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HIGHLIGHTS

« Exergo-economic analysis of a biogas-based gas turbine with preheater is performed.

« Efficiency falls by 0.5% and total cost rate increases by 1% when fuel composition changes.
« Different fuel pricing strategies are implemented and results are compared.

« Cost of power varies from 0.05 to 0.18%/kWh for different fuel cost and system size.

« Economic performance is introduced and evaluated at around 63%.
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Biogas to fuel is an attractive method to reduce global warming potential of methane emission and pro-
viding a renewable source of energy. In this study, exergoeconomic assessment of a biogas-based gas tur-
bine system with preheater is conducted. In the present work, effects of fuel composition on the exergetic
and economic performance of a plant are studied, and comparison between two fuel pricing methods has
been carried out. Fuel composition effects have not been studied before and fuel pricing mostly con-
ducted in terms of lower heating value (LHV) in previous studies. In this study, percentage of methane

Key words: . content in the fuel is changed. Two definitions for fuel pricing are used, one based on the exergy and
Biogas gas turbine . s

Exergy the other based on the LHV of the biogas and the results are compared. In addition, the cost factors
Economic are defined and the cost of generated power are evaluated. To add more generality to the work, system

sizes ranged from 1 to 10 MW is taken into consideration to understand the effect of system size as well.
Results reveal that fuel pricing based on the exergy gives more realistic evaluations. Furthermore, when
methane content is changed from 0.95 to 0.6, total cost rate of the plant rises around 1% and electricity
cost augments. Exergetic efficiency mitigates when methane content reduces. Based on the system size
and biogas fuel price, the cost of generated electricity varies from 0.05$/kWh to 0.18%/kWh in this
assessment.

Fuel composition

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Global warming and energy resources depletion are among
main concerns of human beings. Greenhouse gases (GHG) are
known responsible for increasing trend of the planets’ temperature
globally. Methane (CH4) shows high greenhouse effects, much
higher than carbon dioxide (CO,) and according to International
Panel on Climate Change (IPCC) report [1], its global warming
potential is 25 times greater than CO, in mass basis. A significant
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source of methane emission is biomass and wastes digested by
bacteria’s, especially livestock and agricultural wastes [2,3].
Preventing methane emission from natural sources is crucial in
environmental protection and global warming control. One
method to reduce the emission impact and eliminate the methane
emission is capturing produced methane rich gas mixture, which is
called biogas, and utilize it as a source of fuel. Produced gases from
anaerobic digestion is a source of CH4. Nevertheless, despite of its
environmental negative effects, this so-called biogas can be a
source of green energy. In fact, using biogas as a source of energy
has three advantages [4]:
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Nomenclature

¢ cost flow rate ($/s)

Cractor cost factor (1/s)

Ex exergy flow rate (kW)

ex exergy (K])

Exd exergy destruction rate (kW)

FP fuel Price ($/GJ)

h enthalpy (kJ)

m mass flow rate (kg/s)

M molar mass vector for species in a composition (kg/
kmol)

M; molar Mass of a composition (kg/kmol)

P pressure (bar)

r pressure ratio

R gas constant (kJ/kmol-°K)

T temperature (°K)

w power or Work (kW)

X carbone dioxide molar concentration in biogas (%)

Y molar concentration vector of species in a composition

(%)
purchase cost of components ($)
purchase cost rate of components. ($/s)

NN

Greek letters

oo cost factor (change in total cost rate) with fuel pricing in
LHV (%)

o cost factor (change in total cost rate) with fuel pricing in
Total Exergy (%)

g mass factor (change in mass flow rate of flue gases in-
ters the gas turbine) (%)

oz purchase cost factor (change in Total Purchase cost of

components) (%)

Bo ratio of fuel chemical exergy to LHV
P ratio of fuel total exergy to LHV ratio
n efficiency

Neco economic efficiency or performance
Subscripts

a air

CH chemical

ex exergetic

g flue gases

f fuel

ph physical

Abbreviations

AC air Compressor

AP air Preheater

CcC combustion Chamber

CHP combined Heat and Power

GT gas Turbine

IPCC intergovernmental Panel on Climate Change
IRR internal Rate of Return

MGT micro Gas Turbine

NPV net Present Value

NRCS natural Resources Conservation Service
NREL national Renewable Energy Laboratory
ORC organic Rankine Cycle

SOFC solid Oxide Fuel Cell

TIT turbine Inlet Temperature

e Biogas is a renewable energy.

e Biogas oxidation generate energy and replaces methane with
CO,. The latter has much lower greenhouse effect.

e Biogas from waste materials, has low net CO, emission since it
produces from natural organic disposals.

Due to aforementioned reasons, biogas utilization for energy
generation purposes has attracted attentions. Li, et al. [5], studied
the potential of biogas production from livestock wastes and poul-
try breeding in rural areas in China and potential of biogas gener-
ation and emission reduction were estimated as 20% of natural gas
consumption and emission reduces about 220 million tons annu-
ally. Uddin et al. [6], investigated the potential of using biogas
for power generation in Pakistan and discovered a potential of
35.63 GWh of electricity per day in livestock sector which is
enough to overcome the energy crisis in Pakistan. Abdeshahian
et al. [7], studied the potential of biogas generation in Malaysia
from animal wastes using anaerobic digestion plants and esti-
mated that 8.27 TWh electricity per year can be generated. Santos
et al. [8] performed economic feasibility study on electricity gener-
ation using biogas generated from wastewater treatment facilities
in Brazil and concluded that the plan is feasible for cities with pop-
ulations greater than 300,000. Rios and Kaltschmitt [9], study
showed that average power generation potential of 6.40 TWh
could be available in 391 municipalities in Mexico.

1.1. Multigeneration with biogas

To improve the efficiency of various systems, multigeneration
energy systems were proposed. Speidel et al. [10] proposed a

new integration system for gasification process coupled with a
power generation system. A configuration of sludge fermentation
process, solid oxide fuel cell (SOFC) and gas turbine and gasifier
was assessed in terms of energy. It was concluded that generated
steam by gasification and fermentation, can improve the methane
reforming in SOFC and consequently increase the overall plant effi-
ciency. Herle et al. [11] investigate a biogas based SOFC small
cogeneration system for onsite utilizations. Detailed thermody-
namic modeling of fuel cell was implemented and source of biogas
was landfill and agricultural waste digestion plant with fixed real
composition data. Wongchanapai et al. [12] performed a thermo-
dynamic assessment on a solid oxide fuel cell-micro gas turbine
combine heat and power (SOFC-MGT CHP) system with detail ther-
modynamic modeling of SOFC and parametric study of important
parameters was carried out at constant fuel composition (60%
CH4 and 40% CO,). Their analysis led to a parametric-optimal
design and minimum system size was achieved when fuel utiliza-
tion factor in SOFC was 0.75.

Performance of a cycle can be evaluated by different terms like
energy, exergy, economy of the plant and emissions. For biogas
multigeneration systems different approaches have been used to
study and design the system which are categorized hereafter.

1.2. Economic analysis (based on energy)

Economy of the energy systems are as important as their effi-
ciency and environmental performance. Skorek-Osikowska et al.
[13] analyzed an internal combustion engine (IC)-CHP system
fueled by biogas (the source was biomass gasifier), technically
and economically to evaluate the effect of system size on the heat
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and generated power. They concluded that the cost of fuel and
green certificates are the most important factors for economic via-
bility of the system in terms of net present value (NPV). Kang et al.
[14], analyzed the economy of a CHP plant based on gas turbine
using co-firing natural gas and biogas, considering a complete
plant includes biogas generator. They concluded that economic of
the plant is affected greatly by changes in fuel combination. Pipat-
manomai, et al. [15] analyzed an IC-engine power generation sce-
nario using pig farm wastes to produce biogas including all
processes like hydrogen sulfide (H,S) removal and evaluated pay-
back period as function of electricity cost and governmental sub-
sidy plans. Budzianowski and Budzianowska [16] compared
pressurized and atmospheric digestion system for biogas produc-
tion and biogas upgrading options and cost evaluation of different
cases were taken into account. Their results showed that under
current policies, pressurized digestion system and conventional
CHP systems are more economically attractive. Basrawi et al. [17]
investigated the optimal sizing of a cogeneration plant using eco-
nomic and thermodynamic modeling. The source of biogas was a
sewage treatment plant in a cold area. They analyzed three sizes
of gas turbine including 30, 50 and 200 kW and concluded that
NPV of 200 kW case is15% higher than 30 kW case and higher than
50 kW case.

Kang et al. [18] compared CHP and Combined Cycle based on a
5 MW biogas fueled gas turbine, economically. They considered
different economic measures and heat demand patterns and selling
price. Hourly thermodynamic analysis of systems was conducted
with fixed fuel composition and it is concluded that CHP is gener-
ally more profitable especially at high heat demands and prices.

1.3. Off design and optimization

In addition to energy and economy analysis, off design and
operation optimization of biogas-based power generation systems
were carried out by some researchers. Different approaches for
optimization have been proposed like parametric optimization
for cycle design [19] or linear programming approach for operation
strategy improvement [20]. In addition off design effects on the
economy of the plant can be evaluated using methods like partial
load [21] to achieve more accurate estimation of energetic and eco-
nomic performance of the system.

1.4. Exergetic analysis

Exergy has been proven to be a powerful tool for evaluating the
performance of energy systems. Gazda, Stanek [22] assessed a bio-
gas fueled combined cooling, heating and power-photovoltaic
panel (CCHP-PV) integrated system. Environmental assessment in
terms of GHGs emission was carried out and exergetic efficiency
of the plant was evaluated. They concluded that exergetic based
fuel energy allocation concept is more convenient and useful than
energetic method. Farhad, et al. [23] performed exergetic compar-
ison on three different system configurations for a SOFC based
micro CHP in a residential building with constant fuel composition.
Hosseini et al. [24] investigated a gas turbine- organic Rankine
cycle (GT-ORC) micro-power generation cycle based on the energy
and exergy analyses for various biogas compositions. They carried
out a parametric study on various parameters including fuel com-
position variations.

In some cases, exergy analysis has been used with economic
evaluation of the biogas fueled plants. Performance of the systems
are evaluated by exergetic performance and its’ economy is evalu-
ated by measures like Internal rate of return (IRR) and produced
electricity cost [25,26]. Exergy and economy of the plant can be
assessed by exergoeconomic method [27]. This method combines
the exergy of flows and cost analysis and provides a value for each

exergy flow. Ozdil and Tantekin [28] analyzed an onsite electricity
generation for a wastewater treatment based on exergy economic
analysis. A gas engine coupled with gas turbine was used for power
generation and the waste heat was recovered and used in waste
treatment plant. Their results showed that the cost of fuel in terms
of exergy before feeding to the fuel compressor was about 4.88US/
GJ.

1.5. Gas turbine fueled by biogas

Gas turbine is well known prime mover in energy systems
including biogas applications. The main challenge for adopting
the gas turbine for biogas is the combustion process. Depends on
the biogas composition, some modifications are proposed by vari-
ous researchers [29,30]. However, in general it has been shown
that gas turbines can work with low LHV fuels without any change
in design. Nikpey et al. [31,32] experimentally investigated a gas
turbine performance fueled by biogas and provided a thermody-
namic model to evaluate its off-design operation. Various biogas
compositions were tested and it was concluded that a gas turbine
with some improvements and tuning can operate over a range of
fuel composition.

1.6. Research gap and aims of present study

Based on the best authors’ knowledge, biogas-based power gen-
eration systems have been investigated in literatures widely, but in
many cases:

e The composition of biogas was considered fixed.

e Exergy, energy and economy of the plant were modeled
separately.

o Effects of biogas composition on both systems’ exergetic and
economic performance, have not been evaluated.

e Comparison between different fuel pricing methods have not
been discussed.

There are some researches which cover one of the aforemen-
tioned topics but combination of all conditions was not taken into
consideration to achieve a general model for biogas-based gas tur-
bine system. In this study an exergoeconomic analysis for a biogas-
based gas turbine with preheater, with respect to various fuel price
and composition is presented. To add generality to the analysis,
only the gas turbine has been modeled and it was assumed that
biogas is provided through supply line. The effect of various biogas
composition and price has been evaluated to cover all possible
methods for producing the biogas. Then the price of generated
power and total investment are calculated. These data are useful
for evaluating the economic measures of the plant.

In summary followings are aims of this study:

e To carry exergoeconomic analysis of a biogas fueled system.
This analysis provides detailed cost-exergy flows and their cor-
relation in the cycle.

e To investigate the effect of fuel composition variations on econ-
omy and performance of the plant.

e To compare different fuel pricing methods to find out the most
meaningful and reasonable approach.

1.7. Economic and performance data

Natural resources conservation services (NRCS) [33] along with
national renewable energy laboratory (NREL) biogas resource char-
acterization report [34] provided a good inside to the biogas pro-
duction cost. According to mentioned references, biogas price
from anaerobic digestion of livestock manure and wastes varies
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Fig. 1. Flow diagram of the gas turbine cycle with preheater.

Table 1
Thermodynamic modeling equations for the cycle.

Component Modeling equation
Compressor (AC) Eq. (1&2) Woac = (hy — hy)iitg (ac = ((*':22:1’1111));
Gas Turbine (GT) Eq. (3&4) _ (hy—hs),

Wer = (ha —hs)titg e = (i

he —hs = hs — hy

mghs + 1y (LHV + he)n . = (riy + mha)hy
Whee = Wer — Wac g = ting + 1ty

Preheater (AP) Eq. (5)
Combustor (CC) Eq. (6)
Net Power Eq. (7&8)

Table 2
Table of inputs and accessory equations for modeling [35].

Component Inputs and accessory equations

Compressor (AC)
Gas Turbine (GT)
Preheater (AP)
Combustor (CC)

Py=1bar Ty =25C nuc=.83 rac=p=10
Py = .95P; g = 0.87

Ps =1.03 Pg

Mo = 0.98

Table 3
Exergy balance equations for components and the system.

Component Exergy equation

Compressor (AC)  Exy + Wyc = Ex, + Exdac )
Preheater (AP) Exs + Ex; = Exg + Ex3 + Exdyp (10)
Combustor (CC) EX; + meXFuel = EX4 + EXdCC (11)
Gas turbine (GT) Exq + Wer = Exs + Exder (12)
Power plant (PP) Exdyyq = Exder + Exdee + Exdyp + Exdpc (13)

Waer or Waer | ; (14-16)
Nex = T EXiue O m,é’x(,, EXjoss = Exs

from 3 to 28$/G] depends on the technologies and cases of
implementation.

Methane molar or volumetric fraction in biogas is between 0.5
and 0.75 for livestock anaerobic digestion [33]. Since the methane
content of biogas is low, in some cases biogas is purified to yield
high concentration of methane up to 95 percent near to the same
value in natural gas. The product of purification is known as bio
methane and the cost of the fuel rises significantly. Economic anal-
ysis for a sample case [34] shows that the produced bio methane
costs approximately11$/GJ when the cost of feeding stock was con-

sidered 6.95$/G]J. Since both composition and the price may vary
widely, a cost analysis of power generation system is necessary
to have an inside through the economics of the plant.

2. Methodology

Thermodynamic analysis of a gas turbine cycle at design point is
carried out by methodologies presented in literatures [35]. Here a
gas turbine with preheater is considered. Diagram of the plant is
presented in Fig. 1.

Table 1 and Table 2 summarize equations for modeling gas tur-
bine components. In addition, exergy analysis was considered for
different components and balance the related equations are pre-
sented in Table 3. as well.

2.1. Biogas composition

Since components likes nitrogen are less than 1 percent in trea-
ted biogas, for simplicity of analysis methane and carbon dioxide
have been considered as the main species of biogas.

Fuel combination has a significant effect on its chemical exergy
and heating value. For gases fuel, following formula can be used to
evaluate their LHV [36]:

—

LHV = LRV Y 17
= LHV o (17)

In which ﬁ’/ is the vector of LHV values for components in the
mixture. For chemical exergy of the gas following formulas are used
[37]. Physical exergy of the fuel is calculated based on the well-
known formula of exergy. We also define the fuel to exergy ratio
as follows:

~ EXen + RTo(Y . InY)

exen = (18)
EXq — EXCH .Y (19)
M, =M.Y (20)
Bo= 1o @1
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Table 4
Cost balance equations for plants components [35,38].

Component, Flow point Cost equation Egs. (24-29)

Point 1, air inlet ¢ =0

Point 2 Co = Cw,e +Zac
Preheater cost balance C3+Cs=Cy+Cs+Zpp
Point 4 Ca=C3+ Cf +Zcc
Turbine cost balance Cs + Cwg = Ca+Zer
Plant

Cmt = Cf +th
Accessory equations Eqs. (30-32)

Cogr _ Shic Viyor — Wnee + W
—Gr — —TAC = + W
Wer Wac GT net AC
S _ G

Exs Exs

EXFuel = (exch + exph)biogas (22)
_ EXFuel
b= LHV *

Eq. (18) is for calculating chemical exergy of a gaseous fuel mixture.
EXcy is the chemical exergy of composition without considering
mixture activity terms and is defined in Eq. (19). EXcy is the vector
of chemical exergy of pure components of the mixture.

Combustion of biogas is simulated considering complete com-
bustion assumption which is highly accurate for gas turbines. Com-
plete explanation of biogas combustion modeling can be found in
ref. [24].

2.2. Exergy economic modeling

To understand the values of different flows, exergy economic
analysis is used. Here the cost rates for different flows are defined
according to their exergy rates. Using cost analysis for each compo-
nent as it is given in Table 4 cost value of each flow points can be
evaluated.

In this formula Cf is the fuel cost and Z, is the purchase cost of
the k component in terms of ($/s or $/hr). In fact, Z is fixed cost and
one may convert fixed costs to current costs using following
equations:

Zk = chfactor (33)

where, Cyyor 1S a cost factor which converts a fixed cost value to cur-
rent cost over the component’s life time [39]. In this equation
i=0.05 is interest rate, n =20 is number of years which plant is
operating, N = 8000 is operating hours per year for the cycle exclud-
ing regular overhaul and maintenance (O&M) shutdown hours and
¢ = 1.06 is maintenance factor according to [38].

i+ 1)" 1)
Cpotor = (7171 * 3600N (34)
Fuel cost is given by following formula:
Cr = FP x LHV x %g (35)

In this formula, FP or fuel price is given commonly in terms of ($/G]J)
based on LHV of the fuel. In addition, we introduced the FP based on
the total exergy of fuel:
Cp = FP x EXpyet x 2L (36)
10
Difference between these two definitions is discussed thor-
oughly in results and discussion section.

2.3. Mass and cost factors

In this analysis, carbon dioxide mole fraction is varied from 0.05
to 0.4 and its effects on the plant economy and exergetic perfor-
mance is evaluated. It is more convenient to define following
parameters for presenting results of analysis:

o _ s(X = 0.4) — (X = 0.05)

d (X = 0.05) <100 &7
oy = CorlX =04 = CulX =005 160 ¢ pasedonihv  (38)
Coot(X — 0.05)
oy = CorlX =04 = CulX =0.05) 4, Cs based on EXyel
Coot(X = 0.05)
(39)
_ ZulX = 04) - Zu(X=0.05) o 40

Ziot(X = 0.05)

50 T T T

LHV (Mj)

10 1

1.06

Fuel Exergy to LHV ratio

1.04

L 1 1.03

0.05 0.1 0.15 0.2

0.25 0.3 0.35 04

CO, Mole Fraction

Fig. 2. Biogas LHV and exergy to LHV ratios as functions of CO, molar content in biogas.
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Fuel to Air Mass Ratio (x 100)

PPt Reduction in Total Mass Flow
_,.—" ----- Increase in Fuel to Air Ratio x100
_4 r 1 1 1 1 1 1 2
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

CO2 Mole Fraction

Fig. 3. Fuel to air ratio and mass factor variations. Biogas CO, content increases
from 0.05 to 0.4.

In these formulas, variations in mass, purchase cost, and the
plant total cost due to changes in fuel composition are formulated
in non-dimensional parameters. To explain defined variables
above, let methane percentage of 95% (X = 0.05), which is almost
like the natural gas case, be considered as the base case. Then,
we are going to evaluate the percentage of the changes in impor-
tant parameters like turbine mass flow rate, plants’ total cost rate,
and equipment purchase cost (investment) while methane content
is reducing to near 60%. So, we define parameters oy, %, 0.1, and o,
to evaluate this changes in a non-dimensional manner, and in
terms of’% of changes. Defining this variable provides more gener-
ality to the results and the values can be easily implement for
any cases as a basic estimation.

2.4. Cost of destruction and cost of exergy loss

In exergy analysis of components and cycles, two basic concepts
of exergy loss and exergy destruction are taken into account.

H. Barzegaravval et al./Applied Thermal Engineering 128 (2018) 1543-1554

Exergy destruction is due to irreversibility’s inside components
or processes. Exergy loss is the exergy of flows which leaves the
control volume of the system and are not products. Here, gas flow
of air preheater outlet is the system exergy loss. As it was men-
tioned before, each exergy flow has its values or its corresponding
cost flow. Here the destruction cost and exergy loss for the plant
are defined as following equations:

Cru = Exd 2=Cm
Z EXin

(41)

Closs = CG (42)

3. Results and discussion

To analysis the biogas based gas turbine cycle, the sole gas tur-
bine biogas system was taken into account which means biogas
was considered as an input source of energy or exergy to the plant
with a specific price.

Biogas feeding pressure should be higher than combustor pres-
sure because it is going to be injected into the combustion chamber
and burners. This means for low LHV biogas, physical exergy of the
fuel is significant and should be taken into account for both exergy
and economic analysis. Usually, biogas produced on site and condi-
tion of delivering to the gas turbine depends on the biogas produc-
tion technology. In general, cost of biogas is estimated in $/GJ and
is calculated in terms of fuel energy (LHV). In addition to this com-
mon definition we introduce cost of biogas per total exergy of the
fuel including biogas physical exergy. In Fig. 2 chemical and total
exergy of the fuel are illustrated as functions of carbon dioxide
concentration in the fuel. As methane concentration reduces, LHV
reduces as well but chemical and total exergy ratio (exergy/LHV
ratio) increase. In addition, calculations show that physical exergy
is at least 1 percent of total exergy.

For modeling the gas cycle, the values in Table 2 are used.
Power or work output means the net gas turbine output mechan-
ical power and it varies from 1 to 10 MW. When fuel composition

Exergy Loss and Destruction in Different Components

1400.00

1200.00

1000.00

800.00

kW

600.00

400.00

200.00

0.00
Combustor

1299.47
1325.54

Compresspr
63.32
59.97

BX=0.05
mX=0.4

Gas Turbine Preheater Exergy Loss
114.02 102.07 856.80
110.12 102.00 896.31

Fig. 4. Exergy destruction for various components. Low LHV fuel produces higher destruction in combustor and causes more losses.
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0.294 ——n, (Fuel Chemical Exergy) . . 146
— (Fuel Total Exergy)
0292k |7 Cost ($/hr) (Fuel LHV) o144
——— Cost ($/hr) (Fuel Exergy) ™
0.29¢ 142
™
" Z
S 0.288 140 =
= 7
3
O
0.286 138
0.284 136
0.282 ! L ! 134

0.05 0.1 0.15 0.2

0.25 03 0.35 0.4

CO2 Mole Fraction

Fig. 5. n,, and Cioc for the plant. This Fig. shows considering fuel physical exergy has significant impact on cost and exergetic performance.

0.3f /%;/

2]
-0.2F 1
-0.3¢ 1
-0.4 a . . L L . ]
4 6 8 10 12 14
Fuel Price ($/LHV (GJ))

Fig. 6. Cost factor o, for different fuel price and net power output.

changes, at fixed turbine inlet temperature (TIT) and output power,
the mass flow rate of fuel and air changes. To reach the same tem-
perature, the mass flow rate of fuel should increase to achieve the
same TIT. In this condition, total mass flow rate of gases through
the gas turbine component reduces. There might be a confusing
point here since power is kept constant and fuel LHV reduces
why does total mass flow rate reduce too? The physical exergy of
biogas is in charge for this behavior. As fuel mass flow rate
increases, physical exergy of the fuel introduced more and more
exergy to the cycle. This means a part of mass flow rate is com-
pressed to the same pressure of the air without any air compressor
work. So, lower air is required to be compressed for the same
amount of output power. In addition, compressor work decreases
which means lower value of total gas flow is enough to produce
the same amount of power. Fig. 3 shows variations in total mass
flow rate and fuel to air ratio while methane content in biogas
reduces.

Exergetic performance for various components of the cycle is
shown in Fig. 4. The amount of exergy loss as well as exergy
destruction in different components of the cycle can be seen in this

T T T T O™

//
e

| / _
3 14f 1

L L |

1 6 8 10 12 14
Fuel Price ($/Exergy (GJ))

1.8¢

—
T
L

Fig. 7. Cost factor o for different fuel price and net power output.

Fig. Results are in line with previous studies on gas turbine cycle
[25,35] and exergy destruction in combustor is much higher com-
pared to the other components. Air compressor has the least value
of destruction while gas turbine component is the second largest
exergy destructor in the cycle. Exergy loss of the cycle is the
amount of flue gases exergy which leaves the boundary of the cycle
after exchanging exergy with compressor air in the preheater.
Results are for 1 MW power cycle and CO, concentration is varied
from 0.05 (natural gas or bio methane) to 0.4 for biogas. Exergy loss
and destruction for high concentration of methane are lower than
fuel with 0.6 methane content because of increasing the fuel mass
flow rate and exergy to LHV ratio for low concentrations of
methane. In preheater, exergy of the exhaust gases increases due
to air mass flow rate reduction. When air mass flow rate reduces,
lower amount of gases exergy or energy is recovered because tem-
perature of air at preheater exit (combustor inlet) is fixed.
Economic and exergetic performance of the cycle are illustrated
in Fig. 5. Exergetic efficiency and total cost rate of the plant in
terms of ($/hr) is presented here. In this analysis, power output
is 1 MW and fuel cost is 10.7$/GJ. The studied cycle was analyzed
considering two definitions of fuel cost. The first is cost of fuel
which accounted for total exergy and the second is cost of fuel
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which accounted for LHV of the biogas. In addition, total and chem-
ical exergy of biogas was applied for performance evaluation.
When methane concentration reduces, exergy efficiency decreases
as well because combustion destruction and exergy loss increases
when CO, concentration rises. Considering total fuel exergy, the
exergy efficiency of the cycle is 0.3 percent lower than exergetic
efficiency without considering the physical exergy of the fuel.

In the other hand, cost rate shows a different trend. When
methane content falls, fuel flow rate increases, which means higher
fuel cost rate. If the fuel cost for unit of fuel exergy (total) is con-
sidered the cost would be 8$/hr higher and varies more with fuel
composition change.

When the cost per exergy of fuel is considered, in fact the cost of
fuel compression process and fuel refining (increase energy density
by methane content increment) is taken into account. This means
one may pay more for higher quality fuel and higher mass flow rate
of high pressurized fuel which is more accurate than fuel pricing in
LHV.

In Fig. 6 and Fig. 7 cost factors oq and o are plotted for different
power output (system size) and fuel cost. In Fig. 6 fuel price is con-
sidered in terms of fuel LHV and in Fig. 7 cost of fuel is considered
for total exergy of fuel. For low values of fuel oy has negative values
which means total cost flow rate for lower content of LHV is lower.
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As it was mentioned before, for low LHV biogas (low rates of
methane concentration), fuel flow rate increases significantly and
compressor mass flow rate decrease. This means an amount of free
physical exergy is introduced to the system and compressor work
which makes the cost value to be reduced. For low fuel costs, this
results in negative oy which means total cost reduces. If the total
exergy of biogas is considered for pricing, o; is always positive.
This is the more realistic and reasonable result which shows that
by the fuel quality reduction for the same cost, plant cost increases.
Both o and o; augment with system size and fuel cost which is as
we expected since fixed and current costs are rising as well.

Effect of methane concentration on fixed cost or purchase cost
of the plant is demonstrated in Fig. 8. oz shows how much invest-
ment cost will decrease due to methane content variations for dif-
ferent power outputs. The reason of this cost reduction is that mass
flow rate of the system reduces especially in compressor. This
results in a smaller system and reduction in components’ size.

Effect of interest rate variations on the cost factors is investi-
gated as well. Interest rate variation has no effect on the purchase
cost factor. The reason is interest rate is directly correlated in CRF
and to the purchase cost so it is eliminated mathematically accord-
ing to definition of purchase cost factor.

Variations of o and «; while interest rate is changing is shown
in Fig. 9 and Fig. 10 respectively. While interest rate increases, total
cost rate increases as well since purchase cost or investment rises.
This incensement in total cost rate due to purchase cost rising,
cause oo and o4 to decrease. In fact, while interest rate increases,
share of fixed cost (investment) in total cost increasing while cur-
rent costs (fuel costs) are constant. In low fuel prices, cost factor is
more sensitive to the interest rate because the share of investment
cost (purchase cost) in total cost is higher than other cases. Gener-
ally, increase in system size and fuel cost reduces the sensitivity of
the cost factors to the interest rates, which means in high fuel costs
and system sizes, effect of fuel composition on plant total cost is
small.

Cost of generated power per kWh is a unique criterion for eval-
uating the economic performance of the cycle. It should be noted
that costs presented here may differ in various applications since
cost analysis inputs and assumptions are not valid for all cases.
However, the method presented here is applicable and cost values
provides a reasonable estimation for biogas-gas turbine projects.
Cost of generated power per kWh for six different cases is shown
in Fig. 11.
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Fig. 9. Cost factor o versus interest rate at different fuel price and net power output.
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Fig. 11. Cost of power per kWh for different cases and scenarios for system size and fuel price.

Cost of Power Produced per kWh

For all cases biogas costing based on LHV leads to underestima-

tion in generated power cost and the related discrepancy is more
significant in higher fuel costs. Another important result is that fuel
price is the most dominant cost driver in this case. Cost per unit of
kWh of power reduces when system size increases. Cost of power
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may vary from 0.05 to 0.18%/kWh when fuel price changes from 3
to 14%/G]J.

Cost of exergy destruction and losses give more details of eco-
nomic performance of the cycle and its components. As presented
in Fig. 12, destruction and losses are plotted for various cases. In all
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Cost of Exergy Destruction and Loss
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Fig. 12. Cost of exergy loss and total exergy destruction for different scenarios and system size.

cases, total destruction cost is higher than loss cost. This is due to
the fact that exergy loss is lower than destruction in the cycle
under analysis. In addition, cost difference between cost of
destruction and energy loss is higher for higher fuel costs and sys-
tem size and cost of fuel is the dominant cost driver for destruction
and losses too. For both cases exergy based fuel cost leads to higher
values than LHV based fuel costs.

The cycle cost performance is introduced here as an economic
measure for the cycle. The cycle economic performance is defined
as:

Noeo = 100 x (1 — L) (43)

tot

These parameter shows how much of cost which is introduced
to the plant is changed into product and how much money is leav-
ing the plant in terms of exergy loss. Since destructions are not
leaving the plant, they are not taking into account in this definition.
In all cases, performance factor for LHV based fuel price is higher
because it introduces a free amount of exergy to the cycle
(Fig. 13). For systems with same size and fuel price, economic per-
formance of cycles with higher methane content is generally
greater than cycles with lower methane content. Moreover, in
the bigger system size, the economic performance is lower due
to higher value of exergy losses. In fact, lower system size incurs
lower value of cost of exergy loss although the cost of power gen-
eration per kWh increases.

4. Conclusion

A biogas-based gas turbine power generation system was ana-
lyzed using exergo-economic method. Effects of fuel cost, power
output (system size) and fuel composition on the exergetic and
economic performance of the cycle were studied. Different formula
for fuel cost were used and the results were compared. In sum-
mary, findings of this study are as follows:

e Total mass flow rate of gases decreases by methane content
reduction in fuel. However, fuel to air ratio rises from 2% to 6%.
Exergy efficiency of the cycle falls more than 0.5 percent when
CO, molar fraction in fuel rises from 0.05 to 0.4.
Physical exergy of the fuel especially in low methane contents
of biogas is significantly important and it should be taken into
account.
e 0o and oy measures show that how different cost definitions
lead to different economic outcomes. While «q for low cost sce-
narios shows up to —0.5 percent reduction in total cost flow
when CO, content increases from 0.05 to 0.4, o; parameter
shows that considering total exergy cost always results in pos-
itive cost factor which means total cost flow of the plant
increases by methane content reduction.
Investment cost of the plant reduced by 4 percent when CO,
content increases from 0.05 to 0.4.
e For 1 MW plant, cost of generated power is about 0.05$/kWh
and 0.18%/kWh for fuel costs of 3$/GJ and 14$/GJ respectively.
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Fig. 13. ,,, for different cost scenarios and system size. This measure shows how much of cost flow in plant is used for power generation.

e Economic performance factor of the cycle is between 61.5 and
64.5 percent which reduces with system size, fuel cost and
CO, content increment in biogas.

In this research fuel composition effects on both performance
and economic of the plant is carried out. Total cost and perfor-
mance of the plant are significantly affected by the fuel composi-
tion variations and these variations should be accounted in the
planning and designing phase.

Fuel costing method is another crucial factor that should be
considered. Fuel pricing in LHV term specially in low methane con-
tents may results in lower cost and higher performance estimation.
So, based on results considering fuel pricing method based on
exergy is more reasonable and recommended in planning and
designing phases.

Method presented here is for design and planning phase. Plant
performance maybe affected significantly during operation. So,
operation and off design analysis for economic and fuel composi-
tion sensitivity will be interesting.

In addition, since multigeneration is a common practice in
energy systems, the same method can be implemented for biogas
fueled multigeneration systems.
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