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Abstract—In this study, the potential of heat recovery from waste
flue gas was examined in 60 MW district heating system of a
university, and fuel saving was aimed by using the recovered heat in
the system as a source again. Various scenarios are intended to make
use of waste heat. For this purpose, actual operation data of the
system were taken. Besides, the heat recovery units that consist of
heat exchangers such as flue gas condensers, economizers or air pre-
heaters were designed theoretically for each scenario. Energy
analysis of natural gas-fired boiler’s exhaust flue gas in the system,
and economic analysis of heat recovery units to predict payback
periods were done. According to calculation results, the waste heat
loss ratio from boiler flue gas in the system was obtained as average
16%. Thanks to the heat recovery units, thermal efficiency of the
system can be increased, and fuel saving can be provided. At the
same time, a huge amount of green gas emission can be decreased by
installing the heat recovery units.

Keywords—Heat recovery from flue gas, energy analysis of flue
gas, economical analysis, payback period.

[. INTRODUCTION

ECAUSE fossil resources are limited, consumption of

fossil fuel is a big problem for climate change, and energy
conservation is an important national policy of countries [1].
In Turkey, 34% of the total energy consumption is used in
building sector, and this percent is big when compared to the
other sectors such as transportation, industry, and agriculture.
Therefore; energy efficiency systems in the building sector are
very important in the Turkey and other countries [2]. Most of
the energy losses in a boiler are because of the high
temperature flue waste flue gas [3]. Boilers generally can lose
20% of heat of combustion, and thanks to flue gas condensers,
they can recover 50% of this heat loss according to operating
conditions [4]. Therefore, recovering the waste heat from flue
gas is a major area to increase the thermal efficiency of plants
[5].

Flue gas condensers, economizers and air pre-heaters are
heat exchangers that recover from flue gas coming out from
stacks. Thanks to these heat exchangers, sensible heat and
latent heat are recovered from flue gas, and thermal efficiency
of the boiler increases observably. The condensing in natural
gas boiler is less corrosive and there is more amount of
moisture in combustion products. Corrosion on surfaces of
condensing heat exchanger tubes is an important problem [6].
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A brief review of papers related to the characteristics of
heat recovery from flue gas is given in the following
paragraph. Levy et al. [7] studied the use of condensing heat
exchanger to recover heat from flue gas in a power plant. In
their study, the flue gas can be cooled to below 40 °C. Hill [8]
made the design of heat recovery systems for a plant in his
thesis study. For this plant, a lot of heat recovery systems were
thought, and a condensing economizer design was made. Chen
et al. [9] made a feasible single flow shell and tube condenser
heat exchanger design that will be added to a 40 MW large
scale district heat system. Alkhamis et al. [10] studied on the
waste heat recovery of potential sources at the enclosed
campus of Mu'tah University. They designed, manufactured,
installed and analyzed a heat exchanger to utilize the sensible
heat containing in the exhaust gas, which gets out of the
kitchen furnace of student’s club in the University. The results
of their research indicated that more than 60% of the waste
heat from flue gas in the kitchen furnace can be recovered, and
investing to the heat exchanger system was highly economic.
Bhattacharjee [11] installed the economizers in the boilers in a
chemical plant. He estimated the reduction of natural gas
consumption as 273,803 m’. Annual savings and
implementation cost were $ 104,580 and $ 347,000
respectively, and payback period was 3.32 years. Bujak [12]
analyzed the mathematical model of a boiler for thermal
performance. He founded out the value of heat recovered from
exhaust flue gases, which fluctuates between 4% and 7% in
the system by using an economizer at full heat power of the
boiler. DeFrees et al. [13] designed a Teflon-covered
condensing economizer, which has 37 m? of surface area to
recover heat from flue gas at 180 °C temperature in a plant. In
this study, the temperature of the incoming fresh water to the
plant was in the range of 4-16 °C. Temperature of the water
was increased to the range between 50 and 60 °C in the
condensing economizer. They estimated annual fuel savings as
4357 GJ. Saidur et al. [14] studied energy and exergy flows in
a boiler. They founded that energy and exergy efficiencies in a
boiler are 72.46% and 24.89% respectively. They calculated
that the payback period as 1 year for heat recovery from flue
gas in a boiler. Shekarchian et al. [15] examined the economic
feasibility of a heat recovery application, which consist of air-
preheating methods. They concluded that the fuel
consumption of the fired heater can be reduced to up to 7.4%
in this case.

In this study, several scenarios were thought for heat
recovery from waste flue gas in 60 MW district heating
system of a university, and applicability of these scenarios was
investigated. We made designs of the waste heat recovery
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units theoretically, and economic analysis to recover heat
losses from exhaust flue gas in natural gas fired district
heating system. Besides, we aimed to save the fuel by using
the recovered energy in the system as a source again. We
made economic analysis to predict payback period of these
units.

II. THEORETICAL ANALYSIS

According to measurements by Erzurum Natural Gas
Company in Turkey, natural gas consists of gas mixture such
as methane, ethane, propane, butane, nitrogen etc. In Table I,
closed formulas of the natural gas according to the gas
mixtures in fuel are shown.

TABLE I
CLOSED FORMULA OF THE NATURAL GAS
Chemical Mo}e Closed formula
formula fraction
Meth: CH
cthane ¢ x C(x+2y+3z+4t+5u+6d+)

Ethane C,Hg y
P C;H,

ropane 30 z H(4x+6y+82+10t+12u+14d)
Butane C,Ho t

Pentane CsH), u

02

Hexane CsHyy d 20
Nitrogen N, e

Carbon N(2e)

dioxide CO: f

The complete combustion reaction of natural gas with dry
air is stated as:

C(x+2y+3z+41+5\1+6d+ﬂ H (Ax+6y+8z+10t-+1 2u+14d)02 f N 2 (1)

+1a(0, +3.76N,) - aCO, + fH,0 + &N, + 60,

The flue gas (products) consists of CO,, O,, N, and H,O. In
(1), A is excess air ratio. Mole numbers of the products can be
calculated as:

=Ny, =(X+2y+3z+4t+5u+6d + f) (2)
B=Ny0 =(2X+3y+4z+5t+6U+7d) 3)
a=(2x+3.5y+5z+6.5t+8u+9.5d) @)
O=ng, =(A-1D)x(2x+3.5y+52+6.5t+8u+9.5d) (3)
&=ny, =Ax(7.52X+13.16y +18.8z ©
+24.44t+30.08u+35.72d) +e
Total mole number amount of flue gas is shown as:
Nig = No, +Neg, +Nyyyo + Ny, (7)

The mole fraction and molar specific heat at constant
pressure of each component in flue gas such as carbon

dioxide, water vapor, nitrogen and oxygen can be obtained by
using the following formulas [16].
Carbon dioxide,

Xeo, = ®)

Cpco, =22:26+5.981x107 x(T(;)=3.501x107° x (Tg)

R ©))
+7.469x107 x(T7)
Water vapor,
X _ nH20 (10)
HO —
h nfg
Cprpo =32-2440.1923x107 x (T, ) +1.055x 107 x(T¢) an
~3.595x107 x(Ty)
Nitrogen,
nN
X, =—2 12
N> nfg ( )
Cyn, =28.90—0.1571x107 x(T;,) +0.8081x 10 x (T7) 3
—2.873x107 x(T3)
And oxygen,
nO
Xo, =—= (14)
/) nfg
Cpo, =2548+1.520x107 x(T))—0.7155x 107 x (Tg) s

+1.312x107 x(T3)

In the equations, Ty, is flue gas temperature. Average molar
specific heat of flue gas is expressed as:

Cptg =Cp_co, *(Xco,) +Cp 0, X(Xo,)

_ ’ (16)
+Cpnyo X (Xpp0) +Cpy, X (Xy,)

Molecular mass of the fuel, air and flue gas are obtained as:

Mayy = (XxMagy, ) +(yxMag,, ) +(2xMac ) +(txMag )

(17)
+(uxMac51112)+(dxMaC6HM)+(e>< MaN2)+(f xMaCOZ)

Ma,;, =May,, xXo, +May, x Xy, (18)
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Ma g = Xgo, X Mago, + X0 x May, o

(19)

+Xo, X Mag, + Xy, xMay,

Based on the law of mass conversation, flue gas mass per
unit of time is equal to total of fuel and air masses per unit of
time. These equations are derived as [16]:

Miuel+ Mair = Mg (20)

-~ Muax4.76xaxAxMa,

My = (e X2 TOXAXAX Wi @1
Mafuel

M fuel =V fuel X Ofel (22)

Fuel energy as a result of combustion of the fuel is
calculated as:

Efuel ZV | X Hu

fue (23)
In (23), Hy, is lower heating value of fuel. The energy of the
flue gas is consisted of sensible heat energy and latent heat
energy, which caused water vapor in flue gas. These heat
energies can be obtained by using:

E ><6p—fg X(ng _To) (24)

fg—sen = nfg

Egia = (Mg X Xy0) x May, o x| (25)

In (23), (24), T, is temperature of environment and, | is latent
evaporation heat of water vapor. The percent of flue gas heat
energy losses can be obtained as:

(E fg—sen. + E fg—lat )

fuel

%E fy_ioss = %100 (26)

For condensation, water vapor in the flue gas must be
cooled to below the dew point temperature. A few amount of
the water in flue gas condensates if flue gas is cooled below
the dew point temperature. The molar amount of condensed
water can be calculated as [16]:

Pyl NtaX X0 |~ Fyyg XNt

hcw = X 100
PP @7

g Ho

According to the below conditions, it is possible to calculate
the heat recovery from flue gas per unit of time.
e  When flue gas is cooled to a temperature (T) above the
dew point temperature,

Erec :nfg Xérrfg X(ng -T ) (28)

e  Or flue gas is cooled to a temperature below the dew point
temperature(Tew),

Erec = r‘]fg ><Ep—fg X(ng _Tdew) + r’]cw I x M%o (29)

The flue gas that is taken from 1 m? natural gas theoretically
contains in 1.5 kg water vapor and 3.6 MJ of latent heat. The
amount of latent heat loss of waste flue gas from gas-fired
boilers is very high. If we recover sensible heat and latent heat
at the same time, total energy efficiency can be increased
about 10% [1].

In economic analysis, parameters that we need to compare
are following:

«  First investment cost

+  Economic life

«  Annual maintenance and operation costs
+  Annual fuel saving (benefit)

«  Junk income

+ Interest rate

Annual equivalent worth analysis is preferred in this
economic analysis study. In annual equivalent worth analysis,
the aim is to transform money to an equivalent uniform annual
cost or benefit [17]. Annual equivalent benefit (AEB) is given
in (30):

t t n\n H
AEB = Z Fﬂ. . —Z Cﬂ g « (1+|)n X1 (30)
S+i) S0+ ] a+i"-1
Monthly payback period is calculated with (31). IC in the
equation shows first investment cost.

IC

MPP = ——~
AEB/12

€3]

III. MATERIALS AND METHODS

In the district heating system, natural gas fired super-heated
water boilers are presented. Produced super-heated water in
boilers is used for space heating and domestic hot water
supply in buildings on the campus. Therefore, using recovered
heat energy from flue gas in the system as a source again, such
as, hot water supply, pre-heating combustion air and space
heating, provided fuel saving and increased boiler efficiency.

The establishment of a methodology to determine how to
use the recovered heat from flue gas is the principal aim of
this study. Three scenarios were thought to take advantage of
the waste heat from flue gas in heating system. These
scenarios’ diagrams are shown in Fig. 1. These scenarios are
indicated as:
v'Pre-heating combustion air,
v'Space heating
v'Domestic hot water supply

A. Pre-Heating Combustion Air

One of the scenarios considered in this study is preheating
of combustion air. To achieve of this, a heat recovery unit,
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which consists of air pre-heaters, fans, air ducts was designed
theoretically. In this scenario, flue gas leaving from the boilers
enters to an air pre-heater, and temperature of the combustion
air entering to boiler increases to 50 °C from 10 °C while flue
gas is cooled to 132 °C from 158 °C. As a result of these,
boiler efficiency can be increased, fuel saving can be
achieved, and a better combustion can be obtained.

B. Space Heating

In this scenario, a heat recovery unit was designed to take
advantage of heat loss in waste flue gas. Space heating of a
building near the Heating Plant was aimed with this unit,

which consists of economizers, fans, pumps, distribution
pipes. In the economizer, temperature of return water in space
heating system increases from 70 °C to 90 °C while flue gas is
cooled from 158 °C to 75 °C.

C. Domestic Hot Water Supply

One of the other scenarios is domestic hot water supply by
using a condensing heat recovery unit, which consists of flue
gas condensers, fans, pumps and hot water distribution pipes.
Flue gas enters the condenser and gets cold. Cold fresh water
(10 °C) is heated up to 60 °C by recovered heat in the
condenser.

return water
fuel
air flue gas
Q—F boiler
delivery water

2.5cenario

cold fresh water

flue gas

|

hot water

Fig. 1 Diagrams of the heat recovery unit

fuel
l cold air
flue gas
boiler
hot air
1. scenario
fuel
air
Q—k boiler
3. scenario
TABLE II
OPERATION DATA OF THE HEATING SYSTEM
1. boiler 2. boiler 3. boiler
Excess air ratio A 1.16 1.17 1.13
Flue gas temperature °C 161 157 158
Fuel consumption 4,008,087 4,008,087 4,008,087
m’/year
Combustion air
temperature °C 20 20 20
IV.RESULTS

In the heating system, three natural-gas fired boilers, which
have 1,200,000.0 kcal/h equal capacity of each one, have
existed. The daily natural gas consumption data of the system
during the last five years have been taken. According to the
measurements of the Natural Gas Company, the heating
system operation data is shown in Table II, natural gas closed
formula was obtained as C1,057(,H4,052(,N0,04(,00AUogg. The
combustion equation is given as:

C

H4.052600.0088N0.046 + 2389(02 + 376N2)

—1.058CO, +2.026H,0 +9.007N, +0.3230,

1.0576

(32)

The heat energy that carried by flue gas is changed with
flue gas temperature. Though sensible energy linearly
increases with temperature, change of latent heat energy is
constant to dew point temperature of water vapor in flue gas.
In Fig. 2, the changes are indicated.

Erzurum’s atmospheric pressure is 80.90 kPa, because this
city’s the above from sea level is 1,859 m. Dew point
temperature of water vapor in flue gas was calculated about
51.33 °C for 13.28 kPa partial pressure of water vapor and
1.16 of excess air ratio for Erzurum. Chance of dew point
temperature with excess air ratio and above from sea level was
showed in Fig. 3. As seen in the figure, the dew point
temperature of water vapor is decreased by increasing excess
air ratio and above from sea level.
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Fig. 2 Heat energy carried by flue gas
L I11, results of energy analysis according to the operation data
. $ o are shown.
v B . R g The results of design heat recovery units in the scenarios are
: 5, . . given as follows:
- L] L]
§ Y 4% T s y A. Pre-Heating Combustion Air
% ‘e . e — In this scenario, the heat recovery unit consists of air-
'g ' Yo g preheater, fan, air duct. In order to decrease the flue gas
L] L] .
£ g 5 b temperature from 158 °C to 132 °C, required heat transfer
& ]
Lok T, surface area was calculated as 19.8 m?.
1 iy \ The temperature of combustion air entering to boiler
i increases to 50 °C from 20 °C while flue gas is cooled in the
1 12 14 16 18 2

excess air ratio

Fig. 3 Chance of dew point temperature with excess air ratio

TABLE III
RESULTS OF ENERGY ANALYSIS ACCORDING TO THE OPERATION DATA
1. boiler 2. boiler 3. boiler
Sensible heat loss of flue gas % 6.82 6.65 6.48
Mole fraction of H,O in flue gas 0.1619 0.1611 0.1668
Latent heat loss of flue gas % 10.16 10.16 10.16
Total heat loss of flue gas % 16.98 16.81 16.64
Dew point temperature °C 51.16 51.05 51.78
Mass flow rate of fuel kg/s 0.1 0.1 0.1
Heat of combustion kJ/s 4,448 4,448 4,448
Mass flow rate of air kg/s 1.81 1.82 1.75
Mass flow rate of flue gas kg/s 1.90 1.92 1.85

According to results of energy analysis, total heat loss ratio
of flue gas was calculated as about 16%. The heat recovery
units are very important for energy efficiency because of this
amount is very high. The yearly cost of flue gas heat losses for
the heating system was found out as about $ 663,718. In Table

air-preheater. Each tube used for the air-preheater has 25 mm
external diameter and 1.2 mm wall thickness. Tube material is
carbon steel (type St 37.2). The air-preheater consists totally
of 252 in-line tube bundle arrangement as 28 tubes on the y
direction (width) and 9 tubes on the z direction (height). In the
heat exchanger, while cold air flows inside the tubes, hot flue
gas flows on horizontal tube bundles from up to down. With
this recovered heat, we aimed to provide fuel saving and better
combustion in boilers. Thanks to this unit, 1.3% of fuel saving
can be achieved. This unit’s payback period was calculated as
5 months for winter season.

B. Space Heating

In this scenario, the heat recovery unit consists of
economizer, fan, distribution pipes and pump. To decrease the
flue gas temperature from 158 °C to 75 °C, required heat
transfer surface area was calculated as 85.45 m? In the
economizer, temperature of return water in space heating
system increases the delivery water from 70 °C to 90 °C while
flue gas is cooled from 158 °C to 75 °C.

Each tube used for the economizer has 34 mm external
diameter, 1.2 mm wall thickness and U-shaped tube bundles.
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Tube material is stainless steel (type 304). The economizer
consists totally of 800 in-line tube bundle arrangement as 25
tubes on the y direction (width) and 32 tubes on the z direction
(height). In the heat exchanger, while the water flows inside

the tubes, hot flue gas flows on horizontal tube bundles from
up to down. Thanks to this unit, 3.85% of fuel saving can be
achieved. This unit’s payback period was calculated as 4
months for winter season.

TABLE 1V
RESULTS OF ENERGY AND ECONOMIC ANALYSIS FOR SCENARIOS
1. Scenario 2. Scenario 3. Scenario
T water-inlet (OC) 70 10
Twater-outiet (°C) 90 60
Myater-intet Kg/S) 2.06 1.25
Economizer Mig-intet (KE/S) 1.89 1.89
Trg-intet (°C) 158 158
Trg-outtet (°C) 75 50
Surface area (m?) 85.5 50.7
Tair-intet (°C) 20
Tair-outlet (°C) 50
Air pre-heater Mir-intet (Kg/s) 1.79
Trg-intet (°C) 158
Trg-outlet (°C) 132
Surface area (m?) 19.8
Recovered sensible energy (kW) 169.9 535.6 695.5
Amount of condensing water (kg/s) 0.046
Recovered latent energy (kW) 103.6
Heat loss on distribution pipes (kW) 21.5 12.2
Total recovered energy (kW) 169.9 514.1 786.9
Investment cost ($) 17,175.36 45,146.99 67,521.77
Annual fuel saving ($/year) 48,890.49  143,845.87  219,922.46
Interest rate 0.05 0.05 0.05
Economic life (year) 20 20 20
Fuel saving (%) 1.3 3.85 5.9
Payback period (month) 5 4 4

C. Domestic Hot Water Supply

In this scenario, the heat recovery unit consists of flue gas
condenser, fan, pump and hot water distribution pipes.
Because flue gas outlet temperature is below the dew point
temperature, the condensation occurs in the flue gas. In order
to decrease the flue gas temperature from 158 °C to 50 °C,
required heat transfer surface area was calculated as 50.7 m?.
In the flue gas condenser, cold water at 10 °C can be increased
up to 60 °C while flue gas is cooled. Each tube used for the
condenser has 34 mm outer diameter, 1.2 mm wall thickness
and U-shaped tube bundles. Tube material is stainless steel
(type 316). The condenser consists totally of 475 in-line tube
bundle arrangement as 25 tubes on the y direction (width) and
19 tubes on the z direction (height). In the heat exchanger,
while the cold water flows inside the tubes, hot flue gas flows
on horizontal tube bundles from up to down. Thanks to this
unit, hot water need of 103 flats can be supplied and 5.9% of
fuel saving achieved. This unit’s payback period was
calculated as 4 months for winter season. Annual fuel saving
was calculated as $ 219,922.46 with Annual Equivalent
Analysis Method. In Table IV, the results of energy and
economic analysis are showed.

V. CONCLUSIONS

In this study, the potential of heat recovery from waste flue
gas was examined in 60 MW district heating system of a
university, and fuel saving aimed by using the recovered heat
in the system as a source again. Besides, the green gas
emissions can be decreased when installing the heat recovery
units. The obtained results are specified below:

e According to the measurements of the Natural Gas
Company and heating system operation data, natural gas
closed formula was obtained as C1,057@H4,o526N0,o4600,0033.

o Total heat loss ratio of flue gas in the district heating
system was calculated as about 16%. The yearly cost of
flue gas heat losses for the heating system was found out
as about $ 663,718.

e Dew point temperature of water vapor in flue gas was
calculated as about 51.33 °C for 13.28 kPa partial
pressure of water vapor and 1.16 of excess air ratio for
Erzurum.

e In the first scenario, 1.3% of fuel saving can be achieved.
The heat recovery unit’s payback period was calculated as
5 months for winter season. Annual fuel saving was found
out to be $ 48,890.49 with Annual Equivalent Analysis
Method.

o In the second scenario, 3.85% of fuel saving can be
achieved. The unit’s payback period was calculated as 4
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months for winter season. Annual fuel saving was found
out as $ 143,845.87 with Annual Equivalent Analysis
Method.

e In the latest scenario, thanks to the condensing heat
recovery unit, hot water need of 103 flats can be supplied,
and 5.9% of fuel saving achieved. This unit’s payback
period was calculated as 4 months for winter season.
Annual fuel saving was calculated as $ 219,922.46 with
Annual Equivalent Analysis Method.
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