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Abstract
Energy sustainability plays a crucial role in the development of any country. With the booming economy of Turkey, it is neces-
sary to ensure energy sustainability in every sector. The residential sector plays a vital role in energy consumption in Turkey 
and improving sustainability in this sector can foster Turkey’s development. This study introduced first-time sustainability 
indicators of Turkey’s residential sector to determine the energy and exergy analyses through a thermodynamics-derived 
approach based on the data from 2000 to 2017. Monte Carlo simulations have been performed for energy source variation. 
Possible distribution uncertainties show that natural gas (0.78–0.76), biofuels, and waste (0.39–0.43) are dominant parameters 
for energy and exergy. Improvement of biofuels and waste, renewable-based energy sources can be a feasible solution for 
fossil fuel replacement. In Turkey’s residential sector, energy efficiency varies from 27.51 to 35.65%, while exergy efficiency 
ranges from 25.85 to 34.06%. The sustainability index for Turkey ranges from 1.34 to 1.51. In Turkey, around 65.93 to 74.14% 
of fossil fuel has been depleted in the last 18 years, which leads to lesser exergetic sustainability. Inefficient cooking, heat-
ing appliances, and lighting devices lead to higher exergy loss. Therefore, this study demonstrates the exergy analysis and 
prediction of the upcoming consequences of this analysis. In the future, Turkey can use higher efficient devices, especially in 
heating, lighting, and mechanical energy-related appliances, and electricity can be used to attain higher exergetic efficiency. 
Performed analysis and uncertainties of parameters will assist policymakers in selecting suitable alternative strategies in 
Turkey’s residential sector for sustainable decision-making.
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Abbreviations
GHG  Greenhouse gases
EU  European Union
To  Ambient temperature
W  Work
Qk  Heat transfer

exc   Chemical exergy
Exloss  Exergy loss
Hff  Higher heating value (kJ/kg)
γ  Exergy factor
IP  Irreversibility of process (IP)
φ  Exergy efficiency
ɳ  Energy efficiency
D  Depletion number
SI  Sustainability index
RF  Renewable fraction
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NRF  Non-renewable fraction
WER  Waste exergy ratio
EDC  Exergy destruction coefficient
IEA  International Energy Agency
PJ  Petajoule
LED  Light-emitting diode

Introduction

Energy is a critical component of an advanced and sus-
tainable society. A robust and consistent energy supply is 
vital for technological and social development. The energy 
demand by various community sectors, such as industrial, 
residential, transportation, agricultural, and others, increases 
fossil fuel applications day by day (Chowdhury et al. 2020a). 
Therefore, fossil fuel is depleting. Due to fuel combustion, 
greenhouse gases (GHGs) are increasing and are responsible 
for tremendous environmental pollution (Utlu and Hepbasli 
2005, 2007; Utlu et al. 2021). According to IEA (EXPAND 
IEA), the residential sector contributes to a significant por-
tion of energy use, and every year, energy consumption in 
this sector increases rapidly. In 2017, 17% of the world’s 
total  CO2 came from the residential sector (Tushar et al. 
2019). A significant amount of energy is lost in this sector, 
and proper in-depth analysis is crucial for improving sustain-
ability. To resolve this issue, exergy analysis has been dem-
onstrated worldwide to analyze the overall energy strategy, 
simulation, and efficiency assessment of a thermal/thermo-
chemical/thermo-dynamic system since exergy analysis is 
considered a meticulous approach to determine energy effi-
ciency (Kanogˇlu et al. 2005). Exergy is defined as produc-
ing helpful work, and exergy cannot be conserved (Dincer 
et al. 2004a). In other words, exergy is a quality form of 
energy, and it is one of the most impactful methods that shed 
light on how much energy can be efficiently utilized from an 
existing system before reaching the final state of equilibrium 
of the external environment (Ahamed et al. 2011). Exergy 
analysis is also applied to precisely determine the location 
and amount of energy losses that are not available in energy 
analysis.

Exergy analysis done by Corre et al. found that exergy 
varies between 17 and 27% (Corre et al. 2013). Arslanoglu 
et al. performed an insightful study on the available solar 
exergy from the solar radiation in Turkey and found 0.93 
for average exergy (Arslanoglu 2016). Researchers have per-
formed exergy analysis for solar and other sectors to under-
stand the system’s actual energy efficiency and losses. Other 
studies by Koroneos et al. are considered various energy 
sources such as solar/electric, wind/electric, and other non-
renewable energy resources for exergy analysis (Koroneos 
et al. 2011; Xydis et al. 2009). To gain accurate knowledge 
about the performance of wind power plants, exergy and 

energy analyses were done by Aghbashlo et al. (Aghbashlo 
et al. 2018). Recently, the exergetic sustainability approach 
has been applied in the sustainability analysis of industrial 
furnaces to the transportation section (Chowdhury et al. 
2021a, 2021b). An earlier study by Açıkkalp et al. 2021 
described a novel combined extended advanced exergy 
analysis method for assessing the thermodynamic system 
(Açıkkalp et al. 2021). Besides, Utlu et al. 2021 introduced 
a thermodynamic and artificial neural network (ANN) 
approach to evaluate the solar energy system (Utlu et al. 
2021), but there is no study so far in the literature review 
that uses the Monte Carlo simulation to find the uncertainty 
of input variables and the possible best outcome.

Various researchers conducted sectoral exergy analysis to 
gain a broad outlook on energy utilization in multiple sectors 
(Dadsetani et al. 2019; Sarafraz et al. 2021). Many research-
ers have done numerous sectors such as the power genera-
tion sector, rural residential sector, residential sector, com-
mercial sector, and the industrial sector’s exergy analysis 
(Bühler et al. 2016, Maddah and Safaei 2021, Oladiran and 
Meyer 2007). The use of electricity for low-grade thermal 
applications was lower exergetic efficiency. Exergy analysis 
was done by Arango Miranda et al. to calculate Mexico’s 
industrial sector’s exergy and energy efficiencies. It is shown 
that exergy efficiency is significantly lower than energy effi-
ciency, 23% and 73%, respectively (Arango-Miranda et al. 
2018). This study was done on data from 2000 to 2015 in 
the industrial sector and considered electricity and fossil fuel 
as the primary energy sources. It is also shown that the iron 
and steel industries exhibit high exergetic efficiency due to 
electric arc furnaces. The sugar sector displays the high-
est energy efficiency as it uses cane bagasse as a renewable 
source. A previous study demonstrated the influence of dead 
state temperature on the exergetic efficiency of the industrial 
sector in Turkey (Utlu and Hepbasli 2008). In this context, 
exergy efficiency varies from 25.30 to 29.50% and 51.95 
to 80.82%, while dead-state temperature ranges between 0 
and 25 °C.

A study was done by Chowdhury et  al. (Chowdhury 
et al. 2020a) on Bangladesh’s commercial sector which 
found that exergy efficiencies vary in the range of 35.0 to 
39.2%. Energy efficiencies vary from 34.9 to 36.3%. This 
study suggested using energy-efficient lighting and proper 
waste energy management and replacing gas-fired cook-
ing stoves with electrical appliances to improve exergy 
efficiency. An earlier study performed an exergy analysis 
on residential, commercial, service, and public transport 
in Milano smart city planning (Causone et al. 2017). This 
study found that Milano’s most significant share of primary 
energy relies on buildings. Exergy analysis for measuring 
sustainability is also evident in several studies (Amoo and 
Fagbenle 2014; Arunkumar et al. 2015; Brounen et al. 2013; 
Gong and Wall 2016; Kusiak et al. 2013; Li et al. 2020). 
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Among different sectors of exergy analysis, the industrial 
sector has been analyzed the most during the residential 
sector the least. According to an exergy analysis conducted 
in Malaysia, 70% energy and 28% exergy efficiencies have 
been identified. A similar methodology was implemented 
in the residential sector of Malaysia and Saudi Arabia to 
analyze exergy efficiency. This analysis presented overall 
21%, 12%, 11%, 10%, and 8% exergy losses occurred by 
freezer refrigerator, air conditioner, washing machine, fan, 
and rice cooker, respectively, within eight years period from 
1997 to 2004 (Chowdhury et al. 2019a). Another study pre-
sented that 18.96–31.53% and 4.86–8.42% of energy and 
exergy efficiencies, respectively, can be improved in the 
rural residential area in Bangladesh within 2010–2050, and 
95% of fuel can be depleted from this sector. The study rec-
ommended biomass-based cookstoves for ensuring energy 
sustainability (Chowdhury et al. 2019a). A prediction study 
of energy and exergy analyses on the Turkish residential 
industry forecasted that this sector’s total losses in energy 
and exergy from 2000 to 2022 would be 55.60–75.53% and 
8.02–11.21%, respectively. It recommends using higher 
effective energy-exergy efficient process mechanisms for the 
utility policymakers in Turkey (Utlu and Hepbasli 2005). 
Several studies on various countries’ urban residential sector 
and residential sectors are also available in these literature 
reviews (Al-Ghandoor et al. 2008; Armel et al. 2015; Bad-
mus and Osunleke 2010; Dincer et al. 2004b; Fidelis et al. 
2014; Liu et al. 2014).

Based on the energy and exergy analysis prediction, a 
study forecasted building without heating insulation requires 
200–250kWh/m2 while renovated, or new buildings with 
heating insulation will require only 100–150kWh/m2 energy 
(Ozturk et al. 2004). The next largest share in energy con-
sumption is space heating. Improvement of energy and 
exergy efficiencies of boilers in one of the most populated 
cities, Izmir city, Turkey, can save 12% fuel during the win-
ter period (Hepbasli 2001). Therefore, a detailed energy-
exergy study on the overall residential sector is essential 
for the country to determine the potential for efficiency 
improvement and possible approaches for policymakers for 
further development.

Most of the previous studies on energy and exergy analy-
ses demonstrated in Turkey were either on the industrial 
sector or geothermal heating system by 2007 (Ozgener et al. 
2005a, b; Utlu and Hepbasli 2004). The latest exergy analy-
sis on actual data in Turkey was conducted on the Kizil-
dere geothermal power plant, Turkey, in 2015 (Ozturk et al. 
2006). All the experimental and forecasted investigations 
in Turkey presented only fossil-fuel-based exergy analysis, 
while the current study analyzed both fossil and renewable 
fuel-based exergy.

Sensitivity analysis is a systematic tool for develop-
ing models for observational study in energy and exergy 

analyses (Ege and Şahin 2014; Hossain et al. 2019). There-
fore, sensitivity analysis has been extensively used to 
investigate various applications’ energy and exergy perfor-
mance characteristics. The sensitivity analysis methodol-
ogy is the same for different sources of energy and exergy 
analyses. A typical implementation of sensitivity analy-
sis consists of several parts: determining input variables, 
developing the relationship, performing the simulations, 
and collecting the results for design variables (Tian 2013; 
Tushar et al. 2021). The probabilistic distribution of input 
energy sources is often neglected in research applications. 
Process and operating data of energy sources in the resi-
dential sector can be considered a normal distribution to 
assign the uncertainties of production systems (Swan and 
Ugursal 2009). In this case, variations of inputs are equally 
uncertain due to the source of availability, energy produc-
tion, and real scenarios. Uncertainties of input variables 
are feasible to combine to identify possible outcomes. 
From these perspectives, complicated two-dimensional 
Monte Carlo analysis is the probable solution to get the 
optimum result (Martoňák et al. 2002). Monte Carlo simu-
lation depends on repeated random sampling and statistical 
analysis to compute the results. Monte Carlo algorithms 
are easy and efficient, transforming complex systems into 
a basic set of formulas that can be efficiently simulated in a 
computer. Monte Carlo simulation can find the uncertainty 
of input variables and the possible best outcome, which is 
utilized in this analysis (Tushar et al. 2021). Among dif-
ferent uncertainty analysis methods, Monte Carlo simula-
tion has been implemented in the current study due to the 
higher practical guidance compared to others. According 
to earlier study, International Vocabulary of Metrology 
(VIM-JCGM 200:2012) presented the guide to the expres-
sion of uncertainty in measurement and mentioned that 
propagation of distributions implementing Monte Carlo 
simulation is one the best methods for providing practical 
guidance for the estimation of uncertainty (Couto et al. 
2013). Besides, this simulation is well-established uncer-
tainty estimation approach which had been applied com-
mercially for diverse fields like science, finance, engineer-
ing, and supply chain (Couto et al. 2013).

The most prominent feature that distinguishes this study 
from previous studies is the identification of sustainable 
indicators based on exergy in the residential sector of Turkey 
for the first time. For this reason, this study will be critical 
in carrying previous studies to a further point and being a 
reference. The research aims to assess the application of sen-
sitivity analysis in the Turkey residential sector for energy 
and exergy performances. The uncertainty analysis provides 
the remedy for possible increase and reduction in the effec-
tive use of energy sources. An exhaustive sensitivity analysis 
measures correlation between input variables and the con-
fidence interval of probable outcomes. Moreover, no other 
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study on the Turkish residential sector’s exergy analysis is 
based on actual data from 2000 to 2017.

Moreover, thermal loss and system deviation are not ade-
quately assessed in energy analysis, leading to misleading 
conclusions when decision-making is utterly dependent on 
energy analysis (Dincer and Rosen 2012). Exergy analysis 
can predict the energy loss forecast and assess insight for 
further development of the potential and efficiency of a spe-
cific system (Jeter 1981; Mehrdad et al. 2020). Renewable 
fuel in the residential sector is also analyzed in another study 
by Chowdhury et al. (Chowdhury et al. 2020a). This study 
utilized biofuel to find out the exergy analysis of the resi-
dential sector of Bangladesh. Using fossil fuel’s renewable 
fuel-based exergy analysis is crucial because it provides a 
holistic view of the sector. Besides, in the national plan, it 
is stated that the government wants to reduce dependency 
on natural gas and focus on renewable energy-based fuel. 
Irreversibilities associated with renewable fuel utilization 
are generally lower than with fossil fuel. Improved exergy 
efficiency contributes to higher environmental sustainability 
and lower emission.

This study aims to determine the exergetic sustainability 
of the Turkish residential sector based on data from 2000 to 
2017. This study has investigated how exergy flow is gener-
ated from different fuels such as coal, petroleum oil, natural 
gas, renewable fuel energy, and electricity implemented in 
the residential sector.

Overview of Turkey residential sector

Urbanization in Turkey has reached 2% per year, contribut-
ing to growth in energy demand in the last ten years. The 
residential sector is the third-largest energy-consuming sec-
tor in Turkey among various sectors. The residential sec-
tor of Turkey consumed 19.1PJ energy in 2014, which was 
responsible for 22.3% of the country’s total energy consump-
tion. From 2014, the energy consumption of the Turkish 
residential sector manifested an annual 2% growth in 2016. 
By 2018, Turkey was heavily dependent on foreign energy 
sources by approximately 73%. Turkey’s energy consump-
tion in various sectors is shown in Fig. 1. It is shown that 
25% of the total energy consumption goes to Turkey’s resi-
dential and lighting sector (Öz and Alyürük 2020). It has 
been projected that the total energy consumption in Turkey 
will reach 170.3 Mtoe in 2020. Demand for energy in the 
residential sector rose by 5.8% between 2004 and 2014. For 
most cities in Turkey, the leading residential appliances are 
cooking appliances, washing, space heating and cooling, 
hot-tap water, refrigeration, light, TV, and other household 
appliances. Among these appliances, energy consumption by 
heating systems carries the most significant share of overall 
energy demand since most of the buildings in Turkey are 
without heating insulation (Bait 2019).

To decrease the energy dependency, the Turkey govern-
ment released the National Energy Efficiency Action Plan 
covering the period 2017–23 on January 2, 2018. This plan 
aims to decrease the primary energy consumption of Turkey 
by 14% by 2023 through 55 actions defined in 6 categories: 
energy, agriculture, buildings and services, industry and 
technology, transport, and cross-cutting areas. The govern-
ment anticipates that 23.9 Mtoe energy can be saved by 2023 
after implementing this plan, resulting in an economic sav-
ing of $8.4 billion (Celik and Oktay 2019). In this plan, the 
government aims to promote energy efficiency in the existing 
buildings. The government also wants to establish a National 
Green Building Certificate System. Besides, the government 
wants to expand the buildings to produce their energy. From 
energy service systems, Turkey does not reap proportionate 
benefits. There are three significant reasons behind this. First 
of all, households have to pay a lot of money for natural gas 
and electricity. Moreover, equipment for cooling, lighting, 
and heating systems is inefficient. Last, insulation to protect 
people is not up to the mark. These three reasons lead to 
energy poverty in Turkey (Ucal and Günay 2022). Turkey 
has lower building energy standards than other EU coun-
tries. Furthermore, home renovation is under-developed in 
Turkey. Between 1980 and 2000, building standards were 
not updated. The share of residential buildings constructed 
with low energy efficiency standards between 1980 and 2000 
in the current dwelling stock carries significant energy share 

Turkish 
Residential

Sector

Data 
collection

Data 
validation by 

statistical 
analysis

Weighting 
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Weighted 
mean
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exergy 
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energy & 
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Fig. 1  System boundary for the residential processes (outbound 
arrows from the residential sector describe the direction of the data 
flow, and the inbound arrows describe the implementation of the 
results of the thermodynamics analyses)
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(Öz and Alyürük 2020). A huge potential energy was lost in 
that period. If these dwellings were improved, almost half 
of its current dwelling stock could be more energy-efficient 
today (Ucal and Günay 2022).

Methodology

In this section, basic concepts of thermodynamics analy-
sis, exergy, energy efficiency, and sustainability indictor for 
measuring the overall sustainability of the residential sector 
are analyzed.

Thermodynamics analysis

Thermodynamics analysis is considered one of the crucial 
tools for analyzing the system’s performance. Based on 
various performances evaluating criteria such as balance 
equations, thermal equilibrium conditions, and kinetic rela-
tionships in the system, it analyzes the impacts and effects 
of the energy in various parts of the system. It also deals 
with energy and exergy availability to determine the area of 
losses and how it can be improved. The necessary equilib-
rium equations within the scope of thermodynamics analysis 
of the housing sector are given below as Eqs. (1), (2), and 
(3), respectively (Szargut 2005).

where m represents the mass, To is the ambient temperature, 
W is the work, Qk is the heat transfer, Tk is the constant 
temperature, exc is the chemical exergy, and Exloss is the 
exergy loss.

Chemical exergy is the maximum work from the oxida-
tion of fuel hydrocarbon’s specific exergy shifts to chemical 
exergy in atmospheric temperature and pressure. Chemical 
exergy is the product of exergy grade function and higher 
heating value, delineated in Eq. (4).

Hff represents the higher heating value (kJ/kg), and γ 
shows the exergy grade function. The values of γ for the 
energy sources analyzed in the present study are provided 
in Table 1.

(1)
∑

min

=
∑

mout

(2)
∑

(mh)in −
∑

(mh)out = W − Q

(3)

∑
(

m exc
)

in
−
∑

(

m exc
)

out
+
∑

(

1 −
To

Tk

)

Qk −W = Exloss

(4)exc = �ffHff

Improvement potential

Using exergy analysis, potential insights such as the sys-
tem’s energy consumption maximization and reduction of 
irreversibility can be achieved. Irreversibility of process (IP) 
indicates how much a system or process can be improved 
by reducing the irreversibility of a process. As a result, IP 
potential is utilized to analyze systems, shown in Eq. (5).

where φ is the exergy efficiency, and exergy efficiency is the 
ratio of output exergy to input exergy. This equation signifies 
that a sustainable system must have higher exergy efficiency 
and lesser improvement potential.

Energy and exergy efficiencies

This subsection discusses energy and exergy efficiencies 
related to the system. As efficiency is the ratio of output 
and input, exergy efficiency is considered output exergy, and 
percentage of input exergy is provided in the system. Exergy 
potential is evaluated considering a stable environment. This 
study is carried out under the environmental conditions of 
To = 10 °C and Po = 1 atm, as Utlu and Hepbasli (Utlu and 
Hepbasli 2008). The energy and exergy efficiencies for 
measuring the system’s performance can be presented via 
Eqs. (6) and (7), respectively (Utlu and Hepbasli 2008).

The method utilized in this study has been developed 
based on previous studies (Chowdhury et al. 2019b; Koro-
neos et al. 2011). Koroneos et al. (2011) (Koroneos et al. 
2011) utilized the average operation ratings represented 
Turkish residential sector processes. Process and operation 

(5)IP = (1 − �)2 × Exergy Input

(6)Energy eff iciency, η =
Energy output

Total energy input

(7)Exergy eff iciency,φ =
Exergy output

Total exergy input

Table 1  Exergy factor of energy sources adapted from (Koroneos 
et al. 2011)

Energy source Exergy 
factor 
( γ)

Waterfall energy 1
Electrical energy 1
Natural gas 1.04
Coke 1.05
Oil and petroleum products 1.06
Coal 1.06
Bagasse 1
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data are shown in Table 2. In the analysis of the study, firstly, 
the weighting factors of energy and exergy consumption data 
of different energy sources were determined. Each energy 
source’s energy and exergy consumption values equal the 
total energy and exergy consumption values. Then, each 
energy source’s energy and exergy efficiencies were calcu-
lated by multiplying the calculated weight factors with the 
rating factors of the energy sources shown in Table 2.

The residential sector’s overall energy and exergy efficien-
cies have been calculated by adding the weighted average 
energy or exergy efficiencies of each resource. Overall energy 
and exergy efficiencies can be calculated by Eqs. (8) and (9).

Sustainability analysis

This subsection uses sustainability indicators for meas-
uring the system’s performance. By measuring systems’ 

(8)
Overall energy efficiencies = (Energy weighting factor)

× (Average operation ratings)

(9)
Overall exergy efficiencies = (Exergy weighting factor)

× (Average operation ratings)

social, environmental, and economic aspects, better deci-
sions can be made by using these sustainability indica-
tors. Within the scope of this study, the exergetic sus-
tainability index and environmental impact factor are 
calculated (Aydin et al. 2015, Midilli and Kucuk 2015, 
Rosen et al. 2008).

The depletion number shows the overall effectiveness 
of carbonaceous fossil fuel consumption. It is quite the 
opposite of the exergy efficiency, which indicates that 
to be more exergetic efficient, a system must have fewer 
depletion numbers. The depletion number is the exergy 
destroyed and exergy input ratio, shown in Eq.  (10) 
(Rosen et al. 2008).

The sustainability index is inversely proportional to the 
depletion number, a crucial indicator for sustainable devel-
opment. The greater the value of the sustainability index, the 
more is the system’s sustainability and less environmentally 
harmful impacts.

(10)Depletion number,D =
Exergy Destroyed

Exergy Input

(11)D = (1 − φ)

Table 2  Process and operation 
data of the Turkish residential 
sector adapted from (Koroneos 
et al. 2011)

The bold entry is to highlight the final output

Coal Renewable fuel Oil Gas Electricity Avg

Residential
Cooking 0.14 0.10 0.22 0.27 0.60 0.27
Washer, dishwasher 0.76 0.76
Space heating 0.34 0.24 0.55 0.62 1.00 0.55
Hot tap water 0.18 0.12 0.44 0.45 0.67 0.37
Space cooling 0.46 0.60 0.88 0.65
Refrigeration 0.47 0.47
Mechanical energy 0.12 0.22 0.54 0.30
Lighting 0.02 0.03 0.04 0.03
EDP, TV 0.11 0.11
Other household appliances 0.39 0.56 0.47
Avg 0.22 0.16 0.30 0.37 0.56 0.40
Residential
(DIVIDED BY THE EXERGY FACTOR OF EACH FUEL)
Cooking 0.14 0.10 0.20 0.26 0.60 0.26
Washer, dishwasher 0.76 0.76
Space heating 0.32 0.24 0.51 0.59 1.00 0.53
Hot tap water 0.17 0.12 0.41 0.44 0.67 0.36
Space cooling 0.43 0.58 0.88 0.63
Refrigeration 0.47 0.47
Mechanical energy 0.11 0.21 0.54 0.29
Lighting 0.02 0.03 0.04 0.03
EDP, TV 0.11 0.11
Other household appliances 0.37 0.56 0.46
AVG 0.21 0.15 0.28 0.35 0.56 0.39
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As an indicator of sustainability, Gong and Wall (Gong 
and Wall 2016) suggested a renewable fraction (RF), as 
given in Eq. (13). For a system to be more sustainable and 
have few environmental footprints, it is expected that RF 
should be higher. A higher renewable fraction indicates 
that the system’s significant energy comes from sustainable 
renewable energy resources.

Non-renewable energy resources mainly indicate carbo-
naceous fossil fuels. High usage of non-renewable energy 
resources creates environmental concerns and reduces the 
system’s sustainability. The non-renewable fraction (NRF) 
of the exergy is expressed by Eq. (14):

Waste exergy is considered a vital parameter to determine 
the system’s performance. A sustainable system must reduce 
the waste exergy output and utilize these energies for bet-
ter performance. The exergy destruction coefficient is the 
inverse of exergy efficiency.

Waste exergy ratio (WER) and exergy destruction coef-
ficient (EDC) are defined in Eqs. (15) and (16), respectively.

Sensitivity analysis representation

Sensitivity analysis coupled with box plots and spider 
plots is rarely used to assess the performance of energy 
sources. Both types of charts have certain advantages in 
displaying the details of sensitivity analysis (Jordan et al. 
2016). Box plots are the representatives of different input 
variations in sensitivity measures. Spider pots are per-
formed to show the impact of input variables changes on 
outputs in detail. Additionally, a spider diagram can iden-
tify the linear and non-linear relationship between input 
and output variables. However, most energy and exergy 
analysis studies did not consider the changes in sensi-
tivity indices of relative sources. The study performs an 
exhaustive simulation process to justify the effects of input 
variables on the outcome through scatter plots. Various 

(12)Sustainability index, SI =
1

Depletion number

(13)

Renewable Fraction,RF =
Renewable exergy consumption

Total exergy consumption

(14)NRF =
Non − renewable exergy consumption

Total exergy input

(15)WER =
Total outlet waste exergy

Total input exergy

(16)EDC =
1

Exergy Efficiency

system boundaries are associated with analyzing Turkey’s 
residential sector shown in Fig. 1.

Results and discussion

Exergetic sustainability indicators have been utilized for the 
first time in the residential sector of Turkey in this study. 
Analysis results covered the years between 2000 and 2017. 
The relevant data in the study were obtained from the Inter-
national Energy Agency (IEA) (https:// www. iea. org/ data- 
and- stati stics/ data- tables 2021).

Total energy and exergy efficiency scenario 
in Turkey’s residential sector

In this section, energy and exergy efficiencies in the resi-
dential sector of Turkey from 2000 to 2017 are shown. 
Energy consumption data from Table 3 and exergy con-
sumption data from Table 4 are utilized to determine the 
weighting factor.

Later, Eqs. (8) and (9) are used to determine the overall 
energy and exergy efficiencies. Energy, as well as exergy 
efficiencies, is delineated in Fig. 2. It is evident from Fig. 2 
that energy efficiency ranges from 27.51 to 35.65%, and 
from 2000 to 2017, there is an upward trend in energy effi-
ciencies except for 2009 and 2010. In 2009 and 2010, Energy 
consumption from natural gas was lower than in the succes-
sive years. In 2009 and 2010, energy from natural gas was 
184.71PJ and 203.65PJ, while in 2008, it was 274.092PJ. 
In the context of exergy efficiency, it is always lower than 
the energy efficiency of the respective year, and the range is 
between 25.85 and 34.06%.

Sensitivity indices of sources for energy and exergy 
efficiencies in Turkey

Monte Carlo simulations have been performed to quantify 
the associated uncertainties of different energy and exergy 
sources for decision-making (Lo et al. 2005). The exhaus-
tive simulation process stimulates the decision-making 
with specific ranges of possible outcomes and the chances 
for the choice of each action. Natural gas is a significant 
source of energy production in Turkey. Pearson correlation 
(r = 0.78) of natural gas shows a higher association with total 
energy/exergy input. In contrast, the obtained correlation 
coefficients for other sources are relatively low compared 
to natural gas. The scatter plot shows the relative impor-
tance of sources in reducing energy and exergy consump-
tion. Sensitivity analysis assists in selecting the priority of 
fossil fuels (natural gas, coal, and oil) and determines the 
amount of energy reduction possible by the existing system 

https://www.iea.org/data-and-statistics/data-tables
https://www.iea.org/data-and-statistics/data-tables
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in Turkey, as shown in Fig. 3. For example, the confidence 
interval (760–846 PJ) of coal as an energy source expresses 
a total reduction of 44.79 PJ (804.79PJ–760PJ) that is fea-
sible from the mean. A maximum energy reduction will be 
86 PJ that is possible within a certain degree of a confidence 

interval. The 95% confidence interval of probabilistic dis-
tribution for different sources shows the range of values for 
energy (586.80–1024.07 PJ) and exergy (613.13–1069.51 
PJ), as shown in Table 5. Higher CI of natural gas for energy 
(628–968 PJ) and exergy (648–1031 PJ) can be replaced by 

Table 3  Energy consumption 
(PJ) by Turkey’s residential 
sector

Year Coal (PJ) Oil (PJ) Natural gas (PJ) Biofuels 
and waste 
(PJ)

Wind, solar 
and others

Electricity (PJ) Total input (PJ)

2000 74.0 150.86 113.19 271.15 32.88 86.26 728.36
2001 52.12 121.50 126 260.82 35.95 85.09 681.49
2002 63.84 120.96 130.95 250.86 39.01 85.09 690.73
2003 75.64 116.67 156.53 241.37 42.63 90.97 723.82
2004 87.82 117.85 163.67 232.30 44.73 99.75 746.13
2005 92.86 121.12 200.97 223.60 49.98 111.72 800.26
2006 84 82.15 259.68 215.29 49.51 124.48 815.13
2007 92.48 73.29 289.92 209.37 50.73 131.71 847.51
2008 105.04 70.81 274.092 199.75 54.81 142.96 847.47
2009 139.39 67.87 184.71 192.23 65.05 141.37 790.65
2010 142.21 60.98 203.65 186.27 71.14 149.56 813.83
2011 127.38 53.55 303.53 148.30 79.96 159.89 872.63
2012 128.68 37.12 305.97 145.02 66.40 163.88 847.09
2013 91.14 42.714 329.86 137.80 67.15 162.41 831.096
2014 77.65 39.43 321.72 130.83 67.41 166.82 803.88
2015 82.65 14.07 380.39 117.76 78.41 172.99 846.3
2016 86.22 10.37 401.81 108.73 77.65 184.92 869.73
2017 82.36 9.99 467.33 99.20 75.55 195.93 930.38

Table 4  Exergy consumption 
(PJ) by Turkey’s residential 
sector

The bold entry is to highlight the final output

Year Coal (PJ) Oil (PJ) Natural gas (PJ) Biofuels 
and waste 
(PJ)

Wind, 
solar, and 
others

Electricity (PJ) Total input (PJ)

2000 78.44 156.89 116.58 300.97 32.88 86.26 772.06
2001 55.24 126.36 129.78 289.51 35.95 85.09 721.94
2002 67.67 125.79 134.88 278.46 39.01 85.09 730.92
2003 80.18 121.34 161.23 267.92 42.63 90.97 764.28
2004 93.09 122.56 168.58 257.85 44.73 99.75 786.57
2005 98.43 125.97 206.99 248.20 49.98 111.72 841.31
2006 89.04 85.43 267.47 238.97 49.51 124.48 854.93
2007 98.03 76.22 298.62 232.40 50.73 131.71 887.72
2008 111.34 73.64 282.31 221.72 54.81 142.96 886.80
2009 147.76 70.58 190.25 213.37 65.05 141.37 828.41
2010 150.74 63.42 209.76 206.75 71.14 149.56 851.40
2011 135.02 55.69 312.64 164.61 79.96 159.89 907.83
2012 136.40 38.61 315.14 160.97 66.40 163.88 881.43
2013 96.60 44.42 339.76 152.96 67.15 162.41 863.32
2014 82.31 41.01 331.37 145.22 67.41 166.82 834.15
2015 87.61 14.63 391.80 130.72 78.41 172.99 876.18
2016 91.39 10.78 413.86 120.69 77.65 184.92 899.34
2017 87.30 10.39 481.35 110.11 75.55 195.93 960.65
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the possible expansion of biofuels and waste and renewable 
energy per the country’s existing capacity.

Energy and exergy loss in the residential sector 
of Turkey

Energy and exergy loss in the residential sector of Turkey for 
the year 2017 is depicted in Fig. 4 and Fig. 5. Figure 6 shows 
that energy loss from renewable fuels is around 112.46 PJ, 
whereas natural gas has a loss of 300.72 PJ. In 2017, exergy 
loss from natural gas was the highest, like energy loss in 
2017. Around 317.4 PJ of exergy was lost from natural gas, 
50% of the total exergy loss of 633.43 PJ.

Natural gas is used as a driving fuel for various pro-
cesses in Turkey, such as cooking, mechanical energy, hot 
tap water, space cooling, space heating, washer, and dish-
washer. Among these for cooking and mechanical purpose, 
energy efficiency is relatively low. As a result, a higher 
amount of energy and exergy is lost. Using more efficient 
cooking stoves and mechanical energy harvesting devices 
can undoubtedly improve the energy and exergy of turkey’s 
residential sector. Cooking appliances run on electricity have 
higher energy efficiency than stoves run on gas or coal (Utlu 
and Hepbasli 2005). So, replacing these gas-driven cooking 
stoves with electric appliances can be a viable solution for 
improving Turkey’s residential sector’s overall energy and 
exergy efficiencies.

From Fig. 4 and Fig. 5, it is clear that the second lead-
ing source of energy and exergy destruction is the usage of 
electricity and for third is renewable fuels. In the residential 

sector of Turkey, renewable fuel is used mainly in space heat-
ing and hot tap water, but these appliances can transform a 
meagre amount of energy into efficient work, which leads to 
decreased overall exergy efficiency. Natural gas has higher 
energy efficiency for space heating and water heating of 84% 
and 80%, but it has lower energy efficiency in cooking appli-
ances of 50%. As a result, for cooking activities, electricity 
usage should be increased to improve the energy and exergy 
efficiencies of the Turkish residential sector (Utlu and Hepba-
sli 2005). Therefore, policymakers should develop policies to 
increase the usage of highly energy-efficient appliances, espe-
cially space heating. Space heating contributes to the topmost 
use of renewable fuels, followed by water heating (Utlu and 
Hepbasli 2005). As Turkey has higher solar energy potential, 
solar energy can be utilized more in water heating activities 
to improve efficiency in this sector.

Electricity comprises 21% of the total energy consump-
tion and 20.4% of exergy consumption in 2017. Electricity 
used in space, water, and cooking appliances has 98%, 90%, 
and 80% higher energy efficiency, respectively. They have 
higher exergy efficiency also (Utlu and Hepbasli 2005). In 
2000, the lighting devices used in Turkey were 30% fluo-
rescent, and the remaining were incandescent. Fluorescent 
lights had energy and exergy efficiencies of 20% and 18.5% 
in 2000, respectively (Utlu and Hepbasli 2004). In 2020, 
the lighting devices used in Turkey were 30% fluorescent, 
and the remaining were incandescent. As a result, replac-
ing all incandescent devices with energy-efficient devices 
such as LED can improve exergy efficiency in this sector. 
Refrigeration utilizes a considerable share of electricity, 
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Fig. 3  Scatter plots for energy 
and exergy consumption in 
Turkey’s residential sector
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approximately 35 to 40% (Hepbasli and Utlu 2004), but the 
exergy efficiency in refrigeration is low. So, further exergy 
efficient devices should be employed to improve the exer-
getic sustainability of this sector as lighting and refrigeration 
contribute to the significant electricity usage. So, it is highly 
recommended that these devices should be replaced with 
exergy-efficient devices.

In 2000, 84.1% of residents used stoves, and 72.67% of 
these persons used coal-based stoves. Coal-based stoves 
have energy and exergy efficiencies of 45% and 3.2%. It was 
estimated that in 2020, coal used for water heating and cook-
ing would have energy and exergy efficiencies of 60% and 
4.3% (Aycik et al. 1986, Utlu and Hepbasli 2005). Instead of 
coal-based stoves, more exergy-efficient appliances should 
be used to improve exergetic efficiency.

Improvement potential

Exergetic improvement potential from 2000 to 2017 in Tur-
key’s residential sector is shown in Fig. 6. From Fig. 6, it is 
evident that its improvement potential increased for some 
years while it decreased for some years. The lowest exer-
getic improvement potential occurred in 2014, while the 
highest exergetic improvement potential was in 2007 at 
440.09%. If exergy efficiency for a year is higher, that year’s 

Table 5  Statistical analysis of energy and exergy consumption (PJ) by 
Turkey’s residential sector

Statistical inputs for energy and exergy consumption in petajoule 
(PJ)

Source of consump-
tion

Energy (PJ) Exergy (PJ)
Mean Std Mean Std

Natural gas 256.33 102.78 264.02 105.89
Biofuels and waste 187.26 55.24 207.85 61.36
Electricity 136.43 36.26 136.43 36.26
Coal 93.64 25.40 99.25 26.91
Oil 72.85 43.58 75.76 45.31
Wind, solar, and 

others
58.28 15.62 58.28 15.62

Statistical outputs for energy and exergy consumption in petajoule 
(PJ)

Source of consump-
tion

Energy (PJ) Exergy (PJ)

Mean 804.79 841.58
Standard deviation 132.90 139.22
5th percentile 586.80 613.13
95th percentile 1024.07 1069.51

Fig. 4  Energy flow in the resi-
dential sector of Turkey

Fig. 5  Exergy flow in the resi-
dential sector in Turkey
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improvement potential will be lower due to low exergy 
destruction. In 2007, exergy efficiency was lower than in 
other years. So, improvement potential will be the high-
est. Higher improvement potential indicates higher exergy 
destruction, which is not desired. Table 3 and Table 4 show 
that in 2014, total energy consumption in the residential 
sector was 803.88 PJ and 834.15 PJ, respectively. In 2000, 
Turkey’s overall energy and exergy efficiencies of electrical 
appliances were 80.98% and 22.17%, respectively (Utlu and 
Hepbasli 2005). Inefficient heating appliances profoundly 
affect higher exergetic improvement potential, leading 
to higher exergy loss. Utilizing efficient LED lights will 
increase the exergy efficiency, thus reducing the improve-
ment potential. Another significant reason for less exergy 
utilization is using renewable fuels in inefficient space heat-
ing and hot tap water application. If higher efficient appli-
ances or renewable fuels replace these, electricity is used, 
and better exergetic efficiency can be achieved.

Sustainability analysis of Turkey’s residential sector

Various sustainability indicators are delineated, such as 
depletion number, SI, RF, NRF, and EDC in Fig. 7. The 
higher the depletion number, the higher the adverse effect 
on sustainability. The depletion number in Turkey’s residen-
tial sector varies between 65.93 and7 4.14%. In 2017, the 
depletion number was 65.93%, 8.21 less than the depletion 
number in 2000. This shows a positive effect on exergetic 
sustainability, but for ensuring sustainable development, 
depletion number must be zero. So, policies must be updated 
to use efficient appliances with higher exergetic efficiency.

The sustainability index ranges from 1.34 to 1.51, indi-
cating that sustainability in this sector is upbringing. The 
higher the sustainability index, the better is the exegetic 

sustainability of the system. In Turkey, around 65.93 to 
74.14% of fossil fuel is depleted in 18 years, which leads 
to lesser exergetic sustainability. By depletion of fossil 
fuel, exergy is wasted, and it is recommended to utilize it to 
increase SI. Renewable fraction (RF), non-renewable frac-
tion (NRF), and exergy destruction coefficient (EDC) are 
also shown in Fig. 7. RF and NRF are showing the opposite 
trend in these years. From 2000 to 2017, the share of renew-
able fractions in the residential sector decreased while non-
renewable energy consumption increased. As a result, the 
residential sector of Turkey is less sustainable, considering 
exergetic sustainability. If the fraction of renewable energy 
can be improved with proper appliances, then the residential 
sector will be more sustainable from the exergetic point of 
view. The exergy destruction coefficient is the inverse of 
exergy efficiency. From 2000 to 2017, exergy destruction 
coefficient is decreased, but it is not up to the mark. Using 
efficient devices, especially cooking, lighting, and mechani-
cal energy-related appliances, can significantly improve 
exergetic sustainability.

Energy saving via efficient utilization

Turkey can save lots of energy in the residential sector by 
using efficient devices. For 2000, energy consumption in 
electricity was 86.26 PJ, shown in Table 3. Approximately 
35–38% of all electrical use was for lighting. Consider-
ing 36.5% average consumption of electricity for light-
ing, 31.48PJ of energy was used in 2000. The energy 
and exergy efficiencies (%) of lighting components are 
shown in Table 6. Utilizing this, energy products from 
fluorescent, incandescent, and light-emitting diode (LED) 
devices can be found.
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Lighting is assumed to be 80% incandescent and 20% 
fluorescent. Energy usage and energy product come from 
fluorescent, incandescent, and LED devices. If LED devices 

are only used for lighting, then (8.594–2.518) PJ = 6.08PJ 
energy can be saved.

Global perspective of energy and exergy 
of the residential sector analyses

This section compares Turkey’s residential sector’s exergy 
and energy efficiencies with other countries. Energy and 
exergy efficiencies in the residential sector of several coun-
tries are shown in Table 7. In the case of Turkey, residential 
sector energy efficiency ranges from 27.51 to 35.65%, which 
is just higher than in Nigeria, but Turkey’s residential sec-
tor exergy efficiency is between 25.85 and 34.06%, which is 
relatively higher than other countries. Bangladesh’s energy 
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Table 6  Energy and exergy efficiencies (%) of lighting components 
(Arslanoglu 2016)

Components Energy efficiency (%) Exergy 
efficiency 
(%)

Incandescent 5 4.5
Fluorescent 20 18.5
LED 27.3 21.8

Table 7  Global overview 
of energetic and exergetic 
comparison

Countries Year Energy efficiencies % Exergy efficiencies % References

Saudi Arabia 2007–2017 145 11.38 (Almasri et al. 2020)
Bangladesh 2000–2015 25.54–37.77 6.35–9.04 (Chowdhury et al. 2020b)
Nigeria 2006–2011 20.19 4.4 (Fidelis et al. 2014)
China 2002–2011 70.30 12.2 (Liu et al. 2014)
Japan 1990–2005 62.35 6.3 (Kondo 2009)
Malaysia 1997–2004 70 28 (Saidur et al. 2007)
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efficiency in the residential sector is almost the same as Tur-
key’s, but Bangladesh has lower exergy than Turkey due 
to the higher dependency on biofuel and natural gas-based 
inefficient devices. However, Turkey can further improve its 
exergy efficiencies via implementing energy-efficient heating 
apparatus, replacing lighting devices, and utilizing renew-
able resources.

Overview of the sustainability of the Turkish 
residential sector

Turkey’s demand for buildings grows with its increasing 
urbanization, population, and industrialization. As it tran-
spires, the sector must embrace possibilities to curtail the 
stress on the environment since it puts significant pressure 
on the environment. The harmful impact of the building 
sector on the environment can be minimized through waste 
minimization, energy efficiency, recycling and savings, and 
encouraging the utilization of renewable energy resources. 
The goal can be highly achievable because of Turkey’s abun-
dance of natural resources that allows a chance to use sus-
tainable energy sources such as wind, solar, and geothermal. 
It has been reported that heating and cooling systems in Tur-
key consume 70–90% of total building energy, and the rest is 
by lighting. Besides, the modern fuel infrastructure for space 
heating is also missing in Turkey. Another study found that 
old houses adopted conventional fuel (coal) rather than clean 
fuel due to their lack of environmental knowledge (Celik 
and Oktay 2019). Aslanoğlu et al. stated that the majority 
of the households in Turkey use incandescent and halogen 
lamps due to the high cost of LED (Aslanoğlu et al. 2021). 
These lamps are not energy-efficient and reduce the sustain-
ability of the building sector since they have higher energy 
loss. Besides, natural gas is used for cooking and mechanical 
purposes, with relatively low energy efficiency. Our analysis 
shows how LED devices can lead to energy and exergy sav-
ings, which is also validated by Aslanoğlu et al. (Aslanoğlu 
et al. 2021). Diffusion of electric cooking stoves needs to be 
happened in Turkey to enhance the sustainability of the resi-
dential sector. Moreover, people need to be educated more 
on clean cooking fuel to choose the best environmentally 
friendly fuel. Modern space heating system infrastructure 
should also be developed throughout the country.

Limitations of the study and future 
recommendations

The study has some limitations. The data utilized in this 
study has been collected from a secondary source (IEA). 
Some of the appliance’s energy and exergy efficiencies data 
were taken from published literature. Nevertheless, these 
restrictions do not influence the estimation of energy and 
exergy efficiencies, as other analyses also followed the same 

method to study this sector. A comprehensive survey should 
be conducted to estimate energy consumption data and fuel 
use behaviour patterns in the residential sector of Turkey. 
The survey-based study may provide more precise results 
about overall energy loss. Therefore, more accurate forecast-
ing of energy analysis can be demonstrated for new build-
ings to minimize energy loss. This approach may help better 
planning for future infrastructure in the country. Besides, 
the study is done in a steady-state condition but varying the 
pressure and temperature leads to future studies for better 
results (Muller and Yan 2018).

Research, practical, and social implications 
of the study

One of the promising solutions is the insulation of buildings 
to tackle these issues. For example, a well-insulated roof can 
reduce heat loss by 20% compared to no insulation. Heat loss 
was reduced to 15%, comparing exterior wall insulation to no 
insulation. Similarly, heat loss will be reduced by up to 15% 
if doors, as well as windows, are well insulated (Turan Bıyık 
2018). Especially for multi-family apartment buildings, the 
renovation of Turkish homes is underdeveloped. To reduce 
cooling and heating use, it is fundamental to create programs 
to deal with current apartment management cooperatives and 
homeowner associations to retrofit their buildings by improv-
ing access to proper financing, introducing incentives, and 
providing technical support on reinforcement. More than 8 
million buildings need energy performance certification (Utlu 
et al. 2021). Moreover, building certificate systems are essen-
tial to improving public awareness. To incorporate energy-
efficient technologies in new infrastructure or eco-friendly 
homes, mortgages or loans should be given.

Conclusions

It is an essential factor for countries to sustain their energy 
consumption needs. Energy is a critical component of an 
advanced and sustainable society. For Turkey’s booming 
economy, the energy needs to become sustainable which is 
very important. There is an important energy consumption 
place in the residential sector in Turkey. In this study, for the 
first time, sustainable indicators of Turkey have been deter-
mined based on exergy for the residential sector and analyzed 
comprehensively. Analysis results covered the years between 
2000 and 2017. In this study, sustainability indicators of Tur-
key’s residential sector have been identified with the first time 
thermodynamic-based approach. The sustainability index for 
Turkey ranges from 1.34 to 1.51. The higher the sustainability 
index, the better is the exegetic sustainability of the system. 
In Turkey, around 65.93 to 74.14% of fossil fuel is depleted 
in 18 years, which leads to lesser energetic sustainability. 
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Associative uncertainties of Monte Carlo simulations for 
energy and exergy sources showed that in maximum energy 
reduction, 86 PJ can be achieved annually by implementing 
renewable energy in the residential sector.

Turkey can improve its exergy efficiencies by implementing 
energy-efficient heating apparatus, replacing lighting devices, 
and utilizing renewable resources. For future studies, how 
exergy efficiency improvement methods based on the recom-
mendations from this study influences other sectors of Turkey 
can be explored. This will give an overview of overall exergetic 
sustainability in various sectors of Turkey. Furthermore, devel-
oping models to predict future energy situations in the residen-
tial sector of Turkey, along with more indicators such as waste-
exergy ratio, environmental effect factor, and exergy economic 
indicators, can be employed for better energy sustainability in 
Turkey. The analysis results of this study will be an essential 
source of data for policies to be followed by government bodies 
in the housing sector. As a result, Turkey’s residential sector 
identifies numerical findings as an essential source of reference 
literature in terms of sustainability.
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