communities – optimized performance of community energy supply systems with exergy 

principles” developed by IEA-EBC. “The main objective of Annex 64 is to demonstrate the 

potential of low exergy thinking on a community level as energy and cost-efficient solution in 

achieving 100% renewable and GHG emission-free energy systems.” (Schmidt, 2014). It is an 

international networking activity aiming to use exergy analysis to optimize urban and 

community energy systems by matching the exergy content of supply and demand side. 

The aim of this study is to investigate the possible relationship between exergy performance 

of a system with energy and environmental performance, plus identifying the effect of 

influential parameters namely energy source type, conversion technology, supply/return 

temperature of DHN and reference temperature on the exergy performance of the system. 

Finally, a comparison between the performance of district heating (DH) and individual 

heating (IH) was made. 

1.1 Literature overview 

In this section, previous relevant studies are reviewed in order to discover the most popular 

exergy indicators and their application in exergy analysis of thermodynamic systems. 

Looking at scientific books and papers about exergy, it was observed that although exergy is 

not a common indicator when planning or optimizing DHN, it is possible to find plenty of 

different exergy indicators. Some of them are more common, while others have been used by 

only a few researchers. The most common exergy indicator was exergy efficiency which has 

been used by almost all researchers. The second popular indicator was exergy destruction 

which has a basic relationship with exergy efficiency through Eq.(2). Therefore, having either 

of these two indicators, the other one can be calculated. Indicators such as exergy rate (Ėx) 

(Oktay & Dincer, 2009) have occasionally been used. Although they were not usually the 

main indicators, they were used to obtain the value of most of the common above-mentioned 

indicators. Other indicators such as relative avoided irreversibility (RAI) (Ertesvag, 2007), 

exergetic improvement potential (IP) (Van Gool, 1997), specific exergy index (SExI) (Lee, 

2001), exergy utilization rate (Gong & Werner, 2015), exergetic factor (Hepbasli, 2008; 

Ozgener, et al., 2007), total exergy loss reduced to total fuel exergy (Comakli, et al., 2004) 



and energy grade function (R) (Dincer & Rosen, 2007; Hevert & Hevert, 1980) were either 

used or only mentioned by a few researchers. 

Ossebaard et al. (1997) indicated that the exergy efficiency of a system consisting of a DHN 

and cogeneration power (CHP) plant was about 1.5 times higher than a system composed of 

CHP and an electric heat pump, but this efficiency is supposed to improve until the year 2030 

due to improvement in conversion technologies and lowering the temperature in DHN. A case 

study analysis by Rosen & Dincer (2005) showed that DH had 74% exergy efficiency when it 

was considered as a separated system, while combination of DH with cogeneration plant 

decreased its exergy efficiency to 34%, and finally a combination of those two with user 

heating reached exergy efficiency of 31%. A massive amount of exergy was destroyed in a 

steam power plant mainly due to the combustion and heat transfer in the steam generator 

(Rosen & Tang, 2008). They concluded that both energy and exergy efficiencies of plant 

improve by decreasing either the stack-gas temperature or the fraction of excess air. Ertesvag 

(2007) performed a specific study using an indicator called RAI and concluded that for exergy 

efficiency values less than 34%, the separated heat and electricity generation plant was 

exergetically more efficient than CHP plants. The purpose of his study was assessing different 

indicators for evaluating CHP systems. Favrat et al. (2008) and Ossebaard et al. (1997) both 

showed that exergy efficiency of district heating plant technology (CHP plant plus DHN) was 

higher than individual boilers. The important advantage of Favrat et al’s study was 

comprehensive assessment of the process of heat production, transmission and consumption. 

They illustrated that exergy efficiency of power plant can sometimes be higher than the rest of 

the system in case of using hydropower.  

Verda & Kona (2012) and Torío et al. (2010) showed lowering the supply temperature of 

DHN increases its exergy efficiency and consequently that of the whole system. Furthermore, 

reducing the return temperature of DHN also increases the exergy efficiency of the system. 

Torío et al. (2010) proved the stronger influence of supply temperature against return 

temperature, meaning that the change in supply temperature affects the exergy efficiency of 

the system more than the change in return temperature. Ertesvag (2007) showed that the 

exergy efficiency of low temperature DH (55/25°C) was about 60% higher than medium 

temperature DH (80/40°C) due to the lower supply temperature, while energy efficiency 

improvement was about 8%. Sun et al. (2012) compared a conventional DH system based on 

CHP with combined heat and power based on absorption cycle and discovered that the latter 

exhibited higher exergy efficiency due to recovering waste heat with absorption heat pump 

and decreasing the temperature of the return water. Comakli et al. (2004) analyzed a system 

composed of a primary and secondary network. They changed the supply and return 

temperature of the primary network from 140º to 180ºC and from 105º to 135ºC, respectively, 

and found that exergy loss due to heat loss along with exergy loss in heat exchangers 

increased when increasing the temperature difference between supply and return water, but 

exergy loss due to supplied electrical energy to pumps decreased when increasing both supply 

and return temperature with different trends. Moreover, using an indicator called total exergy 

loss reduced to total fuel exergy showed that both a low supply temperature as well as a high 

return temperature leads to less fuel exergy loss percentage. This meant the smaller the 

temperature difference, the smaller the fuel exergy loss. 

According to Favrat et al. (2008), by decreasing the building (radiators) supply/return 

temperature, exergy efficiency of room convertors as well as the whole system increased, 



exergy efficiency of the plant of building (substation heat exchanger) slightly decreased, and 

finally exergy efficiency of DHN did not change. Arslan et al. (2009) indicated that exergy 

efficiency of a geothermal district heating system (GDHS) reached its maximum by 

increasing the building heating circuit (radiators) up to the optimum value and then decreased. 

They concluded that the maximum exergy efficiency was achieved when the difference 

between building supply and return temperature was 10-15 °C. 

Verda & Kona (2012), Oktay et al. (2008) and Keçebas (2013) all showed that in a GDHS, 

exergy efficiency of DHN as well as the whole system increased by decreasing outdoor 

temperature, which was due to the increase of the exergy input potential. On the contrary, Li 

& Svendsen (2012) indicated that exergy efficiency increased from 8% to 36% for low 

temperature DH and from 11% to 47% for medium temperature DH by increasing ambient 

temperature from -9°C to 16°C. Ozgener & Ozgener (2009) showed that both energy and 

exergy efficiencies in a GDHS with supply/return DHN temperatures of 88/(38-42)°C was 

maximum when outdoor temperature was maximum and decreased to minimum level when 

outdoor temperature was minimum. Ünver & Kılıç (2017) demonstrated that decreasing 

environment temperature from 35°C to 5°C improves the exergy efficiency of a combined 

cycle power plant (about 5%), but this enhancement changes into reduction if the environment 

temperature decreases further. 

Yabanova & Keçebas (2013) performed a specific analysis in a PID-based control strategy 

case (which controls flow rates in the system) and a manual case and discovered that exergy 

efficiency in the controlled case was maintained around the maximum values (with an average 

efficiency of 29.0%), while the manual operation gave increase and decrease (with an average 

efficiency of 28.57%). They concluded that exergy analysis is a useful mean for achieving 

optimum operating condition since analysis of exergy flows of the system can identify the 

inefficient parts. 

Although in purely thermal systems the exergy efficiency cannot be higher than energy 

efficiency (because there are internal irreversibilities due to thermal gradients), it is 

sometimes possible to have a system with greater exergy efficiency compared to its energy 

efficiency (Oktay, et al., 2008; Ozgener & Ozgener, 2009; Ozgener, et al., 2007). For 

instance, in the case of electricity production from geothermal energy, the energy efficiency is 

the ratio of electricity produced and the energy extracted from the ground. But considering 

exergy efficiency, the product is the same as before (since electricity contains 100% exergy) 

while the resource is lower (since exergy of geothermal energy is lower than its energy); 

therefore, the exergy efficiency becomes higher because of a lower denominator. 

In general, the exergy efficiency of a CHP plant is not more than 50% in best case, while this 

value is even less for thermal plants. Passing through the power plant, considerable amount of 

exergy is destroyed owing to low exergy efficiency of the power plant (The highest exergy 

destruction happens in energy conversion technology). The DHN destroys less exergy 

compared to power plants since the only exergy loss is due to heat loss from the piping 

insulation. Considering DHN as a control volume, the main transferred exergy across the 

boundaries is due to heat transfer. Furthermore, there is not big temperature difference 

between input and output of DHN and the main exergy destruction happens in the substation 

heat exchanger (if it is included in control volume). This means the exergy efficiency of a 

DHN is higher than a power plant, the order of magnitude being about 70% (Rosen & Dincer, 

2005). Exergy destruction in a building occurs in radiators, which is more than in a DHN 



although it is still less than power plants. Its main exergy destruction is due to temperature 

difference between hot water obtaining from the substation and room temperature. Moreover, 

if DHN substations are included in control volumes, a high amount of exergy is destroyed 

because in these heat exchangers hot water from the DHN with a temperature of about 120 ̊C 

(higher exergy content) changes to approximately 80 ̊C water (lower exergy content). 

2. Methodology 

To satisfy the goal of this study, three DH systems as case studies in Austria are analysed 

using a MATLAB tool. Consequently, a summary of results from the literature overview was 

compared with the results of the case study analysis in order to demonstrate the validity of the 

analysis and make a final conclusion. 

2.1. Case study analysis 

According to an Austrian national project called NextGenerationHeat (NGH) 

(Energieforschung, 2012), comprehensive research was developed on four case studies in 

Austria. The aim of this project was static and dynamic analysis of these DHN to see the 

effect of low supply temperature for DHW and SH of buildings.  

In this study, the exergetic, energetic and environmental assessment of three of those case 

studies was performed to understand the advantages of exergy analysis and find its possible 

relationship with energetic and environmental indicators. In this way, varieties of scenarios 

were defined with reference to the local consumption and production of heat. The input data 

were prepared by local stakeholders. A MATLAB tool was prepared to perform this analysis. 

In practice, DHN are normally fed by waste heat of a CHP that produces electricity and heat 

at the same time, though other energy sources might be used such as industrial waste heat, 

solar thermal, geothermal energy or heat pumps. Calli, et al., (2019) compared biomass-

powered system with solar-powered system and concluded that the former case has higher 

energy efficiency. According to this tool, a variety of energy sources and conversion 

technologies1 could be utilized which were chosen according to availability. The tool was 

programmed such that two methods of DH (using DHN to heat all the buildings) and IH 

(using individual boiler or heat pump for each building) were possible. 

 

Table 1 

 

As seen in Table 1, conversion technologies numbered 1 to 9 could be used for either DHN or 

directly into the buildings, while numbers 10 to 14 could be utilized only in the case of using 

DHN. The energy sources mentioned in Table 1 could feed either DHN or directly into the 

buildings. One focus of the investigation was the use of the return line of an existing DHN for 

supplying heat (i.e. cascaded use of heat) (Köfinger, et al., 2016). Here, some share of the 

flow in the return line is extracted and fed into the heating systems/substations of suitable 

buildings using a separate pipe. The heating system in the building extracts the heat from the 

return line flow and thus cools it down. The cooled heat flow is then fed back and mixed into 

the return line downstream of the extraction point and thus reduces the temperature of the 

overall return line. 

                                                 
1 System elements capable of converting certain types of energy carriers to usable form of energy 



The amount of exergy content of energy sources was obtained directly or calculated from the 

information shown in Table 2. 

 

Table 2 

The subsystems were selected based on the idea presented in the paper by Favrat et al. (2008), 

while the power plant was excluded from the system. Hence, the whole system was divided to 

three subsystems plus the energy source that shows the amount of energy and exergy enter 

into the system: 

 Energy source 

 Subsystem 2: DH network + conversion technology for DHN 

 Subsystem 3: Plant of building (IH or DHN substation) 

 Subsystem 4: Room convertor (radiator and air conditioner) 

Fig 1 shows the division of subsystems in the cases of both DH and IH systems. 

 

Fig 1 

Technical data of each case study was collected in an Excel file as input to the MATLAB 

tool. Data was obtained with the help of the stakeholders in each case study. It included 

information about conversion technologies, load percentages, energy sources, exergy content 

of sources, primary energy factors, share of renewables, CO2 emission, building data, 

supply/return temperature of DHN and the buildings. To finalize the input data, the scenarios 

were defined by choosing different combinations of these parameters. Some scenarios had 

already been defined according to existing conversion technologies/sources in the local area, 

while other scenarios were theoretically defined based on information obtained from the 

literature review to understand the effect of important parameters (i.e. supply/return 

temperature of DHN and reference temperature) on the performance of these thermodynamic 

systems. Terehovics, et al., (2017) used ‘exergy factor’ to investigate the effect of those two 

parameters on the exergy performance of a DHN in Latvia. From the results of the literature 

review, ‘exergy efficiency’ was considered as the selected indicator for exergy analysis of the 

case studies. 

Exergy can be transferred across the boundaries of the system. Passing through each 

subsystem in Fig 1, there is exergy loss (Exloss) and destruction (Exdest) that decrease the 

exergy efficiency of the system (Bejan, et al., 1996). The input exergy into the system is equal 

to the amount of exergy contains in the energy source (fuel). The accumulation of exergy loss 

and destruction in a system resulted from the difference between input (Exin) and output 

(Exout) exergy of the system (Eq.(1)). 

Exdest +Exloss = Exin – Exout                              (1) 

 

Hence, the exergy efficiency of system (ɳ) is calculated through Eq.(2). 

𝜂=
𝐸𝑥𝑜𝑢𝑡
𝐸𝑥𝑖𝑛

=1−
𝐸𝑥𝑑𝑒𝑠𝑡+𝐸𝑥𝑙𝑜𝑠𝑠

𝐸𝑥𝑖𝑛
 (2) 

 

Equations (1) and (2) can be applied to each subsystem separately in order to obtain exergy 

loss/destruction in each stage of the process. Since the subsystems are situated in series one 



after the other and input of each subsystem is the output of the previous one, the exergy 

efficiency of the whole system is obtained by simple multiplication through Eq.(3). 

ηsystem = η1 η2 η3                                                 (3) 

 

Applied equation for exergy assessment in the tool is Eq.(4), which calculates exergy flow of 

each subsystem by taking the energy flow values and multiplying them to Carnot Factor. 

𝐸𝑥𝑓𝑙𝑜𝑤=(1−
𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡
𝑇𝑓𝑙𝑜𝑤

)𝐸𝑛𝑓𝑙𝑜𝑤 (4) 

It calculates exergy flow in all subsystems, and consequently the exergy efficiency of each 

subsystem is calculated using Eq.(2). 

Energy losses in DHN are calculated through Eq.(5) considering supply/return network 

temperatures, the average outdoor temperature, as well as the total length of piping (Lsupply).  

𝑄𝑙𝑜𝑠𝑠=2𝐿𝑠𝑢𝑝𝑝𝑙𝑦𝑈𝐴 (
𝑇𝑠𝑢𝑝+𝑇𝑟𝑒𝑡

2
− 𝑇𝑜𝑢𝑡) 

 

(5) 
 

U is heat transfer coefficient and A is heat transfer surface. 

2.1.1. Graz DHN 

This case study, using the return line of the existing DHN from the city of Graz, prepared the 

DHW and SH of five buildings where DHW supply/return temperatures were 65/40oC for 

four of the buildings and 65/35oC for one building, and SH supply/return temperatures were 

53/32.5 ºC for four buildings and 56.3/36.5 ºC for the fifth building. The length of the 

pipelines was 350m. Four scenarios were defined for this case study where the reference 

temperature (environmental temperature) was considered to be 5 ºC for all cases. 

 Scenario 1 is a DHN with supply/return temperature of 120/60 ºC using natural gas by 

non-condensing boiler. 

 Scenario 2 is IH using electricity (Austria-mix) by heat pump (R134a_W_W). 

 Scenario 3 is IH using natural gas by condensing boiler. 

 Scenario 4 is a DHN with supply/return temperature of 60/40 ºC using district return 

line by indirect use heat exchanger. 

In the IH scenarios the pipe length of the DHN was considered zero and the supply/return 

temperature of DHN was excluded from the calculation. 

2.1.2. Güssing DHN 

Situated in the city of Güssing, it prepared DHW and SH for 237 buildings with DHW 

supply/return temperatures of 45/35 ºC for all buildings; while SH supply/return temperatures 

were 35/25 ºC for 233 buildings, 40/25 ºC for three buildings and 45/25 ºC for one building. 

The length of the pipeline of the DHN was 11,495m. Three scenarios were defined for this 

case study where the reference temperature was considered 5 ºC for all cases.  

 Scenario 1 is a DHN with supply/return temperature of 90/60 ºC using biomass (wood 

chips) by non-condensing boiler. 

 Scenario 2 is IH using electricity (Austria-mix) by heat pump (R134a_W_W). 

 Scenario 3 is a DHN with supply/return temperature of 49/29 ºC using industrial 

residual heat waste by indirect use heat exchanger. 

The idea of the last scenario was adapted from Torio & Schmidt, (2010) that illustrated the 

exergy efficiency improvement in low temperature DH using waste-heat as energy source. 



2.1.3. Wörgl DHN 

Situated in the city of Wörgl, a section of the DHN prepared SH2 for six buildings, where the 

SH supply/return temperatures were 42/22 ºC for three buildings, 40/20 ºC for two buildings 

and 55/35 ºC for one building. The length of pipelines was 813m. Four scenarios were defined 

for this case study where the reference temperature was considered 5 ºC for all cases. In one 

scenario, IH was considered to be compared to the cases where DH was utilized. 

 Scenario 1 is IH using fuel oil for one building and natural gas for others by non-

condensing boiler. 

 Scenario 2 is a DHN with supply/return temperature of 85/55 ºC using 80% industrial 

residual waste heat by indirect use heat exchanger, 10% electricity (Austria-mix) by 

heat pump (R134a_W_W) and 10% biomass (wood chips) by non-condensing boiler. 

 Scenario 3 is a DHN with supply/return temperature of 50/30 ºC using district return 

line by indirect use heat exchanger. 

 Scenario 4 is a DHN with supply/return temperature of 50/30 ºC using electricity 

(Austria-mix) by heat pump (R134a_W_W). 

 

As operating load impacts the exergy efficiency of system (Tontu, et al., 2018), average load 

for conversion technologies was 80% in all case studies in order to make a decent comparison 

between different scenarios. 

3. Results and Discussion 

The results of energy, exergy and environmental assessment contains both graphical and 

numerical expression of indicators. It includes the values of energy/exergy flows of each 

subsystem as well as energy/exergy efficiencies and CO2 emissions of the whole system. 

3.1. Exergy and energy performance of the system and their possible relationship 

Fig 2 - Fig 4 show the compact form of the results of the Graz, Güssing and Wörgl case 

studies containing energy/exergy flows (on yearly basis) for each subsystem plus the 

energy/exergy efficiencies of the whole system. The vertical axis shows the energy and 

exergy existing in the system. Proceeding from the abscissa and passing through any of the 

subsystems a thermodynamic process occurs that causes energy loss and exergy destruction, 

resulting in a decrease in energy/exergy content of the whole system. The first column shows 

the amount of energy and exergy of the source where, depending on the form of the energy, 

the exergy content is different. Subsystem 2 (i.e. DHN) was missed in any graph related to IH 

scenario. 

Fig 2 

Fig 3 

Fig 4 

 

It can be seen from Fig 2 that the minimum exergy efficiencies belong to scenarios 1 and 3 

simply because natural gas was used as the primary energy. According to Table 2, fossil fuels, 

such as natural gas, contain a high amount of exergy which was destroyed in the process of 

combustion and conversion to hot water either in DHN or individual buildings. This is an 

                                                 
2 DHW of buildings is prepared by electric boilers, not considered in this study 



example of mismatching the quality level of supply and demand side. Scenarios 1 and 4 both 

benefited from DHN, while the exergy efficiency of scenario 4 was 25%, which was five 

times higher than scenario 1. This was mainly due to the utilization of a district return line by 

scenario 4 instead of natural gas. District return line was the return line of the primary DHN 

that existed in the city. Using this source did not destroy a high amount of exergy since there 

was not much temperature difference between the district return line of the primary network 

and the supply line of the Graz DHN. Moreover, an indirect heat exchanger was used as a 

conversion technology that was very efficient with regard to energy and exergy losses. 

Another reason for this exergy efficiency difference was the supply/return temperature of 

DHN which was lower in the case of scenario 4 leading to better exergy efficiency since less 

exergy was destroyed in the transmission of heat from the DHN to building in substations. 

Comparing scenarios 2 and 3 which were both individually heated buildings shows that 

utilizing a heat pump instead of a boiler can considerably improve exergy efficiency of the 

system. It was due to obtaining heat from the environment by means of a heat pump and, 

since inputting heat from the environment has zero exergy (dead state condition), no high 

amount of exergy enters the system to be destroyed, although electricity entering the heat 

pump had 100% exergy. So, the combination of electricity and heat from the environment can 

improve exergy performance of a system compared to using only electricity or natural gas 

both of which contain almost 100% exergy. 

Fig 3 depicts that the minimum exergy efficiencies belong to scenario 1 because of the use of 

biomass as primary energy. Biomass is considered a high-quality fuel with 100% exergy, so it 

brings a huge amount of exergy to the system which is mostly destroyed and decreases the 

exergy efficiency of the system. The main part of this exergy was destroyed in the first step 

where a non-condensing boiler was used to burn biomass and heat the supply water line. This 

big temperature difference resulted in high exergy destruction. Scenario 3 had an exergy 

efficiency of 15% which was five times higher than scenario 1 due to utilizing a heat source 

from industrial waste. This source does not have a very high temperature, so no high amount 

of exergy entered the system to be destroyed. Moreover, the supply/return temperature of 

DHN in scenario 1 was higher than in scenario 3. Finally, scenario 2 showed the effect of 

using a heat pump by utilizing both electricity and heat from the environment. In fact, the 

combination of heat from the environment (with zero exergy) and electricity (with 100% 

exergy) improved the exergy efficiency of system. 

Fig 4 shows that the minimum exergy efficiency belongs to scenario 1 which was an 

individual heating. Again, there was high exergy destruction due to the use of fossil fuels. The 

other three scenarios had DHN in their process. Scenario 3 was the most exergy efficient 

scenario since it benefited from the district return line as a source, which contained small 

amount of exergy. Hence, less exergy was destroyed in this system compared to the others. 

Moreover, the low DHN supply/return temperature of scenario 3 was another advantage over 

scenario 2. Scenario 4, as mentioned, used electricity along with heat from the environment 

which improved the exergy efficiency. Scenario 2 benefited from three different sources. In 

addition to electricity (heat pump), it utilised heat from industrial waste (heat exchanger), 

which improved exergy efficiency, although using biomass (boiler) decreased the exergy 

efficiency. The higher DHN supply/return temperature of scenario 2 compared to scenario 4 

could be one of the main reasons for obtaining lower exergy efficiency in scenario 2. 



Regarding the energy efficiency, it was observed that the main energy losses occurred in the 

first step, which was ‘conversion technology plus DHN’ or ‘individual conversion 

technology’. In the case of district heating, passing from the energy source to the output of 

DHN (subsystem 2), energy losses reduced the energy efficiency, while subsystem 3 

(substation of DHN) was a heat exchanger with a very high energy efficiency (2 or 3% loss), 

so its efficiency was assumed to be 100% (Rosen & Dincer (2005) obtained energy efficiency 

of DHN very close to 100%). In the case of IH (subsystem 2 excluded) passing from energy 

source to the output of subsystem 3, if it was a boiler, energy efficiency decreased, while if it 

was a heat pump, the energy loss was around 2% which was neglected in this tool. As can be 

seen in Fig 4, the energy efficiency of the system in scenarios 2 and 4 were 100%, which is 

not a realistic result because there surely are some losses in conversion technology and DHN. 

The reason is the presence of a heat pump in the system. In order to evaluate the total 

efficiency of a system, the effect of efficiency of each subsystem had to be considered. But 

the performance of a heat pump was evaluated using its coefficient of performance (COP), 

instead of efficiency, which is a value higher than one. Since the tool was programmed in 

such a way as to calculate the energy/exergy flows from demand side to supply side by adding 

the effect of the efficiency of each subsystem, when the effect of heat pump efficiency was 

applied, the COP of heat pump was taken into account (the value around 2 or 3). As a result, 

the value of the system’s total efficiency increased to an unrealistic value. 

Energy efficiency in subsystem four (building) in all cases was shown at 100% because 

firstly, the energy efficiency of SH in the building was assumed to be 100% since the whole 

building was considered as control volume and any losses from the pipes was inside the 

control volume which was utilized for heating the building. Secondly, the amount of energy 

loss in the preparation of DHW depended on the method of preparation and connection of 

DHW system to the main system. DHW preparation system was composed of either a storage 

tank or simply uses direct preparation. In the former case, even the position of the storage 

tank in the system affected the efficiency. All mentioned factors can change energy losses of 

DHW system from 3% to 40%, and since there was no precise information about this part of 

the case studies and in addition, all DHW demands and losses were much less than SH 

demands and losses of buildings, the energy efficiency of building was assumed to be 100%. 

In order to understand the possible relationship between energy efficiency of a system and its 

exergy efficiency, the results of energy and exergy assessment of case studies was gathered 

into the scatter graph of Fig 5 (a). No specific trend between energy efficiencies and exergy 

efficiencies of the case studies could be observed. Although there was a rising trend for the 

Güssing case study, it seems no rule was behind it and it occurred by chance. This could be a 

reasonable conclusion simply because exergy performance of a system strongly depends on 

reference temperature while it has a slight effect on the energetic performance of the system. 

Another factor that proves this unclear trend between energy and exergy efficiency is the type 

of energy source used for the system, because for a constant amount of energy demand, the 

amount of exergy entering the system is totally dependent on the type of energy source. 

Finally, some component in the system (e.g. heat exchanger) operates with very high energy 

efficiency (̴98%) while it has high exergy destruction (low exergy efficiency) due to 

temperature reduction. 

Fig 5 



3.2. Relationship of exergy efficiency with exergy content of source 

The main conclusion from the case studies proves the undeniable effect of the form of energy 

source (and its conversion technology) on the exergy efficiency of a system disregarding 

whether it was DH or IH. To clarify this effect, the analyses of exergy efficiencies versus the 

values of exergy content of energy sources of the case studies are gathered in a scatter graph 

(Table 2) used for each scenario and the results are shown in Fig 5 (b). It is clear that the 

higher the exergy content of source, the lower the exergy efficiency of the system. Indeed, 

using high exergy content sources (like fossil fuels or biomass) caused huge exergy 

destruction in the first step. Consequently, the exergy efficiency of the whole system in the 

case of both individual and district heating was around 3 to 6%. Utilizing district return line 

considerably improved the exergy efficiency as the highest exergy efficiency belonged to 

Graz DHN with 25% efficiency, while utilizing a heat pump improved exergy efficiency of 

both DH and IH systems up to around 15 to 19%. 

3.3. Environmental performance of the system and its relationship with exergy 

performance 

Two types of input and results for environmental analysis were prepared based on the CO2 

emissions with (Direct emissions from chemical properties of the source) and without 

(Indirect emissions considering the accumulated CO2 emissions upstream of the source) life 

cycle assessment (LCA). The amounts of CO2 emissions for each energy source that was fed 

into the tool as an input are shown in Table 3. 

 

Table 3 

The results are shown in Fig 6 (a) and explained below: 

 Scenario 2 of Güssing consuming electricity (through heat pump), had the highest CO2 

emission with LCA while the CO2 emission without LCA was nil, simply because a 

high amount of CO2 was emitted for electricity generation while there was no CO2 

emission when electricity was consumed. 

 Another highlighted point to notice was the small difference between CO2 emission 

with and without LCA in the case of fossil fuel consumption. This means most of the 

CO2 emission by these fuels happens after combustion and only a small amount of 

CO2 is generated in their preparation. Therefore, it can be seen that fossil fuels in any 

case are harmful for the environment. 

 Biomass has a low CO2 emission when it is consumed, which is interesting as a matter 

of pollution, while its high CO2 emission with LCA is a disadvantage of this energy 

source. 

 Comparing scenarios 1 and 3 of the Graz case study shows that IH has lower CO2 

emission both with and without LCA compared to DH. But, as explained, this is the 

theoretical result, while practically in the real world utilizing a CHP plant decreases 

the CO2 emission of DH systems compared to IH systems in the general point of view. 

Fig 6 

Comparison of environmental results with exergy efficiencies did not show any clear trend 

between CO2 emissions with LCA and exergy efficiencies. But CO2 emissions without LCA 



showed some relationship with exergy efficiency. As shown in  Fig 6 (b), the higher the 

exergy efficiency of a system, the less the direct CO2 emissions of the system. It can be an 

interesting result since it shows the importance of exergy analysis and improvement of exergy 

efficiency of system in order to decrease environmental pollution. All the points that stay on 

the vertical axis are the scenarios which used energy sources with zero CO2 emissions without 

LCA, such as district return line or heat pump. But the other four points, showing CO2 

emissions, are the scenarios utilizing energy sources such as fossil fuels or biomass. 

3.4. Analyzing the effect of influential parameters on the exergy efficiency of a system 

In order to clarify the effects of supply/return temperature of DHN as well as reference 

temperature on the exergetic performance of a system and making a comparison between DH 

and IH, new scenarios were defined. These scenarios were theoretical and not practically 

applicable to the existing case studies. 

3.4.1 Effect of reference temperature 

The presence of the environment temperature in equation (4) shows dependency of exergy 

analysis of the ambient temperature, which is usually considered as a reference temperature. 

To identify its effect on the exergy performance of a system, one scenario from each case 

study was selected. In order to specifically analyse the effect of the reference temperature, all 

parameters were kept constant and the only variable was the reference temperature. In the 

Graz case study, scenario 1 was selected and its reference temperature changed three times as 

1 ºC, 5 ºC and 14 ºC. In the Güssing case study, scenario 1 was selected and its reference 

temperature changed three times as 1 ºC, 5 ºC and 12 ºC. In the Wörgl case study scenario 3 

was selected and its reference temperature changed three times as 1 ºC, 5 ºC and 10 ºC. The 

results are shown in Fig 7 depicting that in the Graz and Güssing cases, both energy and 

exergy efficiencies increased to maximum at reference temperature of 5 ºC then decreased by 

increasing the reference temperature. Although apparently it can be concluded that to work at 

maximum efficiency the optimum reference temperature of 5 ºC should be chosen, the 

analysis in the Wörgl case study depicted the descending trend of exergy efficiency when the 

reference temperature increased, while the energy efficiency stayed constant in this case. As a 

result, no explicit trend of efficiency with respect to the reference temperature could be found. 

Fig 7 

3.4.2 Effect of supply/return temperature of DHN 

The concept of fourth generation district heating (4GDH) was developed by Lund, et al., 

(2014). It is associated with low temperature district heating that makes DHN compatible with 

use of renewable energy sources and reuse of industrial waste heat (Gong & Werner, 2015). 

To show the effect of the supply/return temperature of DHN on the results of analysis, new 

scenarios were defined by keeping all parameters constant except the supply/return 

temperature of the network. In Graz, two different supply/return temperatures of 140/80 ºC 

and 120/60 ºC were considered while all the other input data (e.g. conversion technology, 

energy source, reference temperature) were the same as scenario 1. In Wörgl, two different 

supply/return temperatures of 80/55 ºC and 50/30 ºC were considered while all the other input 

data were the same as scenario 3. The results of these 4 scenarios from two case studies were 

compacted in Fig 8. This illustrates that both energy and exergy efficiencies in the case 



studies improved by decreasing the supply/return temperature of DHN. Regarding Graz, 

exergy efficiency changed from 3.6% to 5%, meaning a 40% improvement in exergy 

efficiency, which was a high amount of exergy saving in the whole system. In the Wörgl case 

study, exergy efficiency improved from 23% to 28% which was a considerable improvement. 

It was generally concluded that decreasing supply/return temperature of DHN improves the 

exergy performance of the system and increases exergy efficiency. 

Fig 8 

3.4.3 Difference of DH and IH 

In order to specifically compare the efficiencies of DH and IH systems, two different 

scenarios were defined for each of the Graz and Güssing case studies. The energy source, 

conversion technology and reference temperature were the same in both the DH and IH cases. 

For Graz, both scenarios were considered with natural gas, a non-condensing boiler and the 

same reference temperature of 5 ºC. The only difference was that in the case of DH a big 

boiler heated all the buildings through DHN while in IH each building was fed by its own 

boiler. The same scenarios were considered for the Güssing case study and the only difference 

was using biomass instead of natural gas. Observing the results shown in Fig 9, in both cases 

the energy and exergy efficiency of a system with IH was higher than one with DH. The 

reason was the presence of piping of DHN in the latter case that caused more heat loss 

through the pipes. But in the real world, it is known that utilizing DHN is generally more 

efficient than IH because of the utilization of CHP plant. The choice of subsystem 2 was DHN 

plus normal conversion technologies like boiler or heat pump, but when a CHP plant was 

used, the heat received by DHN through a heat exchanger was already the waste heat of the 

gas turbine. This heat recovery definitely improves the efficiency of the whole system. Fig 9, 

therefore, shows a theoretical system (which is not practically presented in industry) only to 

make a direct comparison between DH and IH, while in reality using DH is always the more 

efficient solution compared to IH. 

Fig 9 

3.5. Comparison with other studies 

The results obtained in this study are compared to the outcome of similar studies in the 

literature as following: 

The highest exergy destruction occurs in conversion technology which could be a power 

plant, boiler, heat pump etc. Hence, the most effective factor on exergy performance of 

system was the type of energy source. This was approved according the data obtained from 

the literature (Rosen & Dincer, 2005; Rosen & Tang, 2008) even if it is a solar power plant 

(Saxena & Reddy, 2018). The higher the exergy content of source, the lower the exergy 

efficiency of the system. It was recommended by De Campos, et al., (2019) to burn low-grade 

fuels in combustion process of power plant. The results from case study analysis 

demonstrated the exergy efficiency improvement due to employing a heat pump in the 

system, which was confirmed by the researches done by Dillon, et al., (2019) and Sun, et al., 

(2012). No specific correlation between exergy efficiency of the system and its reference 

temperature could be found. The overview of various studies in the literature illustrated the 

same fact (Keçebas, 2013; Li & Svendsen, 2012; Ünver & Kılıç, 2017). The results of case 

study analysis illustrated that lower temperature of DHN improve exergy performance of the 



system that is in line with the conclusion from other studies (Ertesvag, 2007; Torío, et al., 

2010; Verda & Kona, 2012). Moreover, according to Comakli, et al., (2004), low supply 

temperature as well as high return temperature lead to a lower percentage of fuel exergy loss, 

which meant higher exergy efficiency is achieved by lowering the difference between supply 

and return temperature. According to Favrat, et al., (2008) and Ossebaard, et al., (1997), 

exergy efficiency of DH plant technology (DHN plus CHP plant) was higher than an 

individual boiler, while the results from the case study analysis showed that IH systems 

generally had slightly higher exergy efficiency than DH systems. That is because of the extra 

heat losses from DHN pipelines, though the main exergy destructions happen in the boiler 

(Tontu, et al., 2018) that exists in both cases. In this specific case, the results shown in the 

literature were more acceptable since those systems benefited from a CHP plant while in this 

study, in the theoretical scenarios CHP plant was excluded from the system. 

4. Conclusions 

The conclusions from the analysis of three DHNs in Austria using simulation tool, in addition 

to the comprehensive literature overview, are summarized below: 

 The most popular exergy indicator in the literature was exergy efficiency, although 

some other indicators were used by a few researchers. 

 In general, the closer the exergy level of supply is to demand the less exergy 

destruction happens. Hence, in order to decrease exergy destruction of heating 

systems, low exergy level sources should be used due to low exergy level of demand 

side. As a consequence, the concept of low temperature heating was proposed since 

the lower the temperature of the source the less is its exergy content. In three case 

studies from the NGH project, the exergy efficiency of a system using high quality 

energy sources in case of both individual and district heating was around 3% to 6%, 

while an example in the literature showed a system composed of cogeneration plant, 

DH and user heating had an exergy efficiency of 31%. This improvement in exergy 

efficiency of the latter case is due to utilization of CHP plant which produces 

electricity and recovers the waste heat of the plant as the energy source for DHN. 

 Utilizing a heat pump improved exergy efficiency of both district and individual 

heating system. According to the analysis of the case studies, heat pump increased 

exergy efficiency of system up to around 15% to 19%, and the energy efficiency of the 

system up to 100% (neglecting 2 or 3% losses); moreover, using district return line 

considerably improved the exergy efficiency to its highest value. 

 The effect of reference temperature on exergy efficiency was not clear since in some 

cases efficiency increased by increasing outdoor temperature while in other cases it 

decreased. 

 Lowering supply and/or return temperatures increased the exergy efficiency of DHN 

and consequently the whole system. According to the literature, the lower the 

difference between supply and return temperature, the higher exergy efficiency. 

 The results of the environmental analysis of the case studies depicted that the higher 

the exergy efficiency of a system, the less direct CO2 emissions there are, while there 

was no relationship between exergy efficiency and indirect CO2 emission. An 

important conclusion from exergetic and environmental assessment was that using 



energy sources such as fossil fuels is neither exergetically efficient nor advantageous 

against environmental pollution. 
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Fig 1: Subsystem selection in case of using District Heating (left) and Individual Heating (right) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig 2: Energy and exergy flows of different scenarios for Graz case study 1) DHN using natural gas 2) 

IH using electricity by heat pump 3) IH using natural gas 4) DHN using district return line   
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Fig 3: Energy and exergy flows of different scenarios for Güssing case study 1) DHN using biomass 2) 

IH using electricity by heat pump 3) DHN using industrial residual heat waste 
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Fig 4: Energy and exergy flows of different scenarios for Wörgl case study 1) IH using fuel oil and 

natural gas 2) DHN using industrial residual waste heat, electricity and biomass 3) DHN using 

district return line 4) DHN using electricity by heat pump 
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Fig 5: (a) Relationship between exergy and energy efficiencies in NGH case studies (b) Trend 

of exergy efficiency with respect to quality of energy source based on case studies 
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 Fig 6: (a) CO2 emission for all different scenarios (b) Relationship of exergy efficiency and 

CO2 emissions without LCA 

(a) 

 

(b) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

100000

200000

300000

400000

500000

600000

700000

800000

CO2 with LCA

CO2 without LCA

0%

5%

10%

15%

20%

25%

30%

0 50000 100000 150000 200000 250000
E

x
e
rg

y
 e

ff
ic

ie
n
c
y

CO2 without LCA

Graz Gussing Worgl



Fig 7: Results for three different reference temperatures for the Graz (using natural gas), 

Güssing (using biomass) and Wörgl (using district return line) DHNs 
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Fig 8: Results for analysis of the effect of different supply/return temperature for the Graz 

(using natural gas) and Wörgl (using district return line) DHNs 

  

  

 

 

 

 

 

 

 

0
50

100
150
200
250
300
350
400
450
500
550
600
650
700

Source Sub 2 Sub 3 Sub 4

Graz
DHN (140/ 80/ύ

Energy

Exergy

Energy 
eff: 56%
Exergy 

eff: 3.6%

0

100

200

300

400

500

600

700

800

900

Source Sub 2 Sub 3 Sub 4

Worgl
DHN (80/55/) 

Energy

Exergy

Energy 
eff: 97%
Exergy 

eff: 23%

0

50

100

150

200

250

300

350

400

450

500

Source Sub 2 Sub 3 Sub 4

Graz
DHN (120/ 60/ύ 

Energy

Exergy

Energy 
eff: 78%
Exergy 
eff: 5%

0

100

200

300

400

500

600

700

800

900

1000

1100

Source Sub 2 Sub 3 Sub 4

Worgl
DHN (50/30/) 

Energy

Exergy

Energy 
eff: 98%
Exergy 

eff: 28%



 

Fig 9: Results of comparison between DH and IH in Graz (using natural gas) and Güssing 

(using biomass) case studies 
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Table 1: Possible sources and conversion technologies determined in the MATLAB tool 

Sources*  Conversion Technologies 

1 Fuel oil 1 Non-condensing boiler 

2 Natural gas 2 Condensing boiler 

3 Biogas 3 Heat_Pump_R134a_A_W 

4 Biomass (wood logs) 4 Heat_Pump_R134a_W_W 

5 Biomass (wood pellets) 5 Heat_Pump_R245fa_W_W 

6 Biomass (wood chips) 6 Direct Use heat exchanger 

7 Municipal waste 7 Indirect Use heat exchanger 

8 Industrial residual heat waste 8 Solar Thermal System 

9 Electricity (Austria-Mix) 9 Waste incineration 

10 Electricity (EU27-Mix) 10 Substation for District Space Heating 

11 Photovoltaic Electricity (PV) 11 Substation for DHW 

12 Wind power 12 Heat_Pump_R600a_W_W 

13 Hydropower 13 Electric Boiler 

14 District return line 14 Substation for Cooling 

15 Sources from environment  

*: If DHN is used, the source for buildings is shown by number 0 in the input file 

 

Table 2: Exergy content of energy sources (Borel & Favrat, 2010) 

Source 
Fuel 

oil 

Natural 

gas 

Bioga

s 

Biomass 

(wood logs, 

pellets, 

chips) 

Industrial 

residual 

heat 

waste 

Electricity 

(Austria-

Mix, EU, 

PV) 

Wind 

power 

Hydro 

power 

Distric

t return 

line 

Sources 

from 

environment 

Exerg

y 

conten

t 

100% 91% 91% 100% 27% 100% 100% 100% 21% 0% 

 

Table 3: CO2 emissions of energy sources (Anon., 2011; Garg & Pulles, 2006; Pout, 2011) 

 

 

Source 

Fuel 

oil 

Nat

ural 

gas 

Bioga

s 

Biomass 
Indust

rial 

residu

al heat 

waste 

Electricity 

Wind 

power 
Hydro 

power 

District 

return 

line 

Sources 

from 

environ

ment 

wood 

logs 

wood 

pellet 

wood 

chips 

Austr

ia* 
EU 

P

V 

CO2 

with 

LCA 

[g/kWh] 

381

.3 
236 

125.

9 
34.5 101 25.7 - 417 640 

5

0 
7 24 0 0 

CO2 

without 

LCA 

[g/kWh] 

310 202 98 19 39 4 - 0 0 0 0 0 0 0 


