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a b s t r a c t

In this paper, municipal solid waste (MSW) based electricity production and district heating (DH) po-
tential of Turkey are considered. Three MSW based waste-to-energy (WtE) scenarios is developed: (i)
Scenario-I, a DH system integrated into a gas turbine power plant (GTPP), (ii) Scenario-II, a DH system
integrated into an organic Rankine cycle (ORC), and (iii) Scenario-III, which is based solely on a DH
system. As a result of the thermodynamic and thermoeconomic analyzes of these developed scenarios
using an existing MSW-based cogeneration facility’s actual operating data, the system with the most
extended payback period (about 5 years) is found as the GTPP-DH system developed in Scenario-I, which
also has the highest investment cost. On the other hand, the system with the shortest payback period
(about 2 years) is found as the DH system developed in Scenario-III, which also has the lowest invest-
ment cost. Overall exergy efficiencies of the GTTP-DH, ORC-DH, and DH systems are found to be 41.86%,
16.15%, and 31.87%, respectively. When the developed WtE scenarios adapted to the pilot provinces
selected from each geographical region of Turkey, it is found that the GTPP system developed in Scenario-
I can increase the power generation capacity of MSW plants for each province by about 20%.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The basic principle in district heating (DH) is to evaluate the
heat sources that are likely to bewasted if they are not used. For this
purpose, a DH system should be designed to meet the heating
demands of local customers with a heat distribution network to use
these waste heat sources directly or indirectly. Today, the most
suitable candidate sources for DH are cogeneration and combined
heat and power generation plants, almost all industrial facilities
that intensively contain heat treatment and municipal waste fa-
cilities. In this context, municipal solid waste plants (MSWPs) and
wastewater treatment (WWT) facilities are far more suitable to be
evaluated within the scope of waste to energy (WtE). From theWtE
perspective, there is no doubt that renewable-based energy
. Tozlu), abusoglu@itu.edu.tr
aam@et.aau.dk (A. Anvari-
production units have more superiorities over fossil fuel-based
production units in terms of sustainable energy conversion and
environmental impact. Hence, MSWPs and WWTPs can be
considered as primary energy sources for a sustainable municipal
DH design.

Solid waste can be evaluated in three basic categories: munic-
ipal, industrial, and agricultural. Municipal solid waste (MSW) has
particular importance among these categories, based on its variable
composition and continuous production due to the human-
centered structure of urban life. In 2016, in the light of statistical
data fromworld cities, it was reported that 2.01 billion tons of MSW
was produced worldwide, corresponding to an average of 0.74 kg of
footprint per person per day (World Bank, 2020). The continuity of
municipal waste flow allows MSWPs to be considered renewable
energy sources with a high resource supply. Whether energy gen-
eration or waste disposal will be a priority in MSWPs determines
the choice of waste disposal method. Conventionally, composting,
landfilling, and incineration of solid waste have been the most
preferred disposal methods.
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1.1. Electricity production and DH based on MSWPs

Energy conversion from MSWPs can be classified within the
framework of WtE as follows:

C A steam turbine power plant integrated to an MSWP: In this
combined system, the energy generated by burning solid
waste in the boiler of a relatively smaller vapor power cycle
compared to a conventional thermal power plant is trans-
ferred to the water. The generated superheated steam is fed
to the steam turbine at high pressure and temperature and,
power is generated. The saturated steam exiting the steam
turbine can meet a DH system’s heat demand by giving its
energy to a cooling water line. As a result of burning solid
waste in the boiler of the cycle, both waste disposal is pro-
vided, and the heat required for the cycle is produced.

C A gas turbine power plant integrated to an MSWP: Conven-
tional gas turbine power plants are designed to burn natural
gas with a very high methane content. Therefore, for fuels
with variable compositions, such as synthetic gas (syngas),
which may be relatively difficult to burn in conventional
combustion chambers, it may be necessary to optimize the
combustion chamber or mix it with natural gas to provide a
suitable composition. Partial oxidation of solid waste by a
well-established gasification process enables syngas to be
produced. In this way, the volume of solid waste is reduced,
and its disposal is facilitated. Electricity and heat can be
produced by burning the syngas either in a gas turbine sys-
tem or in gas engines, depending on the gas content and
amount obtained.

C A landfill gas (LFG) engine-driven cogeneration system inte-
grated into an MSWP: After the regular storage of solid waste
in a closed dump area, the anaerobic decomposition of
organic wastes creates landfill gas. LFG mainly consists of
methane and carbon dioxide. Simultaneous electricity and
heat generation by burning LFG in a gas engine-driven
cogeneration system is an established technology. The heat
of the exhaust gas leaving the engine can be used to produce
more power (in addition to the electricity generated in the
gas engine) in an organic Rankine cycle (ORC) operating at a
relatively low source temperature. In the frame of WtE, the
heat of exhaust gas is preferably used to supply the heat
demand of a DH system.

In a comparative embodied energy analysis conducted by
Yazdani et al. (2020), it was reported that a power plant integrated
into an MSWP for a renewable fuel supply is much more sustain-
able and environmentally friendly than a fossil fuel power plant in
terms of fuel source and environmental impacts. Moreover, inMSW
power plants, the amount of solid waste going to the landfill de-
creases, as waste disposal through incineration is provided.
Bourtsalas et al. (2019) found that 63% of the WtE plants based on
MSWP in South Korea fit with the limits of energy recovery relation
as introduced by the EU (https://ec.europa.eu/envi, 2020) and
estimated that 8% of the DH demand in the country might be
provided by WtE facilities coupled to MSWPs. Ayodele et al. (2018)
considered both anaerobic digestion and LFG production methods
to generate biogas from MSW for electricity and heat generations.
They revealed the environmental impacts of these two methodol-
ogies using life cycle assessment (LCA) and evaluated both systems’
investments using total life cycle cost (TLCC). In a theoretical
research in which different simulation models developed for a
hydrogen production unit connected to an MSWP (Rudra and
Tesfagaber, 2019), it was revealed that indirect gasification using
steam has the highest hydrogen production potential. It was
2

emphasized that establishing a hydrogen production unit in an
MSWP where a DH system is integrated will minimize the facility’s
losses in energy conversion processes. Hognert and Nilsson (2016)
proposed a gasification scenario integrated into an MSWP for
electricity, heat, and hydrogen productions. They calculated the
optimum energy allocation as 29% for hydrogen production, 26% for
electricity generation and 45% for DH. One of the most remarkable
results of this study was that the system’s overall energy efficiency
reached its highest value with the heat used for DH during the cold
period of the year. Panepinto and Zanetti (2018) conducted an
environmental and economic analysis and evaluation of an existing
MSW incineration plant using its actual operational data. Their
results showed that a combined DH and cogeneration system in-
tegrated into the MSW incineration is a promising approach in
terms of both increasing the overall system efficiency and mini-
mizing environmental impacts. The vast majority of the published
works in the open literature consists of research studies in which
the energy recovery potential from MSWP is revealed within the
framework of WtE and evaluated with conventional energy and
economic analyses (Nami et al., 2019; Yang et al., 2018; Shapiro-
Bengtsen et al., 2020; Dalmo et al., 2019; Putna et al., 2018;
Trindade et al., 2018). While some of the other works constitute the
studies where the environmental impact values of energy recycling
processes from MSW are revealed (Nevrly et al., 2019; Magazzino
et al., 2020; Istrate et al., 2020; S€ozer and S€ozen, 2020), a few of
them are the review studies based on the estimation of energy
production potentials of MSWPs from the detailed waste in-
ventories of some countries (Ouda et al., 2016; Ofori-Boateng et al.,
2013).

In a study investigating the energy recovery potential of MSWPs
in the EU countries (Scarlat et al., 2019), it was reported that as of
2017, there were 251 combined heat and power generation sys-
tems, 161 power plants, and 94 DH systems operating integrated
into MSWPs in Europe. The total waste incineration capacities of
these plants were 93 million tons. In the Task 37 report (IEA, 2020)
of the IEA, biogas production in EU countries is classified according
to the following plant types: Landfill (MSW plants), wastewater
treatment plants, bio-waste, agricultural, and industrial. Table 1
shows, as of 2019, the current situation of the energy production
obtained from the facilities classified according to the sources by
the IEA bioenergy program for Task 37 member states in the EU.

1.2. The status of energy recovery from MSW in Turkey

According to current data taken from TurkStat (2020), almost all
local governments in the country (of about 99%) provide municipal
solid waste collection and disposal services to the citizens. By the
end of 2018, according to Turkey’s geographical regions, the num-
ber of municipalities providing solid waste collection services, the
amount of population served, the total annual amount of solid
waste, and the daily amount of solid waste per capita are shown in
Table 2.

As seen from Table 2 that the number of people who cannot
receive solid waste collection and disposal services in the country is
less than 1% of the total population. Considering the daily solid
waste amount per capita, Southeastern Anatolia Region (SAR) has
the lowest solid waste production with 0.96 kg, while the Aegean
Region (AR) has the highest amount with 1.32 kg. This situation is
directly related to the economic conditions and consumption habits
of the people of each region. Because when the annual income per
capita in the country is considered, it is seen that the population
with the lowest annual income lives in the Southeastern Anatolia
Region and the population with the highest income lives in the
Marmara and Aegean Regions. Despite this, the average daily solid
waste per capita generated in the Marmara Region (MAR) is lower



Table 1
Status of total annual energy production obtained from facilities classified according to the sources in the IEA Bioenergy program for Task 37 member states in the EU.

Facilities
Task 37
Members

MSWP (GWh/y) WWTP (GWh/y) Bio-waste (GWh/y) Agricultural (GWh/y) Industrial (GWh/y)

Power Heat Power Heat Power Heat Power Heat Power Heat

Austria 204.6 e 158.1 e e e 202.6 e e e

Denmark 47.0 e 308.0 e e e 3175.0 e 193.0 e

Estonia 9.8 e 0.3 e e e 31.8 5.6 e e

Finland 203.0 e 162.0 e 312.0 e 7.0 e 15.0 e

France 953.0 294.0 41.0 401.0 67.0 22.0 765.0 627.0 7.0 350.0
Germany 300.0 122.0 1490.0 2167.0 865.0 392.0 27,978.0 12,677.0 e e

Ireland 0.065 e e e 0.004 e 0.006 e 0.009 e

Sweden 143.0 e 715.0 e 961.0 e 61.0 e 143.0 e

Switzerland 2.0 e 633.0 e 345.0 e 400.0 e 75.0 e

Netherlands 41.0 66.0 220.0 420.0 311.0 1018.0 581.0 808.0 e e

UKa 4300.0 0.87 1280.0 0.20 1261.0 0.20 1205.0 0.19 271.0 0.04
Total 6203.5 482.9 5007.4 2988.2 4122.0 1432.0 34,406.4 14,118.0 704.0 350.0

a The UK left the EU on January 31, 2020.

Table 2
The MSW service data for each geographical region in Turkey as the end of 2018.

Regiona The total number of
municipalities in
each region

The number of municipalities
providing MSW services by
region in Turkey

The amount of
population receiving
MSW service

The ratio of the municipal population
receiving MSW service to the total
municipal population (%)

The total amount of
MSW collected
(tons/year)

The average amount
of MSW per capita
(kg/day)

MAR 312 312 33,882,830 100 15,067,245 1.22
AR 200 200 10,044,453 99 4,840,726 1.32
BSR 267 267 5,635,477 95 2,171,290 1.06
CAR 257 257 4,969,540 97 1,908,505 1.05
EAR 112 111 3,232,852 99 1,224,734 1.04
SAR 122 120 8,091,236 97 2,778,343 0.94
MER 129 128 10,096,152 99 4,218,380 1.14
Total 1399 1395 75,952,540 99 32,209,223 1.16

a MAR: Marmara Region; AR: Aegean Region; BSR: Black Sea Region; CAR: Central Anatolia Region; EAR: Eastern Anatolia Region; SAR: Southeastern Anatolia Region; MER:
Mediterranean Region.
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than the Aegean Region and this can only be explained by the
massive migration to the Marmara Region from the East and
Southeast regions of the country (see Table 2). These immigrants
with more modest and plain consumption habits are mostly in the
low-income group of the country.

There has been a high amount of energy investment in Turkey in
recent years to increase the shares of renewable energy and waste
sources on power and heat productions. As one of the results of
these investments, the number of MSW facilities has increased
because, in addition to being an inevitable part of local govern-
ments’ infrastructural services, these facilities also have the po-
tential to generate energy while disposing of waste. Disposal
methods of MSWs in Turkey and the annual distribution of the total
amount of solid waste disposed of by each method are shown in
Table 3. However, although their numbers are few, primitive
methods such as burning at open land or direct burial are also used
throughout the country to dispose of solid wastes. As seen from
Table 3, the most applied MSW disposal method is landfilling in
Table 3
Disposal methods of MSWs in Turkey and the total annual amount of MSW disposed of

Waste disposal method The number of municipalities The total a

Burning of MSW in the open land 6 6130
Storage in another municipality dump 24 49,279
Storage in own municipality dump 632 4,185,434
Storage in a metropolitan municipality dump 50 2,285,944
Other disposal processes 28 65,260
Other recovery processes 543 3,847,966
Landfilling 759 21,643,796
Burial 4 1955
Send to composting facility 20 122,923

3

Turkey. In landfill sites, 67% of the solid wastes collected
throughout the country are buried to produce landfill gas, and in
many of these facilities, either the biomethanization process is
carried out, or electricity is generated by burning LFG directly in gas
engines. However, fluidized bed solid waste incineration technol-
ogy for solid waste disposal is among the most preferred methods
in metropolitan areas where it is hard to find large areas where
solid waste can be buried for LFG generation. Most of the landfilling
sites in the country were put into operation in the last 15 years. As
of 2019, the number of MSW facilities in Turkey using the land-
filling method for LFG production and the associated power gen-
eration reached 43 plants (www.enerjiatlasi.gov.tr (, 2020). In
addition, it was reported that many more facilities are under con-
struction. The total installed power capacity of MSW power plants
for each geographical region in Turkey, as of 2019, is shown in Fig. 1.

In this study, first, three different MSW based WtE scenarios are
developed for DH and electricity production. Then, thermodynamic
and thermoeconomic analysis procedures and formulations are
by each method as of 2019.

mount of MSW by waste disposal methods for all municipalities in Turkey (tons/y)



Fig. 1. The total installed power capacity of MSW based power plants for each geographical region in Turkey, as of 2019.
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developed and applied to the MSW based WtE scenarios using the
actual operating data of the Gaziantep MSWP cogeneration unit.
Last, the developed scenarios based on the waste heat of the MSWP
is adapted to the six pilot provinces selected from each geograph-
ical region of Turkey. To the best of the authors’ knowledge, both
the methodology proposed in this paper and the literature survey
indicate that the present paper seems to be one of the compre-
hensive studies revealing the energy conversion potentials of
MSWPs in Turkey in terms of WtE.
2. WtE scenarios proposed for waste heat utilization of an
existing MSWP cogeneration system for electricity production
and DH

Gaziantep is located in the Southeastern Anatolia Region of
Turkey and includes about 1% of the country’s land area (approxi-
mately 6222 km2). The population of the city has approached three
million due to intense immigration from Syria in the last decade.
Due to the wealthy population distribution in Gaziantep based on
its industrial development and the population growth the city’s
annual electricity consumption per capita has increased to around
2560 kWh. The rapid growth of the Gaziantep industry in the last
four decades, especially in the fields of textile, plastic, food, and
carpet production, has also increased electricity consumption of the
city and brought about energy needs. With a total installed power
of 5.66 MW, the Gaziantep MSW cogeneration plant produces a
significant amount of energy in meeting the energy needs of the
city with energy recovery from landfill gas. The sanitary landfill,
established on an area of 32.3 ha, has a capacity of storing 10
million m3 of solid waste, and it is predicted that this landfill area
will meet the solid waste disposal needs of Gaziantep until 2046
(Tozlu et al., 2016). Fig. 2 shows the schematic layout of the Gaz-
iantep MSWP and its cogeneration facility.

In this study, three different WtE scenarios are developed to
produce electricity and provide DH from the gas engine’s exhaust
gas of the Gaziantep MSWP cogeneration system. The actual
operating data of the MSWP cogeneration facility is obtained from
one of the authors’ previously published papers (Tozlu et al.,
2018a). The proposed scenarios are as follows:
4

C DH system integrated into a gas turbine power plant
C DH system integrated into an ORC
C Direct utilization of exhaust gas of the Gaziantep MSWP

cogeneration plant to provide heat to a DH system

Note that the first two scenarios can provide both additional
electricity production and heat supply for a DH system, while the
third scenario can only supply heat for a DH network. The process
flows and working principles of these scenarios are presented in
the following subsections.
2.1. Scenario-I: DH system integrated into a gas turbine power
plant (GTPP-DH)

The Gaziantep MSW facility’s landfill gas is burned in the gas
engine-driven cogeneration unit, and 5.66 MW of electricity is
produced (Tozlu et al., 2016). In this scenario, the engine’s exhaust
gas is first used to supply heat to a gas turbine power plant (GTPP)
and then to a DH system. Thus, both electricity production and DH
are provided by the waste heat rejected from an existing MSW
cogeneration unit. The gas turbine power plant in this scenario is
designed as a double-compression supercritical CO2 cycle. The
plant consists of a waste heat recovery unit (WHRU), a gas turbine
(GT), a recuperator (REC), a low-pressure compressor (LPC), a high-
pressure compressor (HPC), a pre-cooler (PRE), and an intercooler
(INT). While designing the double-compression supercritical CO2
(SeCO2) gas turbine power plant, first, the inlet parameters of the
low-pressure compressor should be decided to keep the working
fluid in the supercritical region (for CO2, Tcrit ¼ 30.98 �C and
Pcrit ¼ 73.8 bar). Therefore, the temperature and pressure of SeCO2
are taken as 40 �C and 74 bar, respectively, for the low-pressure
compressor inlet. The pressure ratio between the low-pressure
compressor and gas turbine is 2.703. The effectiveness of the heat
exchangers is taken as 85%, and the isentropic efficiencies of the
compressors and gas turbine as 85% and 92%, respectively (Tozlu
et al., 2018a; Akbari and Mahmoudi, 2014; Ahn et al., 2015; Kouta
et al., 2017; Kim et al., 2016). After the CO2 exiting from the low-
pressure compressor passes through the intercooler and then en-
ters the high-pressure compressor. High pressurized CO2 passes
through the waste heat recovery unit to be heated and then enters



Fig. 2. The schematic layout of the Gaziantep MSWP and gas engine driven cogeneration facility (Tozlu et al., 2016).
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the gas turbine, where power is produced by expanding the gas.
The CO2 exiting the turbine first passes through the recuperator and
then enters the pre-cooler exchanger to transfer its heat to water.
Then, the CO2 sent back to the low-pressure compressor completes
the cycle.

The exhaust gas, which is used as a heat source for the GTPP, is
also used to supply heat to the DH system after leaving the waste
heat recovery unit of the GTPP. Thus, two useful outputs can be
provided from the exhaust gas (waste heat) of the GaziantepMSWP
cogeneration unit: electricity generated in the GTPP and heat
supplied to the DH system. The hot water obtained by the waste
heat provided by the exhaust gas in the first heat exchanger (HE-1)
of the DH system then enters the second heat exchanger (HE-2) to
transfer its heat to the closed-circuit water. Hence, hot water is
provided to dwellings for 24 h. The schematic flow layout of the
GTPP-DH system designed in Scenario-I is shown in Fig. 3.

2.2. Scenario-II: DH system integrated into an ORC (ORC-DH)

The system designed in Scenario-II is a DH system integrated
into an ORC. In this scenario, as in the previous one, the exhaust gas
discharged from the Gaziantep MSWP cogeneration unit is used as
the heat source for the ORC system. However, the exhaust gas
temperature is too high as a heat source temperature for ORC due to
its established design criteria. Thus, toluene with a very high
decomposition temperature is chosen as the working fluid to
benefit from this high-temperature source (Ozahi et al., 2018). The
ORC consists of an evaporator unit (EVAP), a turbine (OT), a
condenser (CON), and a pump (OP). After the exhaust gas transfers
its heat to the working fluid in the evaporator unit, it transfers the
remaining heat load to the water in the first heat exchanger (HE-1)
of the DH system. The toluene, which passes to the superheated
vapor phase by gaining heat from the exhaust gas in the evaporator
unit, enters the turbine where it is expanded to generate power.
After exiting the turbine, the working fluid that cools and con-
denses by transferring its heat to water in the condenser unit is
pressurized in the pump and sent back to the evaporator unit.
Hence, the cycle is completed. DH system works as defined
5

previously in Scenario-I. The schematic layout of the ORC-DH sys-
tem is shown in Fig. 4.

2.3. Scenario-III: DH system designed based on the direct utilization
of waste heat of the MSWP cogeneration

In this scenario, a DH system is designed to utilize all the waste
heat of the exhaust gas discharged from the Gaziantep MSWP
cogeneration unit directly as the heat source. In this design, the DH
system’s working principle is not different from previously pre-
sented scenarios in which DH systems are designed as integrated
with GTPP and ORC. The only difference is that the full energy
potential of the exhaust gas is evaluated in DH instead of producing
power. The schematic flow layout of the DH system is shown in
Fig. 5.

3. Thermodynamic and thermoeconomic evaluation
methodology for the proposed WtE scenarios

In this paper, thermodynamic and thermoeconomic analysis of
the WtE scenarios based on Gaziantep MSWP cogeneration unit
were carried out by using the actual operational data of the facility.
The governing thermodynamic and thermoeconomic relations,
including economic assumptions used in the analyses, are pre-
sented in Table 4 (Ozahi et al., 2018; Tozlu et al., 2018b). The
following assumptions are made for thermodynamic analysis:

C All subsystems in the developed scenarios operate in the
steady-state conditions.

C The values for the reference environment (dead state) tem-
perature and pressure are taken as 20 �C and 1.0 bar,
respectively.

C The kinetic and potential energy changes are negligible.
C The pressure losses taking place in the flows of working

fluids through the pipes and heat exchangers are negligible.
C The exhaust gas is assumed as air. The exhaust gas and the air

are assumed to be handled with sufficient accuracy by the
ideal gas model at all states considered in the analysis.



Fig. 3. The schematic flow layout of the GTPP-DH system (Scenario-I).
WHRU: Waste heat recovery unit; GT: Gas turbine; REC: Recuperator; INT: Intercooler; LPC: Low-pressure compressor; HPC: High-pressure compressor; PRE: Precooler; HE-1: Heat
exchanger e 1; HE-2: Heat exchanger e 2.

Fig. 4. The schematic flow layout of the ORC-DH system (Scenario II).
EVAP: Evaporator unit; OT: Organic turbine; CON: Condenser; OP: Organic pump; HE-1: Heat exchanger e 1; HE-2: Heat exchanger e 2.
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C The DH network operates in a closed circuit.
C There is no heat loss and water leakages in the pipelines.
C The effectiveness of each heat exchanger in the DH network

is considered as 0.88

The energy conversion and exergy efficiencies of each power
production system and each scenario are given in the equations as
follows:

GTTP:
6

hGTTP ¼
_WGT � _WHPC � _WLPC

_m1h1
(1)

εGTTP ¼
_WGT � _WHPC � _WLPC

_m1j1
(2)

ORC:



Fig. 5. The schematic flow layout of the DH system (Scenario-III).
HE-1: Heat exchanger e 1; HE-2: Heat exchanger e 2.

Table 4
The thermodynamic and thermoeconomic governing equations used in the analysis of the MSWP based WtE scenarios.

Thermodynamic relations Thermoeconomic relations

S _mi ¼ S _me _m; mass flow rate i; inlet

e; exit

_Z ¼ ðPEC *CRF *4Þ=ð3600 *NÞ _Z; capital cost rate

_Q � _W ¼ S _mehe � S _mihi _Q; net heat transfer
_W; net work transfer h; enthalpy

CRF ¼ irð1þ irÞn
ð1þ irÞn � 1

4 ¼ 1:06
n ¼ 15
N ¼ 8040
i ¼ 15%

CRF; capital recovery factor
4; maintenance factor
n; total life time
N; annual operation time
ir; interest rate

_ExHeat � _W ¼ S _meje � S _miji þ _ExD _ExHeat ; net exergy transfer
j; specific flow exergy

PECHeatExc ¼ 2681ðAHeatExcÞ0:59
PECPump ¼ 1120ð _WpumpÞ0:8

PEC; Purchased equipment costs
HeatExc; Heat exchanger

j ¼ ðh � h0Þ� T0ðs � s0Þ s; entropy

T; Temperature

0; dead state

_Qk ¼ UkAkLMTD _Qk ; heat exchanger load
Ak; heat transfer area k; component

_Ex ¼ _mj _Ex; Exergy rate U ¼ 0:7 U; heat transfer coefficient
_Wnet ¼ _mwf ½ðht;i � ht;eÞ � ðhp;e � hp;iÞ� _Wnet ; net power LMTD ¼

ððTH;i � TC;eÞ � ðTH;e � TC;iÞÞ
ln

ðTH;i � TC;eÞ
ðTH;e � TC;iÞ

LMTD; logarithmic mean temperature difference
H; hot, C; cold

_Qin ¼ _mwf ðhi � heÞ _Qin; heat transferred to the working
fk ¼

_Zk
_Zk þ cf ;k, _ExD;k

fk; exergoeconomic factor cf; unit exergy cost of fuel

h ¼
�
energy in products
total energy input

�
¼

_Wnet
_Qin

h; energy efficiency rk ¼ cp;k � cf ;k
cf ;k

rk; relative cost difference cp; unit exergy cost of product

ε ¼
�
exergy in products
total exergy input

�
¼

_Wnet
_mwf ji

ε; exergy efficiency _DD;k ¼ cf ;k _ExD;k _DD;k; exergy destruction cost rate
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hORC ¼
_WOT � _WOP

_m1h1
(3)

εORC ¼
_WOT � _WOP

_m1j1
(4)

Scenario I: GTPP-DH

hGTTP�DH ¼
_WGT � _WHPC � _WLPC þ _m16ðh16 � h17Þ

_m1h1
(5)

εGTTP�DH ¼
_WGT � _WHPC � _WLPC þ _m16ðj16 � j17Þ

_m1j1
(6)

Scenario II: ORC-DH
7

hORC�DH ¼
_WOT � _WOP � _m10ðh10 � h11Þ

_m1h1
(7)

εORC�DH ¼
_WOT � _WOP � _m10ðj10 � j11Þ

_m1j1
(8)

Scenario III: DH

hDH ¼ _m3ðh3 � h4Þ
_m1h1

(9)

εDH ¼ _m3ðj3 � j4Þ
_m1j1

(10)



Table 6
Energy and exergy analysis results for the subsystems of the GTPP-DH scenario.

Component _Q (kW) _W(kW) _ExF (kW) _ExP(kW) _ExD(kW) ε (%)

WHRU �3211.0
2729.4

e 1947.0 1391.0 556.0 71.4

GT e 1463.0 1517.0 1463.0 54.0 96.5
REC �5726.0

4867.1
e 1948.0 1880.0 68.0 96.5

PRE �722.4
614.0

e 76.0 14.0 62.0 18.7

LPC e �231.0 231.0 202.0 28.0 87.5
HPC e �137.0 137.0 118.0 19.0 86.5
INT �1723.0

1464.5
e 187.0 50.0 137.0 26.7

GTPP 3211.0 1095.0 2087.2 1095.0 992.2 52.5
HEX-1 �5129.0

4513.5
e 2028.0 961.0 1067.0 47.4

PUMP e �3.6 3.6 3.4 0.1 96.9
HEX-2 �4513.5

3971.9
e 965.0 466.0 499.0 48.3

DH 5129.0 e 1959.0 312.3 1646.5 15.9
GTPP-DH system 3971.9 1091.4 4045.7 1403.7 2642.0 34.7
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4. Results and discussion

4.1. Thermodynamic analysis results of the Scenario-I: GTPP-DH
system

GTPP-DH system designed for Scenario-I is divided into ten
subsystems, as shown schematically in Fig. 3. The thermodynamic
relations of these subsystems are formulated using the governing
equations given in Table 4. The temperature, pressure, and mass
flow rate data and specific exergy evaluations of the Scenario-I,
according to the nomenclatures shown in Fig. 3, are presented in
Table 5. The energy and exergy calculations are done using com-
mercial software with built-in thermodynamic property functions
for a variety of substances (Klein, 2018). Energy and exergy analysis
results for the subsystems of the GTPP-DH scenario are presented in
Table 6.

According to the thermodynamic analysis results, the GTPP
produces 1091.4 kW net power output. Energy conversion and
exergy efficiencies of the GTPP are found to be 7.87% and 22.25%,
respectively. Note that the heat added to each power production
system (GTPP in Scenario I and ORC in Scenario II) is equal to the
heat resulting from the exhaust gas (state 1 in Figs. 3 and 4)
released by the MSWP cogeneration unit. Energy conversion effi-
ciency accounts for how much waste heat sourced by the MSWP
cogeneration unit can be converted into the power produced by
GTPP or ORC, based on the fact that heat and work are equal
quantities according to the first law of thermodynamics. On the
other hand, the exergy efficiency of each power production unit
accounts for howmuch of the exergy rate of the waste heat sourced
by the MSWP cogeneration unit can be converted into power
production. Hence, exergy efficiency reveals that the exergy de-
structions during the flowing of the waste stream through pro-
cesses, and that by the second principle (exergy destruction) of the
second law of thermodynamics states that heat and work are not
equal qualitatively.

Exhaust gas entering the waste heat recovery unit of the GTPP
with a temperature of 566 �C and a pressure of 1.9 bar is left from
this unit at approximately 382 �C and enters the HE-1 unit of the
Table 5
GTPP-DH data, thermodynamic properties, and exergies of the Scenario-I with respect to

State Fluid T
ð�CÞ

P
ðbarÞ

_m
ðkg=sÞ

0 CO2 20.0 1.0 e

00 Water 20.0 1.0 e

000 Air 20.0 1.0 e

1 Exhaust 566.7 1.9 16.00
2 Exhaust 381.8 1.9 16.00
3 CO2 376.6 200.0 11.09
4 CO2 546.7 200.0 11.09
5 CO2 426.6 74.0 11.09
6 CO2 73.1 74.0 11.09
7 CO2 40.0 74.0 11.09
8 CO2 78.9 121.7 11.09
9 CO2 40.0 121.7 11.09
10 CO2 53.1 200.0 11.09
11 Water 20.0 1.0 15.16
12 Water 42.0 1.0 15.16
13 Water 20.0 1.0 10.49
14 Water 34.0 1.0 10.49
15 Exhaust 71.0 1.9 16.00
16 Water 130.0 6.0 17.83
17 Water 70.0 6.0 17.83
18 Water 130.0 6.0 17.83
19 Water 70.0 4.0 17.83
20 Water 68.0 4.0 52.80
21 Water 50.0 4.0 52.80
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DH system. Exhaust gas exiting the HE-1 unit at 71 �C is released
directly into the atmosphere. Considering the DH scenarios based
on waste heat developed in this paper, the number of dwellings of
which heating demands provided by the DH system can be deter-
mined for Gaziantep province. To be able to apply each scenario to
the dwellings in Gaziantep, the heating loads of the medium-sized
(100e150 m2) houses in this province may be calculated first. To
determine the heating loads of the dwellings, we need to know
their annual natural gas consumption. The data required is taken
from the 2019 Natural Gas Sector Report of the Natural Gas Dis-
tribution Companies Association of Turkey (GAZBIR) (Natural Gas
Distribution Companies Association of Turkey (GAZBIR), 2019). It
is reported that the total annual natural gas consumption of an
average dwelling in Gaziantep is about 1177 m3 (Natural Gas
Distribution Companies Association of Turkey (GAZBIR), 2019),
which corresponds to an annual heating load of about 0.9144 kW.
Considering this annual heating load per dwelling, the heat
state points in Fig. 3

h
ðkJ=kgÞ

s
ðkJ=kg:KÞ

j
ðkJ=kgÞ

_Ex
ðkWÞ

�5.168 �0.0140 e e

83.930 0.2962 e e

293.600 5.6820 e e

866.200 6.5900 306.4 4903.0
665.500 6.3210 184.8 2956.0
315.100 �0.2889 400.8 4446.0
524.200 �0.0030 526.2 5837.0
392.300 �0.0136 389.4 4320.0
�19.440 �0.8129 219.9 2440.0
�84.580 �1.0120 213.4 2364.0
�63.710 �1.0030 231.4 2566.0
�211.600 �1.4500 214.5 2379.0
�199.300 �1.4440 225.2 2498.0
83.930 0.2962 0.0 0.0
175.900 0.5989 3.3 49.9
83.930 0.2962 0.0 0.0
142.500 0.4913 1.4 14.2
344.800 5.6590 58.0 927.6
546.600 1.6340 70.4 1256.0
293.500 0.9546 16.5 294.8
546.600 1.6340 70.4 1256.0
293.300 0.9547 16.3 291.3
284.900 0.9303 15.1 799.1
209.700 0.7036 6.3 333.3



Table 8
Energy and exergy analysis results for the subsystems of the ORC-DH scenario.

Component _Q (kW) _W(kW) _ExF (kW) _ExP(kW) _ExD(kW) ε(%)

EVAP �7226.0
6142.1

e 3725.0 2295.0 1430.0 61.6

OT e 590.0 648.0 590.0 58.0 91.1
CON �5557.0

4723.5
e 1652.0 169.0 1483.0 10.2

OP e 6.2 6.2 5.6 0.6 89.9
ORC 7226.0 583.8 4697.0 584.0 4113.0 12.4
HEX-1 �1117

983.0
e 250.0 209.0 41.0 83.5

PUMP e 0.8 0.8 0.7 0.1 95.4
HEX-2 �983.0

865.0
e 210.0 101.0 109.0 48.3
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demand of 4344 dwellings can be provided using the DH model
developed in Scenario-I. Exergy efficiency of the DH system of
Scenario-I is found to be 15.9%, which makes the DH system the
most exergy destructive subsystem of the GTPP-DH scenario.
Exergy destruction in the DH system is caused by the high mean
temperature difference of about 226 �C. As a result, the tempera-
ture difference of the flows should be minimized to reduce exergy
destruction. This can be achieved by increasing the heat transfer
area of the heat exchangers. The overall exergy efficiency of the
GTPP-DH system is found to be 41.86%, which proves that exergy
transfer by heat is inevitably degraded mostly due to the high-
temperature differences between systems’ boundary and the
environment.
DH 1117.0 e 189.8 68.0 121.8 35.8
ORC-DH System 865.0 583.0 4886.6 651.0 4235.6 13.3
4.2. Thermodynamic analysis results of the Scenario-II: ORC-DH
system

ORC-DH system designed for Scenario-II is divided into seven
subsystems, as shown schematically in Fig. 4. The temperature,
pressure, andmass flow rate data and specific exergy evaluations of
the Scenario-II, according to the nomenclatures shown in Fig. 4, are
presented in Table 7. Energy and exergy analysis results for the
subsystems of the ORC-DH scenario are presented in Table 8.

The net power output of the ORC is found as 583.0 kW. Energy
conversion and exergy efficiencies of the ORC are found to be 4.20%
and 11.89%, respectively. Exhaust gas entering the evaporator unit
of the ORC with a temperature of 566 �C and a pressure of 1.9 bar is
left from this unit at approximately 140 �C and enters the HE-1 unit
of the DH system. Exhaust gas exiting the HE-1 unit at 70 �C is
released directly into the atmosphere. Considering the annual
heating load of 0.9144 kW per dwelling for Gaziantep province as
we previously did in Scenario-I, the heat demand of 946 dwellings
can be provided using the DH model developed in Scenario-II.
Exergy efficiency of the DH system is found to be 17.80% while
the overall exergy efficiency of the ORC-DH system is 16.15%.
4.3. Thermodynamic analysis results of the Scenario-III: DH system

In the Scenario-III, which is designed to utilize all the exhaust
gas energy directly for DH, there is no power generation as in
previous scenarios. DH system designed here is divided into three
subsystems, as shown schematically in Fig. 5. The temperature,
pressure, andmass flow rate data and specific exergy evaluations of
Table 7
ORC-DH data, thermodynamic properties, and exergies of the Scenario-II with respect to

State Fluid T
ð�CÞ

P
ðbarÞ

_m
ðkg=sÞ

0 Toluene 20.0 1.0 e

00 Water 20.0 1.0 e

000 Air 20.0 1.0 e

1 Exhaust 566.7 1.9 16.00
2 Exhaust 140.0 1.9 16.00
3 Toluene 115.2 5.8 8.90
4 Toluene 303.6 5.8 8.90
5 Toluene 266.9 1.2 8.90
6 Toluene 115.0 1.2 8.90
7 Water 20.0 1.0 51.33
8 Water 42.0 1.0 51.33
9 Exhaust 71.0 1.9 16.00
10 Water 130.0 6.0 3.88
11 Water 70.0 6.0 3.88
12 Water 130.0 6.0 3.88
13 Water 70.0 4.0 3.88
14 Water 68.0 4.0 11.49
15 Water 50.0 4.0 11.49
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the Scenario-III, according to the nomenclatures shown in Fig. 5, are
presented in Table 9. Energy and exergy analysis results for the
subsystems of the DH scenario are presented in Table 10. Exhaust
gas entering the HE-1 unit of the DH with a temperature of 566 �C
and a pressure of 1.9 bar is left from this unit at approximately 70 �C
and is released directly into the atmosphere. Considering the
annual heating load of 0.9144 kW per dwelling for Gaziantep
province, the heat demand of 7069 dwellings can be provided using
the DHmodel developed in Scenario-III. Exergy efficiency of the DH
system is found to be 31.87%.

In each scenario developed in this paper, the cogeneration
plant’s exhaust gas, which operates connected to the Gaziantep
MSWP and produces electricity by burning the LFG obtained (Tozlu
et al., 2016), is utilized as the heat source or, so to speak, as the fuel.
In Scenarios I and II, the exhaust gas first enters the power pro-
duction systems and provides heat, then it is released to the at-
mosphere after providing heat to the DH systems integrated into
those power production systems. In Scenario-III, the exhaust gas is
discharged into the atmosphere after providing heat directly to the
DH system. Therefore, while calculating the exergy rate of the fuel
in each facility, the total exergy ratio of the fuel entering that facility
is found by summing up the states’ physical exergy values where
the exhaust gas enters the equipment that provides heat in the
facility. The exergy ratio of the product is equal to the sum of the
exergy values of the useful outputs produced by each system, i.e.,
the exergy value of heat rate supplied to DH and net electricity
state points in Fig. 4

h
ðkJ=kgÞ

s
ðkJ=kg:KÞ

j
ðkJ=kgÞ

_Ex
ðkWÞ

�166.60 �0.4933 e e

83.93 0.2962 e e

293.60 5.6820 e e

866.20 6.5900 306.40 4903.0
414.60 5.8440 73.64 1178.0
9.49 0.0230 24.76 220.5
699.40 1.4970 282.50 2515.0
633.10 1.5190 209.70 1867.0
8.89 0.0230 24.14 214.9
83.93 0.2962 0.00 0.0
175.90 0.5989 3.28 168.8
344.80 5.6590 57.97 927.6
546.60 1.6340 70.43 273.2
293.50 0.9546 16.53 64.14
546.60 1.6340 70.43 273.2
293.30 0.9547 16.34 63.4
284.90 0.9303 15.14 173.9
209.70 0.7036 6.312 72.5



Table 9
DH data, thermodynamic properties, and exergies of the Scenario-III with respect to state points in Fig. 5

State Fluid T
ð�CÞ

P
ðbarÞ

_m
ðkg=sÞ

h
ðkJ=kgÞ

s
ðkJ=kg:KÞ

j
ðkJ=kgÞ

_Ex
ðkWÞ

00 Water 20.0 1.0 e 83.93 0.2962 e e

000 Air 20.0 1.0 e 293.6 5.6820 e e

1 Exhaust 566.7 1.9 16.00 866.2 6.5900 306.40 4903.0
2 Exhaust 71.0 1.9 16.00 344.8 5.6590 57.97 927.6
3 Water 130.0 6.0 29.00 546.6 1.6340 70.43 2042.0
4 Water 70.0 6.0 29.00 293.5 0.9546 16.53 479.4
5 Water 130.0 6.0 29.00 546.6 1.6340 70.43 2042.0
6 Water 70.0 4.0 29.00 293.3 0.9547 16.34 473.8
7 Water 68.0 4.0 85.87 284.9 0.9303 15.14 1300.0
8 Water 50.0 4.0 85.87 209.7 0.7036 6.312 542.0

Table 10
Energy and exergy analysis results for the subsystems of the DH scenario.

Component _Q (kW) _W(kW) _ExF (kW) _ExP(kW) _ExD(kW) ε(%)

HEX 1 �8342
þ7345

e 3975.0 1563.0 2412.0 39.3

PUMP e 5.8 5.8 5.6 0.2 96.5
HEX 2 �7345

þ6463
e 1568.0 758.0 810.0 48.3

DH System 6463 e 5422.3 508.1 4914.2 9.4

Table 11
Exergy flow rates, unit exergy costs and cost flow rates of the GTPP-DH scenario with
respect to state points in Fig. 3

State _Ex(kW) c($/GJ) _C($/h)

1 4903.0 3.21 56.65
2 2956.0 3.21 34.16
3 4446.0 4.88 78.12
4 5837.0 4.85 101.9
5 4320.0 4.85 75.44
6 2440.0 4.85 42.60
7 2364.0 4.85 41.28
8 2566.0 4.85 44.82
9 2379.0 4.85 41.55
10 2498.0 4.88 43.89
11 0.0 0.00 0.00
12 49.9 19.45 3.49
13 0.0 0.00 0.00
14 14.2 28.96 1.48
15 927.6 3.21 10.72
16 1256.0 6.78 30.63
17 294.8 6.78 7.19
18 1256.0 6.72 30.39
19 291.3 6.72 7.05
20 799.1 13.92 40.04
21 333.3 13.92 16.70

Table 12
Exergy flow rates, unit exergy costs and cost flow rates of the ORC-DH scenario with
respect to state points in Fig. 4

State _Ex(kW) c($/GJ) _C($/h)

1 4903.0 3.21 56.65
2 1178.0 3.21 13.62
3 220.5 12.05 9.56
4 2515.0 5.94 53.79
5 1867.0 5.94 39.94
6 214.9 11.74 9.09
7 0.0 0.00 0.00
8 168.8 51.27 31.17
9 927.6 3.21 10.72
10 273.2 3.85 3.79
11 64.1 3.85 0.89
12 273.2 3.76 3.69
13 63.4 3.76 0.86
14 173.9 7.78 4.87
15 72.5 7.78 2.03

Table 13
Exergy flow rates, unit exergy costs and cost flow rates of the DH scenario with
respect to state points in Fig. 5

State _Ex(kW) c($/GJ) _C($/h)

1 4903.0 3.21 56.65
2 927.6 3.21 10.72
3 2042.0 8.17 60.03
4 479.4 8.17 14.09
5 2042.0 8.13 59.76
6 473.8 8.13 13.86
7 1300.0 16.83 78.74
8 542.0 16.83 32.84
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output. Thus, the total exergy destruction of the overall system
developed in each scenario can be found from the difference be-
tween the total exergy rate of fuel and the total exergy rate of the
product(s). Similarly, each system’s exergy efficiency is obtained by
dividing the total exergy rate of the useful outputs produced by the
total exergy rate of fuel entering the system.

4.4. Thermoeconomic analysis results of WtE scenarios

Solving the linear system consisting of related thermoeconomic
equations given in Table 4, the cost flow rates and unit exergetic
costs associated with each scenario can be obtained. These results
are given in Tables 11e13. For the system designed in each scenario,
the cost flow rate depending on the exergy of the waste heat
(exhaust gas) entering the system is determined as 56.65 $/h. This
cost was obtained due to the thermoeconomic analysis of the
10
Gaziantep MSWP cogeneration unit performed in one of the au-
thors’ previously published studies (Ozahi et al., 2018).

While conducting the thermoeconomic analysis of the sce-
narios, the purchased equipment cost (PEC) of each subcomponent
in the system is of great importance in determining the total in-
vestment costs. In this study, PEC relations used for each subsystem
of the scenarios are given in Table 14 by referring to the authors’
previously published works (Ozahi et al., 2018; Tozlu et al., 2018b).
PEC values for each subcomponent of the developed scenarios are
calculated using the relations given in Table 14 and presented in
Table 15.

As seen in Table 15, the scenario with the highest total invest-
ment cost is found as GTPP-DH, while the lowest total investment
cost is the DH system. Simultaneous electricity production and heat
supply for DH make the total initial costs for both GTPP-DH and
ORC-DH the high compared to the DH system, which only provides
heat to dwellings. Comparative thermoeconomic indicators of the
scenarios are given in Table 16. As seen, the number of dwellings of



Table 14
PEC relations of the subsystems for the developed scenarios.

Component PEC relation

WHRU PECWHRU ¼ 2681ðAWHRUÞ0:59

GT PECGT ¼ 4405ð _WGT Þ0:7
REC PECREC ¼ 2681ðARECÞ0:59
PRE PECPRE ¼ 2143ðAPREÞ0:514
LPC and HPC

PECCOMP ¼ 71:1

2
4 _mCO2

0:92� hc

3
5ðPR

1
AðlnðPRGT

1
A

INT PECINT ¼ 2143ðAINT Þ0:514
EVAP PECEVAP ¼ 130ðAEVAP=0:093Þ0:78
OT

PECOT ¼

0
B@1536* _mwf

0:92� hOT

1
CA*lnðPRORCÞ*ð1 þ expð0:036 *T4 � 54:4ÞÞ

CON PECCON ¼ 1773ð _mwf Þ
OP PECOP ¼ 3540ð _WOPÞ0:71
HEX-1 PECHEX1 ¼ 2681ðAHEX1Þ0:59
HEX-2 PECHEX2 ¼ 2681ðAHEX2Þ0:59
Pump PECPump ¼ 1120ð _WPumpÞ0:8
Pipeline System PECPL ¼ 6:66ðLPLÞ
Pipeline Insulation PECPI ¼ LPIð0:3048Þ�1

Table 15
The PEC values for each subcomponent of the developed scenarios.

Component Scenario-I
GTPP-DH (US$)

Scenario-II
ORC-DH(US$)

Scenario-III
DH (US$)

WHRU 65,443 e e

LPC 30,285 e e

HPC 30,285 e e

REC 69,654 e e

INT 11,269 e e

PRE 7909 e e

GT 723,904 e e

EVAP e 59,330 e

OT e 314,419 e

CON e 15,785 e

OC e 12,984 e

HEX-1 53,845 93,011 54,774
HEX-2 56,226 22,864 74,912
Pump 2683 779 3892
Pipeline 130,814 45,200 151,960
Pipeline insulation 64,377 22,244 74,884
Total PEC 1,246,694 586,616 360,321
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which heat demand is met by the DH system developed in
Scenario-III is significantly higher than those by other scenarios.
Considering the initial investment costs of the scenarios (see
Table 15), the system with the lowest PEC is the DH system
developed in Scenario-III. On the other hand, the unavoidable
exergy destruction created during the exergy transfer of heat
Table 16
Comparison of the economic indicators of the developed scenarios.

Unit

Total installed power capacity (kW)
Electricity production cost ($/kWh)
Monetary gain provided by the power production ($/h)
Required pipeline length for the DH system (m)
Number of dwellings heated by the DH system (�)
Monetary gain provided by the DH system ($/h)
Total capital cost rate ($/h)
Payback period (year)

11
makes this DH scenario, among all scenarios developed in this
study, the lowest exergy efficient system of which the only bene-
ficial output is to provide heat to the dwellings. (see Table 10). As a
matter of fact, in Table 13, the exergetic cost flow rate of the hot
water supplying heat to the dwellings in Scenario-III (State 7) is
calculated as 78.74 $/h, which is dramatically higher than those of
other scenarios. The corresponding value for Scenario-I is found to
be 40.14 $/h (see Table 11), while for Scenario-II, it is 4.87 $/h (see
Table 12). However, using a waste heat source for DH is an
economically and environmentally convenient choice depending
on the number of dwellings whose heat demands aremet. Since the
beneficial recovery of waste heat through DH systems does not
require high initial investment costs, the DH system’s payback
period developed in Scenario-III is shorter compared to the other
DH scenarios integrated into the power generation systems
developed in this study (see Table 16). The total initial investment
cost of the GTPP-DH system developed in Scenario-I, and accord-
ingly, the payback period is the highest value among all scenarios.
On the other hand, the monetary gain of the GTPP-DH due to
electricity generation is more than twice the ORC-DH system that
also produces electricity. However, the monetary gain arising from
the heat provided by the GTPP-DH system to the DH system is the
lowest value among all scenarios (see Table 16).
Scenario I
GT-DH

Scenario II
ORC-DH

Scenario III
DH

1091 583 e

0.072 0.090 e

66.42 23.78 e

19,622 6780 22,794
4344 946 7069
18.04 46.06 64.77
28.11 13.23 8.12
4.99 2.84 1.88



Table 17
The data and status of MSWP based power production and natural gas consumption for each pilot province.

Province Region Installed power (MWh) Waste amount (tons/day) LFG production (kg/s) Exhaust gas (kg/s) Annual NG consumption (m3) NG price ($/m3)

Gaziantep SAR 5.66 1500 0.760 16.00 1177 0.205
Adana MER 15.57 4127 2.091 44.01 812 0.244
Aydın AR 3.60 954 0.483 10.18 859 0.263
Bursa MAR 9.80 2597 1.316 27.70 818 0.197
Elazı�g EAR 2.83 750 0.380 8.00 1058 0.208
Trabzon BSR 4.24 1124 0.569 11.98 944 0.224
Sivas CAR 2.82 747 0.379 7.97 1025 0.209
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5. Application of the proposed MSW based WtE scenarios to
the pilot provinces in each geographical region of Turkey

The MSW based WtE scenarios developed in the previous sec-
tions are adapted to the pilot provinces selected from each
geographical region of Turkey by considering the capacities of
MSWPs of these provinces. The MSWP capacity of each province is
first obtained from TurkStat (2020). The total installed power based
onMSW, total daily amount of solid waste, LFG production, exhaust
gas flow rate, the annual amount of average natural gas (NG) con-
sumption, and natural gas price are given in Table 17 for each
province.
5.1. Assessment of electricity productions and DH potentials of pilot
provinces based on GTPP-DH scenario

To adapt the GTPP-DH system developed in Scenario-I to the
selected pilot provinces, thermodynamic and thermoeconomic
analyses are performed using actual operating data of MSWP and
cogeneration unit in each pilot province. The results are given in
Table 18. As can be seen, in addition to the existing gas engine
cogeneration plants that generate electricity by burning the LFG
obtained in the MSW plants, the GTPP system developed in
Scenario-I can increase the power generation capacity of MSW
plants for each province by about 20%. Besides, as a result of the
adaptation of the DH system developed within Scenario-I’s scope to
the pilot provinces, the heat demand of the dwellings in varying
numbers to each province can be met. The exhaust gas flow rate
from the MSW plant cogeneration unit is different for each prov-
ince as shown in Table 17. The flow rate of the exhaust gas varies
depending on the amount of electricity generated in the cogene-
ration plant and, accordingly, the flow rate of the LFG burned in the
gas engine. When the payback periods calculated for each province
are compared (see Table 18), it is seen that the increase in the
exhaust gas flow rate is inversely proportional to the payback pe-
riods. Another critical factor affecting the payback period is the
natural gas unit price in each province. For instance, the main
reason for having a higher payback period of the adapted GTPP-DH
scenario in Aydın province is that the natural gas unit price applied
in this province is the highest among all the provinces (see
Table 18
The electricity production and DH potential of each province based on GTPP-DH scenari

Province Geographical
Region

Power
production
(MWh)

The number of dwellings
provided heat with the DH
system

PECGT

(x103US$)
PECDH
(x103US

Gaziantep SAR 1.09 4344 938.75 307.89
Adana MER 3.01 11,955 1914.00 742.82
Aydın AR 0.70 2766 684.70 210.35
Bursa MAR 1.90 7525 1380.00 494.20
Elazı�g EAR 0.55 2173 579.08 172.25
Trabzon BSR 0.82 3254 766.95 241.04
Sivas CAR 0.55 2165 577.57 171.70
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Table 17).

5.2. Assessment of electricity productions and DH potentials of pilot
provinces based on ORC-DH scenario

To adapt the ORC-DH system developed in Scenario-II to the
selected pilot provinces, thermodynamic and thermoeconomic
analyses are performed using actual operating data of MSWP and
cogeneration unit in each pilot province. The results are given in
Table 19. As seen from the table, the ORC system developed in
Scenario-II can increase the power generation capacity of MSW
plants for each province by about 10%. The main reason for the
lower electricity generation amount of ORC is that this system’s
energy conversion efficiency is generally low. Thus, although both
systems use exhaust gas at the same temperature and flow rate as a
heat source, electricity generation with ORC is always lower than
GTPP. Compared to the DH system adapted within Scenario-I’s
scope, the heat demands of fewer dwellings can be met with the
DH system developed in Scenario-II. This is because the exhaust gas
used as the heat source enters the DH system at around 380 �C in
Scenario-I, while it enters the DH system in Scenario-II at 140 �C.
However, considering total investment costs and payback periods
of both scenarios, the ORC-DH scenario can be accepted as
economically more affordable than the GTPP-DH scenario.

5.3. Assessment of DH potentials of pilot provinces based on DH
scenario

To adapt the DH system developed in Scenario-III to the selected
pilot provinces, thermodynamic and thermoeconomic analyses are
performed using actual operating data of MSWP and cogeneration
unit in each pilot province. The results are given in Table 20. When
Scenario-III, in which all of the exhaust gas discharged from the
MSW plant cogeneration unit is utilized in the DH system, is
adapted, the number of dwellings provided heat in each pilot
province increases significantly. This system is also economically
more advantageous as compared to GTPP-DH and ORC-DH systems
when the total investment cost and payback period are considered.
However, it is worth noting that when it comes to the quality of
energy, it is a fact that electricity is more valuable than heat.
o.

$)
PECTotal

(x103US$)
Total capital
cost rate
($/h)

Monetary gain
provided by the
GTPP ($/h)

Monetary gain
provided by the DH
system ($/h)

Payback
period
(year)

1246.65 28.11 66.42 18.04 4.99
2656.82 59.91 198.90 16.36 4.17
895.05 20.18 40.27 15.85 5.39
1874.20 42.26 121.00 19.00 4.53
751.34 16.94 30.68 14.51 5.62
1007.98 22.73 48.31 16.71 5.24
749.27 16.89 30.55 14.48 5.63



Table 19
The electricity production and DH potential of each province based on ORC-DH scenario.

Province Geographical
Region

Power
production
(MWh)

The number of dwellings
provided heat with the DH
system

PECORC
(x103US$)

PECDH

(x103US$)
PECTotal

(x103US$)
Total capital
cost rate
($/h)

Monetary gain
provided by the
ORC ($/h)

Monetary gain
provided by the DH
system ($/h)

Payback
period
(year)

Gaziantep SAR 0.58 946 402.50 184.10 586.62 13.23 23.78 46.06 2.84
Adana MER 1.61 3771 1066.00 401.76 1467.76 33.08 67.18 121.7 2.63
Aydın AR 0.37 825 261.20 130.73 391.93 8.836 14.93 29.93 2.95
Bursa MAR 1.02 2356 681.80 279.78 961.65 21.68 41.82 77.9 2.72
Elazı�g EAR 0.29 526 207.60 103.88 311.47 7.023 11.64 23.7 2.98
Trabzon BSR 0.44 883 305.20 142.66 447.82 10.1 17.66 34.83 2.89
Sivas CAR 0.29 541 206.80 104.45 311.30 7.019 11.59 23.63 2.99

Table 20
The district heating potential of each province based on DH scenario.

Province Geographical
Region

The number of dwellings provided heat
with the DH system

PECDH

(x103US$)
PECTotal
(x103US$)

Total capital cost
rate ($/h)

Monetary gain provided by the DH
system ($/h))

Payback period
(year)

Gaziantep SAR 7069 360.32 360.32 8.12 64.78 1.88
Adana MER 28,185 1148.00 1148.00 25.89 181.70 2.14
Aydın AR 6163 299.70 299.70 6.76 42.80 2.37
Bursa MAR 17,610 750.15 750.15 16.91 115.00 2.21
Elazı�g EAR 3932 214.51 214.51 4.84 33.16 2.19
Trabzon BSR 6599 324.09 324.09 7.31 49.73 2.20
Sivas CAR 4044 217.89 217.89 4.91 33.13 2.22

Fig. 6. Comparison of potential power productions of Scenario-I (GTPP-DH) and
Scenario-II (ORC-DH) for each pilot province.

Fig. 7. Comparison of the number of dwellings provided heat with DH systems
developed in Scenario-I (GTPP-DH), Scenario-II (ORC-DH), and Scenario-III (DH) for
each pilot province.

Fig. 8. Comparison of the payback period of Scenario-I (GTPP-DH), Scenario-II (ORC-
DH), and Scenario-III (DH) for each pilot province.
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Comparisons of potential power productions and of the number
of dwellings provided heat with DH systems, developed in sce-
narios for each pilot province, are shown in Figs. 6 and 7. As the
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province with the highest amount of solid waste depending on the
population, Adana also has the highest LFG production. As a result,
the province has the highest installed power generation based on
MSW. Due to its high exhaust gas flow rate discharged from the
MSW cogeneration unit, Adana has the highest power generation in
terms of Scenarios I and II and has the highest number of dwellings
supplied heat with all the DH scenarios among the other pilot
provinces. However, the power generated by the GTPP-DH scenario
for the province is higher than that produced by the ORC-DH.

On the other hand, Elazı�g is the province with the lowest
installed power generation based on MSW. Due to its low exhaust
gas flow rate discharged from MSW based cogeneration, Elazı�g is
also the province with the lowest power generation among the
other pilot provinces in both scenarios. This province also has the
lowest number of dwellings provided heat with all DH scenarios
among other provinces.

The payback periods of the systems developed in scenarios are
compared for each pilot province in Fig. 8. Considering the low
initial investment cost due to both the simple structure of the
designed system and the environmental and economic advantages
of using waste heat in the DH, it is not surprising that the system
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with the lowest payback period for each province is the DH system
developed in Scenario-III. The system with the highest payback
period for all provinces is the GTPP-DH system developed in
Scenario-I. Contrary to the design developed in Scenario-III, which
has no function other than providing heat for the DH, the GTPP-DH
system has a complex structure and, thus, the highest total in-
vestment cost among all scenarios. However, it is worth noting that
the monetary gain during the operation of the GTPP-DH is found to
be the highest among all scenarios.

Waste heat sourced byMSW plants is a valuable resource due to
its potential use in energy conversion. Besides, in the frame of WtE,
it is unique, especially for the local governments, as a result of the
current obliged infrastructure services to be able to have a chance
to evaluate the waste heat. Turkey has faced a significant expansion
of municipal waste generation due to its increasing population. The
scenarios developed in this study show that with the proper WtE
implementations, the municipal wastes would be sustainable en-
ergy sources. In addition to the current power production taking
place in MSW facilities, waste heat sourced by exhaust emissions of
the cogeneration systems installed on theMSWPs can be effectively
converted into more electricity and district heating, providing
environmental benefits based on emission reduction. As seen from
the results obtained based on the applications of the proposed
MSW based WtE scenarios to the pilot provinces selected, the
amount of power generation and the number of dwellings that are
provided heat supply depend on the exhaust gas flow rate released
from the MSW cogeneration. This flow rate is sourced by the
amount of landfill gas burned and electricity produced in the
cogeneration scheme. One more step back, this indicates the
amount of solid waste depending on the population. Hence, to gain
more benefits from the waste heat, the per capita solid waste
production must have a peak value. This result implies a potential
upper bound of the WtE implication in each province of the
country. The energy loss in each WtE scenario strongly depends on
the system selected. For the systems where energy conversion and
exergy efficiencies are relatively lower, the scenario proposed may
be re-assessed, considering results either for additional power
production or district heating application.

In this study, proposed WtE scenarios were developed based on
an existing MSW plant and waste heat released from its cogene-
ration unit. While solid waste is disposed of by being buried in the
MSW land, landfill gas is produced. The interested reader can look
at other previously published papers (Tozlu et al., 2016, 2018a), in
which the MSW plant was introduced in detail, and the cogene-
ration currently installed at the waste facility site to generate
electricity from landfill gas was examined. Although landfilling is
one of themost preferredmethods of solid waste disposal in Turkey
(see Table 3), there is a rapid movement in investments made to
dispose of solid waste by direct incineration. For instance, Turkey’s
and Europe’s largest solid waste incineration plant was established
in Istanbul and was put into operation in January 2021 (https://
www.dominion-glob). This facility will be able to incinerate 3000
tons of municipal solid waste per day directly. Solid waste disposal
by a different method than landfilling, such as direct incineration,
requires a different energy conversion process. The assessment of
WtE scenarios based on the waste heat sourced by this solid waste
incineration facility will provide solid ground and a reasonable
frame in the evaluation and comparison of solid disposal methods
implemented in Turkey.

6. Conclusion

In this paper, three separate MSW based WtE scenarios were
developed for utilizing the waste heat sourced by the cogeneration
unit of an MSW plant. The proposed scenarios were first applied to
14
an existing MSWP installed in Gaziantep, i.e., Gaziantep Municipal
Solid Waste Plant. In light of the results obtained from this actual
case study and a comprehensive inventory including the current
municipal solid waste data of all Turkey provinces, WtE scenarios
were adapted to the pilot provinces selected from each geograph-
ical region of Turkey. In the following some concluding remarks are
given:

C The net power production of the GTPP system developed in
Scenario-I is 1091.4 kW. Energy conversion and exergy effi-
ciencies of the GTPP system are found to be 7.87% and 22.25%,
respectively. Considering the annual heating load of
0.9144 kW per dwelling, the heat demand of 4344 dwellings
can be provided using the DHmodel developed in Scenario-I.
Exergy efficiency of the DH system of Scenario-I is found to
be 41.86%, which makes the total DH system the most exergy
destructive subsystem of the GTPP-DH scenario. The overall
exergy efficiency of the GTPP-DH system is found to be
32.51%.

C The net power output of the ORC system developed in
Scenario-II is 583.0 kW. Energy conversion and exergy effi-
ciencies of the ORC are found to be 4.20% and 11.89%,
respectively. The heat demand of 946 dwellings can be pro-
vided using the DH model developed in Scenario-II. Exergy
efficiency of the DH system is found to be 17.80% while the
overall exergy efficiency of the ORC-DH system is 16.15%.

C The heat demand of 7069 dwellings can be provided using
the DH model developed in Scenario-III. Exergy efficiency of
the DH system is found to be 31.87%.

C The exergetic cost flow rate of the hot water supplying heat
to the dwellings in Scenario-III is calculated as 78.74 $/h,
which is dramatically higher than those of other scenarios.
The corresponding value for Scenario-I is found to be 40.14
$/h while for Scenario-II, it is 4.87 $/h.

C The GTPP system developed in Scenario-I can increase the
power generation capacity of MSW plants for each province
by about 20% whereas the ORC system developed in
Scenario-II can increase the power generation capacity of
MSW plants for each province by about 10%.
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Nomenclature

Ak heat transfer area, m2

_C cost rate, $/h
c cost per exergy unit, $/GJ
cf unit exergy cost of fuel, $/GJ
cp unit exergy cost of fuel, $/GJ
_DD;k cost rate of exergy destruction, $/h
e exit
_Ex exergy rate, kW
f exergoeconomic factor
h specific enthalpy, kJ/kg
i inlet
ir interest rate, %
_m mass flow rate, kg/s
n total life time
N annual operation time
P pressure, bar
_Q heat addition, kW
r relative cost difference
s specific entropy, kJ/kg-K
T temperature, oC
U heat transfer coefficient, kW/m2-K
_W power, kW
_Z capital cost rate, $/h

Subscripts and Abbreviations
0 dead state
CRF capital recovery factor
CON condenser
D destruction
DH district heating
EVAP evaporator
GT gas turbine
GTPP gas turbine power plant
HE heat exchanger
HPC high-pressure compressor
IEA international energy agency
INT intercooler
k component
LCA life cycle assessment
LFG landfill gas
LPC low-pressure compressor
LMTD logarithmic mean temperature difference
MSW municipal solid waste
MSWP municipal solid waste plant
NG natural gas
ORC organic Rankine cycle
PEC purchased equipment cost
PRE precooler
REC recuperator
TLCC total life cycle cost
TUIK Turkish statistical institute
WtE waste to energy

Greek symbols
ε exergy efficiency, %
h energy efficiency, %
f maintenance factor
j specific flow exergy, kJ/kg
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