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Abstract: There is a burden of adequate energy supply for meeting demand and reducing emission
to avoid the average global temperature of above 2 ◦C of the pre-industrial era. Therefore, this study
presents the exergoeconomic and environmental analysis of a proposed integrated multi-generation
plant (IMP), with supplemental biomass-based syngas firing. An in-service gas turbine plant, fired
by natural gas, was retrofitted with a gas turbine (GT), steam turbine (ST), organic Rankine cycle
(ORC) for cooling and power production, a modified Kalina cycle (KC) for power production and
cooling, and a vapour absorption system (VAB) for cooling. The overall network, energy efficiency,
and exergy efficiency of the IMP were estimated at 183 MW, 61.50% and 44.22%, respectively.
The specific emissions were estimated at 122.2, 0.222, and 3.0 × 10−7 kg/MWh for CO2, NOx,
and CO, respectively. Similarly, the harmful fuel emission factor, and newly introduced sustainability
indicators—exergo-thermal index (ETI) and exergetic utility exponent (EUE)—were obtained as
0.00067, 0.675, and 0.734, respectively. The LCC of $1.58 million was obtained, with a payback
of 4 years, while the unit cost of energy was estimated at 0.0166 $/kWh. The exergoeconomic
factor and the relative cost difference of the IMP were obtained as 50.37% and 162.38%, respectively.
The optimum operating parameters obtained by a genetic algorithm gave the plant’s total cost rate
of 125.83 $/hr and exergy efficiency of 39.50%. The proposed system had the potential to drive the
current energy transition crisis caused by the COVID-19 pandemic shock in the energy sector.

Keywords: gas turbine; multigeneration; exergetic utility exponent; thermo-enviroeconomic; exergy

Energies 2020, 13, 6018; doi:10.3390/en13226018 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-6794-0118
https://orcid.org/0000-0002-0133-485X
https://orcid.org/0000-0002-3057-1301
https://orcid.org/0000-0003-0287-2067
http://dx.doi.org/10.3390/en13226018
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/22/6018?type=check_update&version=2


Energies 2020, 13, 6018 2 of 27

1. Introduction

The demand for useful energy is at a record high, and it is expected to increase steadily to meet the
growing energy demands for social, household, and productive uses [1]. The majority of the nations,
especially the developing nations, is struggling to match demand with supply—a situation that could be
termed an energy crisis. At the heart of the energy crisis, there is another perspective of energy-induced
climate change and COVID-19 pandemic impeded energy transition [2,3]. The COVID-19 pandemic
started at a time when energy transition and energy policies were settling in. The COVID-19 pandemic
is causing an economic crisis in many nations, especially in the developing nations, with a severe
negative impact on the energy access sector, due to logistical and economic challenges. Energy access
could be used to quantify the impact of COVID-19 and evidence abound that COVID-19 has had a
significant adverse impact on the energy access sector [3,4]. In this regard, the energy access sector
needs stimulus beyond the COVID-19 era. The combined energy generation systems were adjudged as
veritable means to drive the energy access beyond the COVID-19 pandemic crisis, for efficient energy
solutions aimed at enhancing economic competitiveness, providing more affordable energy services,
and reducing environmental impact [5].

There is a burden of adequate energy supply to meet demand and reduce emission,
to avoid the average global temperature of above 2 ◦C of the pre-industrial era [6]. To meet the
energy-supply–climate-change dilemma, there is a need to urgently explore opportunities that would
optimally solve the dilemma. To this end, two possible spaces were given serious attention in the
research community, namely efficient use of depleting and polluting energy sources and the application
of renewable energy sources in the energy mix. Renewable energy was identified as the major enabler of
the sixth innovation revolution, which is currently on course [7–9]. The integrated and multi-generation
energy system was widely acknowledged as a technology that supports the efficient use of energy
source at the supply side.

In recent times, multi-generation or polygeneration is becoming a more promising technology
and an integration practice for continuous production of different products or outputs from a common
or multi-energy source for efficient utilization of energy sources [10]. Multi-generation systems are
powered by heat source from fossil-fuel-based plants or renewable energy-based plant. The latter
was intended by design to increase the performance of an energy system [11]. However, apart
from moderating environmental complications and cost, multi-generation systems also increase
sustainability and efficiency [12]. Several studies exist in the application of multi-generation plants for
energy production. For example, Ozturk and Dincer [13] estimated the potential and performance
of a solar-biomass hybrid multi-generation plant for power, heating, cooling, hot water, and others.
The study shows that the hybrid multi-generation plant is a promising technology for the efficient use
of energy resources.

Mohan et al. [14] presented a thermodynamic and economic performance of a natural-gas-fired
combined plant for tri-generation. The result indicated thermal efficiency of over 82%, with a
normalized reduction in CO2 emission of 51.5%. Khalid et al. [15] proposed combined biomass and
solar plant for integrated power generation. The results obtained showed 66.5% energy efficiency and
39.7% exergy efficiency. Furthermore, the energy and exergy efficiencies of 64.5% and 37.6%, and 27.3
and 44.3% were attained, respectively, when the system was operated independently with biomass
and solar.

An innovative integrated solar-assisted thermoelectric generator (STEG) plant was presented
by [16]. The STEG recorded an energy efficiency of approximately 51.33%, while a 50.6% efficiency was
achieved when running independently without a thermoelectric generator. Similarly, a solar-geothermal
based multi-generation and solar-driven tri-generation systems were proposed by Al-Ali and Dincer [17].
The geothermal-solar system was for electrical power, cooling, space heating, hot water, and heat for
the industrial process, while the solar-driven tri-generation plant was for electricity production and
space heating. The two plans achieved exergy efficiencies of 36.6% and 24.66%, in that order.
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Reference [18] presented a comprehensive assessment of an integrated energy system, fired
by biomass. Five outputs were proposed to include; namely electricity, hot water steam, timber
drying, and district heating. The estimated first and second law efficiencies were 60% and 25%,
respectively. In contrast, the corresponding first and second law efficiencies of the biomass plant
with electricity generation only were calculated at 11% and 13%, respectively. Other multi-generation
system included the works of Reference [19] who considered the thermo-environmental and economic
analysis of a combined integrated power generating cycle fired by municipal solid waste. The power
generating cycle comprises a gas turbine, ORC, fuel cell, and a vapor absorption system. The studies
recorded thermal efficiency, second law efficiency and power output at 62.3%, 55.5%, and 219.94 MW,
respectively, with the cost of electricity estimated at 0.018 $/kWh. Studies based on economic and
exergo-environmental assessment for an integrated solar gas turbine plant was proposed by Bonforte
et al. [20]. Results from the study indicate an increase in the capital cost of about 48%, with 5.2 years
return of investment for the solar hybridization.

Additionally, many researchers presented a renewable energy-based multi-generation system.
For example, Khalid et al. [21] performed a technical and economic valuation of a renewable
energy-based integrated system. The system comprises a wind turbine, solar collector, and organic
Rankine cycle (ORC). The overall second law efficiency for the integrated plant was 11.4%, while the
thermal efficiency and the cost of electricity were 36.8% and $0.181/kWh, respectively. Reference [22]
studied a trigeneration plant for power, cooling, and heat production. Their study entailed a
comprehensive economic and thermodynamic performance evaluation. The results showed a
good conversion efficiency with improved system performance. Similarly, other researchers [23–26]
investigated an energy-based multi-generation plant, with ORC and Kalina cycle as the bottoming plants.
Marques et al. [5] conducted exergoeconomic analysis of a macro-trigeneration system. The specific
exergy costing (SPECO) was used for the exergoeconomic analysis. The established methodology was
used to analyze the system, which combines an internal combustion engine, an absorption refrigeration
system, and a heat recovery unit in a single entity. It was observed that the absorber heat exchanger,
steam generator, and heat recovery unit have the potential for improvement, due to the combined
effects of high relative cost difference and low exergoeconomic factor.

It is, therefore, evident that multi-generation cycles are apposite in producing more than one energy
product from single or multiple input energy sources. The multi-generation or polygeneration system
had a better efficiency, improved sustainability, as well as a reduction in environmental influences.
However, in thermal power plants, gas turbine and steam turbines, for examples, more than 50% of the
energy input is wasted in the forms of irreversibility and energy waste, mainly to the environment [27].
Energy waste in the form of heat rejection is prominent in the stake and heat exchangers used for
cooling hot streams. In Nigeria, for instance, where the study is located, about 65% of the grid generated
power is by open cycle GT plants. The operative GT plants produce approximately 87.3 mmt/annum
of GHG emissions [28], in which 66.9% of the overall GHG emissions are due to the combustion of
fossil fuel. Fossil fuel combustion dominates the Nigerian energy utility sector. The implication is that
the energy sector is leading in GHG emission inventories and is a crucial sector to be contemplated for
mitigation technology [28]. However, there are several energy efficiency improvement approaches
identified in the literature in the open domain [11,21]; the commonest are—(i) the utilization of fuel
with small carbon emission potential, with appropriate combustion mechanism; (ii) the use of carbon
capture (CCP) technologies; (iii) the utilization of the CCP for the combined application of heating and
power production through supercritical carbon dioxide cycles; and (iv) modernization or retrofitting
of thermal plants by the utilization of the waste heat to power more renewable energy systems.
These methods have varied constraints, for example, initial capital cost, complexity, and technology
readiness. The retrofitting of existing power plants is supported in the research community, but it did
not gain much popularity in Nigeria, in the context of a comprehensive thermodynamic, economic,
environmental, and sustainability analysis. Therefore, this current study is on the retrofitting of an
in-service gas turbine power plant (FRAME 9E GT) located in Odukpani, Calabar, Nigeria, using
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operational data and ISO data for improved efficiency and reduced environmental impact. The current
theoretical framework introduced two novel sustainability figures of merit, exergetic utility exponent,
and exergo-thermal index. The exergetic utility exponent quantifies resource usage, which could
be defined as the degree at which exergy input of an energy system is used for work production,
whereas the exergo-thermal index quantifies the thermal impact of the energy generation system on
the environment subject, to a physical environment.

2. Material and Methods

2.1. System Description

The proposed integrated multigeneration plant (IMP) is shown in Figure 1, which comprises five
subsystems—a gas turbine (GT), steam turbine (ST), organic Rankine cycle (ORC) for cooling and
power production, a modified Kalina cycle (KC) for power production and cooling, a vapor absorption
system (VAB) for cooling, and a biomass syngas supplemental firing unit. From state 1, the air was
drawn to the low-pressure compressor (LPC), raising the temperature and pressure of the air at state 2,
which enters the intercooler (INT). The cooled air from the INT is recompressed by the high-pressure
compressor (HPC), where it is combusted in the combustion chamber (C.C), after being partly heated
by the expanded gas stream from the low-pressure turbine (LPT). The high-pressure turbine (HPT)
drives both the HPC and LPC. The expanded gas from the HPT is reheated, by supplemental firing
with the syngas from the biomass gasifier, which then expands in the LPT to produce shaft work.
A portion of the expanded gas is recovered in a heat recovery steam generator (HRSG) to produce
steam. The steam produced exists in two streams—the high-pressure steam, which drives the steam
turbine (ST); and the low-pressure steam, which powers the vapor generator 1 (VG1 or EVP 1) for
electrical energy production and cooling in an ORC power-cooling configuration. The superheated
steam leaving the high-pressure evaporator (HP EVP) of the HRSG expands in the ST producing
shaft work. Similarly, the steam is blended at two points, giving rise to two feedwater heaters (FW1
and FW2). Two feedwater heaters were introduced in order to optimally match the temperature at
state 23, with the thermal energy demands of the other bottoming cycles. The heat obtained from the
condensation of the expanded vapor is used for domestic hot water applications. The refrigerant in the
vapor generator 2 (VG2 or EVP 4) in the ORC expands via the ORC turbine producing power. At the
same time, part of the vapor is bled, throttled, condensed, and allowed to evaporate, thus providing
cooling. The flue gas leaving the HRSG is used to power the KCPC integrated with a vapor absorption
refrigeration system (VAB). Subsequently, the ammonia-water solution receives heat from the flue gas,
leaving HRSG with the vapor expanding in the turbine, to produce electrical energy. The rich part of
the mixture is further condensed and throttled and then allowed to evaporate in an evaporator, which
provides a cooling effect. Similarly, the weak solution already expanded in the KC turbine mixes with
the stream at state 47 (Figure 1), which heat the desorber for powering the VAB. The exiting stream at
the desorber is passed through a heat exchanger before being added up, with the resulting stream
beimg used for refrigeration at state 45. These stream summation produces the stream at state 51, which
is pumped to the VG1 to commence the cycle. The proposed polygeneration system might look too
complex, but it has strong potentials to provoke the development of the next generation polygeneration
energy systems, beyond the academic environment. In addition, combine energy generation systems
could and must be part of energy efficiency solutions, aimed at enhancing economic competitiveness,
enhancing energy access, providing more affordable energy services, and reducing environmental
impacts. The proposed system is very important to drive the current energy transition crisis caused by
the COVID-19 pandemic shock wave in the energy sector [2].
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2.2. Thermodynamic Modeling

In modeling the integrated multi-generation plant (IMP); Figure 1; analytical models were
developed to describe the different subsystems that constitute the IMP: GT, ST, ORC, Gasifier, HRSG,
KC, and VAB. The following assumptions were made [29–31]—(i) the system operates in a steady-state
condition; (ii) the working fluid behaviors are considered ideal; (iii) the gasification reactions are in the
equilibrium state; (iv) the potential energy and kinetic energy are neglected; and (v) the rich refrigerant
is a strong solution, whereas the weak solution is rich in LiBr.H2O.

The thermodynamic analysis is based on the following—first law of thermodynamics, the second
law of thermodynamics, and the conservation of mass, as expressed in Equations (1)–(3),
respectively [29–31]. ∑

i

.
H j −

∑
i

.
Hi =

.
Q−

.
W (1)

.
ExD =

∑
i

.
Exi −

∑
j

.
Exj +

∑
k

(
1−

(
T0

Tk

))
.

Qk −
.

W (2)

∑
i

.
mi =

∑
j

.
m j (3)

2.2.1. ORC—Power Cooling System

The energy analysis in the vapor generator (ORCVG), rate of work transfer in the turbine (ORCT),
capacity of the ORC evaporator (ORCEV), net power output of the ORC, thermal efficiency, exergy
destruction rate in the ORC, and overall exergy efficiency of the ORC system are evaluated by the aid
of Equations (4)–(10), respectively.

.
QORCVG =

.
mgcpg(h26 − h27) −

.
mre f (h28 − h37) (4)
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.
WORCT =

.
mre f (h28 − h29) +

( .
mre f −

.
mre f b

)
(h29 − h33) (5)

.
QORCEV =

.
mre f (h32 − h31) (6)

.
WORC,net =

.
WORCT −

.
WORCP (7)

ηth, ORC =

.
WORCT +

.
QORCEV

.
QORCVG

≡

.
mre f (h28 − h29) +

( .
mre f −

.
mre f b

)
(h29 − h33) +

.
mre f (h32 − h31)

.
mgascpg(h26 − h27) −

.
mre f (h28 − h37)

(8)

.
ExDORC =

.
ExD,ORCVG +

.
ExD,ORCT +

.
ExD,ORCC +

.
ExD,ORCEV +

.
ExD,ORCP (9)

ηex,ORC =

.
WORCT+

.
ExORCEV

.
Exin

(10)

2.2.2. Gas Turbine Plant (GT)

The work transfer rate in LPC and HPC, heat transfer rate in the CC, heat transfer rate in the REH
(supplemental firing combustor), work transfer rate in the HPT and LPT, net power output and heat
addition of the GT are determined from Equations (11)–(16), respectively.

.
WC,k =

.
mk

(
hi − h j

)
(11)

.
Qcc = ηcc

.
m f uelCv f eul (12)

.
QREH = ηccREH

.
mbiomCv,biom (13)

.
Wc,k =

.
mk

(
hi − h j

)
=

.
mgcpg

(
T..

i
− T..

j

)
(14)

where i, j and
..
i,

..
j denote inlet and exit flow streams of the working fluid and flue gas, respectively;

.
mk

is the mass flow rate for kth (where k = HPT and LPT)

.
Wnet =

.
WLPT =

(
cpgas(T10)T10 − cpgas(T11)T11

)
(15)

.
Qin, total =

.
WLPT =

(
cpgas(T7)T7 − cpgas(T5) × T5

)
+

(
cpgas(T10)T10 − cpgas(T8)T8

)
(16)

The thermal efficiency, ηth, exergy destruction rate,
.
ExD, and exergy efficiency, ηex, in the GT are

determined using Equations (17)–(19).

ηth,GT =

.
Wnet

.
Qin, total

(17)

.
ExD,GT =

.
ExD,LPC +

.
ExD,INTC +

.
ExD,HPC +

.
ExD,CC +

.
ExD,HPT +

.
ExD,REH +

.
ExD,LPT (18)

ηex,GT = 1−

 .
ExDGT
.
ExGT, in

 (19)

2.2.3. Kalina Cycle (KC)

The rate of heat transfer in the KC vapor generator (KCVG), the rate of work transfer in the KC
turbine (KTUB), heat transfer in the KC evaporator (KEVP), rate of pump work in KC pump (KPUMP),
thermal efficiency of the KC, rate of network of KC, exergy destruction rate, and exergetic efficiency of
the KC are computed, respectively, by Equations (20)–(27):

.
QKVG =

.
m13h13 −

.
m57h57 =

.
m38h38 −

.
m56h56 (20)
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.
WKTUB =

.
m3h3 −

.
m4h4 (21)

.
WKPUM =

.
m54h54 −

.
m53h53 (22)

.
WKPUM =

.
m54h54 −

.
m53h53 (23)

ηth, KPCC =

.
Wnet +

.
Qevap,KC

.
Qin, KC

(24)

.
Wnet, kc =

.
WKTUB −

.
WKPUM (25)

.
ExD,KC =

.
ExD,KVG +

.
ExD,KTUB +

.
ExD,EVP +

.
ExD,KCON +

.
ExD,KPUM +

∑
k

.
ExD,KHEX +

∑
k

.
ExD,KSP (26)

ηex =

.
Wnet,KC +

.
Eevap,KC

.
Exin, total

(27)

2.2.4. Vapor Absorption System (VAB)

The heat transfer rate in the VAB desorber (VABD), heat transfer rate in the VAB condenser, heat
transfer rate in VAB evaporator (VABEV), heat transfer rate in the VAB absorber (VABAB), rate of
pump work of the VAB (VABP), and coefficient of performance of the VAB are expressed, respectively,
by Equations (28)–(33), thus

.
QVABD =

.
m49h49 +

.
m64h64 =

.
m50h50 +

.
m58h58 +

.
m65h65 (28)

.
QVABC =

.
m58h58 −

.
m59h59 (29)

.
QVABE =

.
m61h61 −

.
m60h60 (30)

.
QVABA =

.
m61h61 +

.
m67h67 −

.
m62h62 (31)

.
WVABP =

.
m63h63 −

.
m62h62 (32)

COP =

.
QVABE

.
WVABP +

.
QVABD

(33)

The mass flow rates of the working fluid, strong (
.

mss) and a weak solution (
.

mws) could be
computed, respectively, by Equations (34) and (35)

.
mws =

ξss

ξws + ξss
(34)

.
mss =

ξws

ξws + ξss
(35)

where ξss and ξws are defined by [32]

ξss =
49.04 + 1.125ta − te

134.65 + 0.47ta
(36)

ξws =
49.04 + 1.125tg − tc

134.65 + 0.47tg
(37)

where ξws and ξss are weak and strong solutions of LiBr.H2O (lithium-bromide) concentration of
the refrigerant in that order; ta, te, tc, and tg are temperatures of absorber, evaporator, condenser,
and desorber, respectively. Specifics of the correlations of entropy and enthalpy and LiBr-H2O are
presented elsewhere [32].
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2.2.5. Steam Turbine Cycle (STC)

The heat transfer rate across the HP evaporator, HP economizer, LP evaporator, LP economizer
and HRSG could be calculated by Equation (38).

.
Qk =

.
mk

(
hi − h j

)
=

.
mgascpgas

(
Ti − T j

)
(38)

The work transfer rate in LP and HP steam turbines could be computed by Equation (39), thus,

.
Wst,k =

.
mk

(
hi − h j

)
(39)

The heat rejection rate in the steam turbine condenser (SC) is computed as follows:

.
QSC =

.
mw

(
hi − h j

)
(40)

Equation (41) can be used to compute the power of HP and LP water feed pump

.
W f wp,k =

.
mk

(
hi − h j

)
(41)

The net power output of the ST cycle is estimated by Equation (42)

.
WSTC =

∑
k

.
Wst, k −

∑
k

.
W f wp, k (42)

The exergy destruction rate in the ST is calculated by Equation (43)

.
ExD,STC =

∑
k

.
ExD,HRSG +

∑
k

.
ExD,ST +

∑
k

.
ExD,SC +

∑
k

.
ExD,FWP (43)

The thermal efficiency (ηth) and the exergy efficiency (ηex) are computed by Equations (44) and
(45), respectively.

ηth,STC =

.
WSTC,net∑

k
.

Qk

(44)

ηex,STC = 1−

 .
ExDSTC
.
ExSTC, in

 (45)

2.2.6. Gasifier Model

The global gasification reaction for biomass (wood) considered in this study is expressed in [18,19].

CnHxOyNx + m(O2 + 3.76N2)→ nH2H2 + nCOCO + nCO2 + nH2OH2O + nCH4CH4 +
(

z
2 + 3.76m

)
N2 (46)

where CnHxOyNx is the chemical formulation, ni denotes molar composition for the ith element of the
syngas, which is estimated from atomic, equilibrium reactions [19,33]. Similarly, the energy balance in
the gasifier is described by Equation (47).

h0
f biomas + m

(
h0

f O2 + 3.76h0
f N2

)
=

∑
nih0

f + [(
∑

i nic1i)T + (
∑

i nic2i)T2+

(
∑

i nic3i)T3 + (
∑

i nic4i)T4 + (
∑

i niki)]
(47)

where h0
f biomas, h0

f O2 , and h0
f N2 are enthalpy of formations for biomass, oxygen, and nitrogen gas,

respectively; m denotes the number of moles of air, T is the temperature of the product, and ci j
represents the heat constant (specific) for all the syngas species.
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2.2.7. The Integrated Multi-Generation Plant (IMP)

The overall energy efficiency and exergy efficiency of the IMP are expressed as follow:

ηth, IMP =
Outputtotal

.
Qin,total

(48)

ηex, IMP =

.
Exout,total

.
Exin, total

(49)

where

Outputtotal =
.

WLPT +
.

WHPT +
.

WST +
.

WGT +
.

WORCT +
.

Qcol,KC +
.

Qcol,VAS +
.

Qcol,ORC (50)

2.3. Environmental Modeling

The environmental impact is determined by computing the quantity of the pollutants produced
according to the empirical relations presented in [19,34], which include nitrogen oxide,

.
mNOx (kg/s),

carbon dioxide,
.

mCO2 (kg/s), and carbon mono oxide,
.

mCO (kg/s). The amount of these harmful
emissions produced and their rates is a function of the following parameters—retention time, τ (s),
adiabatic flame temperature, Tpz, combustion chamber pressure drop, ∆PCC (kPa), as presented
in [19,34]. Therefore, the emission rates and the harmful fuel emission factor, FEF, are defined in
Equations (51)–(55), which are well established and proven empirical relations.

.
mNOx =

1.5× 1015τ0.5e−(7110/Tpz)

P60.05
(

∆PCC
P6

)0.5 (51)

.
mCO =

1.79× 108τ0.5e(7800/Tpz)

P60.05τ
(

∆PCC
P6

)0.5 (52)

.
mCO2 = yCO2

.
mg

MCO2
.

mg

 (53)

co2, sp = 3600

 .
mCO2

.
Wnet

 (54)

FEF =

.
MNOx +

.
MCO +

.
MCO2

.
mg

(55)

where CO2,sp
(
kgCO2/MWh

)
depicts the quantity and specific CO2 emissions, respectively. Equally,

.
mg,

M, yCO2 and MCO2 are mass flow rate of flue gas, molar mass of flue gas, mass fraction, and the molar
mass of CO2. The adiabatic flame temperature Tpz could be defined by Equation (56). All parameters,
constants and the terms x, y, and z in Equation (57) were estimated according to the procedure presented
in [34,35].

Tpz = Aσα exp
[
β(σ+ λ)2

]
πx∗θy∗ψz∗ (56)

2.4. Sustainability Modeling

The sustainability index (SI) is an index that described the capacity and effective utilization and
preservation of the energy resources [36]. The SI was evaluated using Equation (57).

SI =
1

1− ηex
(57)
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Furthermore, novel ideas considered for sustainability estimation in this study comprise exergetic
utility exponent (EUE) and exergo-thermal index (ETI). The EUE defines the degree at which exergy of
the resource input is used for work production according to Equation (58). The small values of EUE
presage poor process conversion, especially for multi-generation systems. For constant

.
Exin, the value

of EUE increases as
.
Exout → 0 , and the EUE approaches the system exergy efficiency. The implication

is that EUE is bounded by 0 < EUE < 1.

EUE =
ηCC

.
Wnet

.
Exin −

.
Exout

(58)

where ηCC,
.

Wnet,
.
Exin, and

.
Exout are the combustion chamber efficiency, total work output, exergy

input from the fuel, and exergy output from the exhaust stream. Similarly, the ETI quantifies the
thermal impact of the energy generation system on the environment, subject to a physical environment,
as defined in Equation (59). The ETI increases with an increase in Texhuast; the low values of ETI are
desired and connote less environmental impact.

ETI =
EUE
=

=
ηCC

.
Wnet( .

Exin −
.
Exout

) × 1
=
≡

ηCC
.

WnetText

Tev
( .
Exin −

.
Exout

) (59)

where =, the thermal pollution factor, represents the ratio of the environmental temperature (Tev) to
that of the exhaust stream (Texh), according to Equation (60).

= = (Tev/Texh) (60)

2.5. Economic Analysis

The exergoeconomic assessment was performed to determine the competitiveness of the proposed
plant with the existing power plants, and also, to suggest the system components that need to be
redesigned to reduce the exergy destruction rate. The SPecific Exergy Cost (SPECO) method was
applied in the current analysis. The SPECO method is derived from exergy, system cost for product
and resource utilization per unit of exergy, coupled with closure equations [37]. The equations defining
the component cost of the IMP are presented in Table 1. The cost relations ranged between the years
2008 and 2016. The range might not cover the present reality of the cost estimate. Nonetheless, they
could well be considered an initial approximation for this assessment, without much deviation in the
accuracy of the results. The general exergoeconomic balance for an exergy conversion system was
related as follows:

cq,k
.
Eq,k +

∑
i

(
ci

.
Ei

)
k
+

.
Zk =

∑
e

(
ce

.
Ee

)
k
+cw,k

.
Wk (61)

where
∑

e

(
ce

.
Ee

)
k

is cost rates associated with exit exergy streams of the kth component; cw,k
.

Wk is the

cost rates of power generation of the kth component; cq,k
.
Eq,k is the cost rates associated with heat

transfer of the kth component;
∑

i

(
ci

.
Ei

)
k

is the cost rates associated with entering exergy streams of the

kth component;
.
Zk is the capital investment cost rate of the kth component, and c connote specific cost.
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Table 1. Equipment cost [19,38,39].

Components Cost Function Zk($)

Gasifier 2.9× 106
(
3.6

.
m
)0.7

Air compressor 39.5
.

ma
0.9−ηC

(
Pi
P j

)
ln

(
Pi
P j

)
GT

.
WGT1318.5− 98.328ln

( .
WGT

)
HRSG 4745

( .
QHRGS

log(∆THRSG)

)0.7
+ 1182

.
mg

Steam turbine 600
( .
WST

)0.7

Steam condenser
.

17773mw

Feedwater pump 3540
( .
WFWP

)0.71

ORC evaporator 309.14
( .

QHRVG
0.2∆THRVG

)0.85

ORC-turbine 4750
( .
WORCT

)0.75

ORC-condenser 516.62
( .

QORCC
0.15∆TORCC

)
ORC-pump 705.5

(
0.001

.
WORCP

)0.71(
1 + 0.2

ηP

)
VAB-condenser

.
17773mw

VAB-evaporation 130
(

AVABE
0.093

)0.78

VAB-absorber 130
(

AVABA
0.093

)0.78

VAB-throttle valve 37
(

Pi
P j

)0.68

VAB solution pump 800
( .

WVABP
100

)0.26( 1−ηSP
ηSP

)0.5

The average exergoeconomic cost parameters, namely unit cost of fuel, cF,k, unit cost of product,
cP,k, and cost rate of exergy destruction, CD,k, are defined in Equations (62)–(64), respectively; whereas
the exergoeconomic factor, fk, and relative cost difference, rk, for the kth component are defined by
Equations (65) and (66) [38].

cF,k =

.
CF,k
.
EF,k

(62)

cP,k =

.
CP,k
.
EP,k

(63)

cD,k = cF,k
.
ED,k (64)

fk =

.
zk

.
zk +

.
cD,k +

.
zD,k

(65)

rk =
CP,k −CF,k

CF,k
(66)

The exergoeconomic factor and the relative cost difference are important parameters in the
prioritization of the system’s components for improvement. The exergoeconomic factor weighs the
investment cost against irreversibility caused by a specific system’s component, whereas the relative
cost difference weighs relative increase in cost per exergy, against the unit cost of fuel input.
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The sum of the total capital investment,
.
Z

CI
k , and operation and maintenance cost,

.
Z

OM
k , constitutes

the overall cost rate of the kth component (
.
zk), as presented in Equation (67) [39].

.
Zk =

.
Z

CI
k +

.
Z

OM
k (67)

The annual levelized capital investment for the kth component is evaluated according to [39]:

.
Zk = CRF

∅k
N × 3600

Zk (68)

where Zk, N, φk, and CRF represent the cost of purchasing the kth equipment, the yearly number of
operating hours of the component functions, the maintenance factor, and CRF, represents the capital
recovery factor, respectively. The capital recovery factor could be estimated by Equation (69).

CRF =
i(1 + i)n

(1 + i)n
− 1

(69)

where i and n represent the interest rate and the expected operational life of the system. The values of
0.15 and 20 years were adopted for the interest rate and the system operational life, according to [39].

The economic figures of merit of the proposed IMP and other economic parameters are presented
according to [40]. Therefore, the unit cost of electricity, UCE ($/kWh), could be estimated by
Equation (70).

UCE =
ZALCC

365× EDP
(70)

where EDP is the daily energy produced by IMP
(
24×

.
Wnet

)
and the ZALCC is defined by [38].

ZALCC = CRFZLCC (71)

LCC =
Z∑
q

Cq; q ε(1, 2, . . .)

≡ (VG, TURB, HRSG GASF, EVAP, PUMP, COND, HEX, ABS, DES)
(72)

where Cq ($) represents the plant components cost, q
The break-even point (BEP) or payback time (PBT) is determined with the aid of Equation (73), as

expressed in [40]

BEP =
LCC

CTarri f AEP
(73)

where ZLCC, ZALCC($), Zi ($), CTarri f ($/kWh), AEP (kWh/y) are the life cycle cost, the selling price per
unit of electricity, and yearly energy production, respectively.

3. Results and Discussion

All the equations were programmed in the Engineering Equation Solver software platform to
facilitate the ease of computation and simulation of the system.

3.1. Thermodynamic Performance of the IMP

The input parameters used for thermodynamic modeling are shown in Table 2. The outcomes
of the thermodynamic and environmental performance of the IMP are depicted in Tables 3 and 4,
respectively. The parameters of the state points of the proposed system are presented in Tables A1–A5
in the Appendix A. Further results are displayed in graphical plots to show the simulated results.



Energies 2020, 13, 6018 13 of 27

Table 2. Thermodynamic input parameters and simulation data for the proposed integrated
multi-generation plant (IMP) [13,15,16,19,25,31–43].

Parameter Symbol Unit Value

Ambient temperature T0
◦C 25

Ambient Pressure P0 bar 1.013
GT Lower compression ratio P2/P1 - 3.162
GT Higher compression ratio P4/P3 - 3.162

Overall pressure ratio P4/P1 - 10
GT Heat exchanger effectiveness ε % 75

Low-pressure turbine isentropic efficiency ηLPT % 85
High-pressure turbine isentropic efficiency ηHPT % 85

Low-pressure compressor isentropic efficiency ηLPC % 80
High-pressure compressor isentropic efficiency ηHPC % 80

mass of air to the topping cycle mair kg/s 418
mass of gas at the inlet to the first combustion chamber m6 kg/s 3.131

mass of gas at the inlet to the supplemental firing combustor (reheater) m9 kg/s 21.49
The high-pressure turbine inlet temperature T7

◦K 1350
The low-pressure turbine inlet temperature T10

◦K 1200
The exit temperature of intercooler water T25

◦C 85
pinch point temperature for HP evaporator PPHPE

◦C 25
pinch point temperature for LP evaporator PPLPE

◦C 25
HRSG higher pressure P72 bar 25
HRSG lower pressure P68 bar 10

Steam turbine isentropic efficiency ηST % 85
ST inlet pressure P14 bar 25

ST inlet temperature T14
◦C 350

ST bled pressure P21 bar 0.05
ST condenser pressure P15 bar 0.08

ORC turbine inlet temperature T28
◦C 90

ORC turbine inlet pressure P28 bar 16.7
ORC turbine back pressure P33 bar 6.87

ORC evaporator temperature T31
◦C −2

Kalina turbine inlet temperature T39
◦C 180

Kalina turbine inlet pressure P39 bar 20
Kalina turbine back pressure P41 bar 7

Kalina evaporator temperature T44
◦C −5.49

VAS evaporator temperature T60
◦C 1.651

HRSG lower pressure P68 bar 10

From Table 3, the thermal efficiency (energy efficiency) for the system units varies from 16.96
to 35.91%, while the exergy efficiency ranges between 20.43 and 35.15%. The energy and exergy
efficiencies of the IMP stood at 61.5 and 44.22%, respectively, with a net power output of 183.91 MW.

From Table 4, the harmful fuel emission factor, FEF, and the exergetic utility exponent, EUE,
were estimated at 0.00066 and 0.7335, respectively, which are indicative of better plant performance.
The specific CO2 emission was estimated at 122.1 kgCO2/MWh, see Table 4. The specific CO2

emission obtained from this study was improved when compared to the 408.78 kgCO2/MWh and
518.80 kgCO2/MWh values obtained from the studies of [35] and [42]. The discrepancies in these
results are ascribed to plant capacity, plant configuration, and type of fuel. Furthermore, ETI and SI
were estimated at 0.675 and 1.43 for the IMP in that order.

3.1.1. Validation and Comparison of Results

The IMP performance was validated and compared with results of biomass integrated
multigeneration energy systems in the open domain, as shown in Table 5. The validation was based
on the overall system’s energy efficiency and exergy efficiency. The energy and exergy efficiencies
presented in the current study compared favorably with the energy and exergy efficiencies presented
in the literature. There was an observed variation between the current study and the literature, which
could be attributed to the different plant configurations and the heating values of the fuel sources
used in the literature. However, the exergy efficiency of the present study performed better than the
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majority of the literature presented in the table. The implication is that the present study has minimal
irreversibilities and better use of resources, which corroborate the observed specific emission reduction,
as compared to the previous study.

Table 3. Thermodynamic performance of the IMP.

Unit Parameters Units Value

Gas turbine
Net power MW 148.73

Thermal efficiency % 35.91
Exergy efficiency % 35.79

Steam turbine
Net power MW 35.08

Thermal efficiency % 32.52
Exergy efficiency % 35.15

ORC-power cooling

Net power MW 42.82
Thermal efficiency % 18.81
Exergy efficiency % 22.22

Cooling load kW 45.36

Kalina-power cooling

Net power kW 36.27
Thermal efficiency % 16.96
Exergy efficiency % 20.43

Cooling load kW 36.27

Vapor absorption

Exergy of cooling kW 11.12
COP - 0.472

Cooling load kW 130.5
Desorber heat kW 162.1

Integrated multigeneration plant (IMP)
Net power MW 183.91

Thermal efficiency % 61.5
Exergy efficiency % 44.22

Table 4. Environmental and sustainability parameters.

Parameters Symbol Units Value

NOz emission rates
.

mNOx kg/s 0.222
CO emission

.
mCO kg/s 3.0 × 10−7

Specific CO2 emission CO2,spe kgCO2/MWh 122.2
Fuel emission harmful factor FEF - 0.00066

Exergetic utility exponent EUI - 0.7335
Exergo-thermal index ETI - 0.675
Sustainability index SI - 1.434

Table 5. Results validation with IMP.

S/N Study Reference Energy Efficiency, % Exergy Efficiency, %

1
Development and techno-economic assessment of a
new biomass-assisted integrated plant for
multi-generation

[44] 63.62 59.26

2
Development and analysis of a novel biomass-based
integrated system for multi-generation with
hydrogen production

[45] 63.60 40.00

3
Development and assessment of renewable
energy–integrated multi-generation system for Rural
Communities in Nigeria: Case Study.

[46] 62.72 23.49

4

Design and thermodynamic assessment of a biomass
gasification plant integrated with Brayton cycle and
solid oxide steam electrolyzer for compressed
hydrogen production.

[47] 52.84 46.49

5
Thermo-enviroeconomic modeling of Integrated
Multi-generation power plant with biomass syngas
supplemental firing

present study 61.50 44.22
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3.1.2. Parametric Analysis

Figure 2 depicts the performance of the subsystems and the IMP with variations in ambient
temperature (AT). For an increase in AT between 290 ≤ AT ≤ 300 K, the exergy efficiency, ηex, decreased
by 6.8% for GT, 1.1% for the ORC, 1.2% for the KC, 1.9% for ST, and 2.97% for the IMP. The ORC and
the Kalina cycles had the least decrease in ηex, indicating small exergy destruction in these cycles,
which is expected for low-grade temperature energy conversion systems. The variation in AT had no
substantial effect in the exergetic COP of the VAB system.
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Figure 2. Effect of ambient temperature (AT) variations on the exergy efficiency of the subsystems and
the IMP.

The effect of the mass flow rate of steam (
.

mst) on the ORC performance is shown in Figure 3.
The ηex increased by 4.99% for

.
mst(kg/s) within 16.5 ≤

.
mst ≤ 19.5. Similarly, the

.
Wnet increased by

5.2%, whereas the cooling load varied between 45.9 ≤
.

Qcooling ≤ 48.4 kW.
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Figure 3. Effect of mass flow rate of steam on exergy efficiency, network, and cooling load of the
ORC system.

Figure 4 presents the effect of adiabatic flame temperature, Tpz, on the specific CO2 emission,
and harmful fuel emission factor (FEF). At 2000 K adiabatic flame temperature, the specific CO2

emission was estimated at 140 kg/MWh, with about 60% increase in FEF. Increase in Tpz favored FEF

and CO2 yield, and was consequently harmful to the environment. The optimal value of the adiabatic
flame temperature is, therefore, required to reduce environmental pollution.
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Figure 4. Effect of adiabatic flame temperature on CO2 emission and FEF.

Figure 5 shows the effect of the ratio of adiabatic flame temperature to ambient temperature
(Tpz/T0) on NOx and CO emissions. The measure of NOx and CO produced throughout the combustion
process increases steadily with increasing Tpz/T0, which is expected, as high combustion temperature
favors NOx and CO formation through a dissociation process.Energies 2020, 13, x FOR PEER REVIEW 16 of 26 
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Figure 5. Effect of Tpz/T0 ratio on formation rates of NOx and CO.
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Figure 6. Change in exergy efficiency on sustainability indicators.



Energies 2020, 13, 6018 17 of 27

Figure 6 shows the variation in exergy efficiency, ηex, on the sustainability indicators. An increase
in ηex results in corresponding increases in EUE and SI. Additionally, ETI decreases for all values of
ηex. The trend of the indicators is analogous to other sustainability indicators found in the work of
Owebor et al. [19].

3.2. Economic Evaluation

The results of the total exergoeconomic parameters for the subsystems are depicted in Tables 6–11.
The exergoeconomic factors ( fk) were estimated at 53.01%, 45.08%, 41.29%, 22.79%, 47.41%, and 20.11%
for GT, HRSG, KC, ORC, ST, and VAB, respectively. Low fk values for a component signifies a high
exergy destruction cost and equally connotes a high potential for improvement, whereas high rk
denotes the potential for subsystem optimization. The combined effects of fk and rk showed that the
gas turbine (GT) had the highest potentials for improvement, followed by the HRSG, ST, and KC, while
the VAB and ORC had limited space for optimization.

Table 6. Exergoeconomic parameters for the gas turbine plant.

Component
.
CF

($/GJ)

.
CP

($/GJ)

.
ED

(MW)

.
CD

($/hr.)
Z

($/hr.)
ψ

(%)
Z+

.
CD

($/hr.)
fk

(%)
rk

(%)

GT CC 0.158 0.203 50.365 28.542 5.895 80.54 34.438 82.88 28.48
GT HEX 0.168 0.221 10.128 6.131 2.148 81.05 8.280 74.06 31.55
GT HPC 1.389 0.511 9.575 47.880 12.189 79.98 60.067 79.71 31.36
GT HPT 0.203 0.392 10.039 7.346 37.858 86.88 45.204 16.25 93.10
GT INTC 0.504 2.959 2.702 4.908 2.195 22.93 7.1023 69.10 487.10
GT LPC 0.339 0.504 2.883 3.513 12.189 90.12 15.703 22.38 48.67
GT LPT 0.169 0.353 8.871 5.372 41.693 88.92 47.064 11.42 108.88
GT REH 0.156 0.165 4.201 2.352 5.483 97.62 7.835 30.02 5.77

Table 7. Exergoeconomic parameters for the heat regenerative steam generator (HRSG).

Component
.
CF

($/GJ)

.
CP

($/GJ)

.
ED

(MW)

.
CD

($/hr.)
Z

($/hr.)
ψ

(%)
Z+

.
CD

($/hr.)
fk

(%)
rk

(%)

HRSG HPE 0.1681 0.495 0.297 0.1803 1.371 81.55 1.550 11.63 194.47
HRSG HPEV 0.1682 0.237 5.176 3.1334 1.195 77.23 4.329 72.38 40.90
HRSG LPE 0.1682 1.104 0.056 0.0342 1.167 86.32 1.201 2.85 556.36

HRSG LPEV 0.1681 0.489 5.432 3.2890 1.372 56.79 4.661 70.56 190.90
HRSG PUM 1.7352 17.752 0.022 0.1357 0.453 31.97 0.589 23.04 923.05

Table 8. Exergoeconomic parameters for the Kalina power cooling cycle.

Component
.
CF

($/GJ)

.
CP

($/GJ)

.
ED

(MW)

.
CD

($/hr.)
Z

($/hr.)
ψ

(%)
Z+

.
CD

($/hr.)
fk

(%)
rk

(%)

KCN5 27.145 52.848 0.0011 0.1119 0.0343 57.99 0.1462 76.54 94.69
KCN6 16.284 200.914 0.0687 4.0317 0.0805 8.255 4.1122 98.04 1133.81
KEV 1 9.619 12.819 0.0066 0.2194 1.7229 96.38 1.9424 11.30 33.27
KEV 2 26.533 1.0 × 10−6 0.0025 0.2390 0.4630 48.36 0.7020 34.04 100.00

KHEX 2 66.534 13.191 0.0004 0.0867 0.2746 73.04 0.3614 23.99 80.17
KHEX 3 27.148 145.76 0.0016 0.1611 0.1720 32.12 0.3332 48.36 436.91
KPUM 1 23.540 34.121 0.0001 0.0001 0.0405 99.95 0.0406 0.25 44.95

KSP 1 13.969 15.326 0.0098 0.4918 0.2986 94.31 0.7903 62.22 9.71
KSP 2 15.321 16.286 0.0004 0.0236 0.2654 99.49 0.2889 8.17 6.30
KTUB 15.317 23.530 2.0 × 10−5 0.0000 1.1942 99.99 1.1942 2.0 × 10−6 53.62

KVAL 1 15.324 26.238 0.0168 0.9301 0.0268 59.09 0.9569 97.20 71.22
KVAL 2 16.286 32.012 0.0002 0.0152 0.0230 72.24 0.0382 39.79 96.56
KALV 3 16.284 41.795 0.0043 0.2551 0.0212 40.88 0.2763 92.33 156.66
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Table 9. Exergoeconomic parameters for the ORC power cooling cycle.

Component
.
CF

($/GJ)

.
CP

($/GJ)

.
ED

(MW)

.
CD

($/hr.)
Z

($/hr.)
ψ

(%)
Z+

.
CD

($/hr.)
fk

(%)
rk

(%)

ORC CON 2 20.664 114.089 2.5300 0.2166 0.016 18.70 0.232 93.017 452.11
ORC CON 3 10.755 81.846 0.0607 2.3527 0.066 13.46 2.418 97.261 661.00
ORC EVP 4 20.233 52.307 0.0755 5.5059 0.565 41.03 6.071 90.690 158.52
ORC EVP 5 16.559 3.0 × 10−6 0.0032 0.1917 0.269 28.84 0.461 41.579 100.00
ORC HEX 5 27.494 20.670 0.0004 0.0416 0.158 91.90 0.200 20.780 24.82
ORC PUM 4 27.551 50.028 2.0 × 10−7 0.0000 0.073 71.69 0.073 2.0 × 10−7 81.58

ORC TUB 20.673 27.563 2.0 × 10−6 0.0000 1.366 99.99 1.366 3.0 × 10−6 33.33
ORC VAL 6 20.663 24.918 0.0031 0.2290 0.005 83.30 0.234 97.687 20.59

Table 10. Exergoeconomic parameters for the steam turbine plant.

Component
.
CF

($/GJ)

.
CP

($/GJ)

.
ED

(MW)

.
CD

($/hr.)
Z

($/hr.)
ψ

(%)
Z+

.
CD

($/hr.)
fk

(%)
rk

(%)

ST CON 0.3801 0.317 0.8655 1.1846 1.721 60.07 2.905 40.77 16.60
ST FWH 1 0.3306 0.847 0.1093 0.1301 0.430 47.58 0.560 23.22 156.20
ST FWH 2 0.5711 0.699 1.4910 3.0655 0.573 94.06 3.639 84.23 22.40
ST PUM 1 1.7352 10.43 1.0 × 10−7 1.0 × 10−5 0.065 99.99 0.065 1.0 × 10−6 501.08
ST PUM 2 1.7345 7.977 1.0 × 10−7 1.0 × 10−5 0.147 99.99 0.147 1.0 × 10−6 359.90
ST PUM 3 1.7341 7.177 1.0 × 10−7 1.0 × 10−5 0.205 99.99 0.205 1.0 × 10−6 313.87

ST TUB 0.3178 1.734 1.0 × 10−6 2.0 × 10−4 0.817 99.99 0.817 1.0 × 10−5 445.63

Table 11. Summary of the exergoeconomic parameters for the vapor absorption system (VAB).

Component
.
CF

($/GJ)

.
CP

($/GJ)

.
ED

(MW)

.
CD

($/hr.)
Z

($/hr.)
ψ

(%)
Z+

.
CD

($/hr.)
fk

(%)
rk

(%)

VABA 13.200 57.132 0.0080 0.3790 0.0999 26.37 0.4789 79.14 332.82
VAB CON 4 68.982 217.240 0.0047 1.162 0.0290 32.29 1.1905 97.56 214.92

VABDE 13.200 57.132 0.0163 0.776 0.1499 26.37 0.9259 83.81 332.82
VAB EVP 3 4.657 1.0 × 10−5 0.0076 0.127 0.1861 31.51 0.3135 40.64 100.00
VAB HEX 4 58.580 102.335 0.0003 0.066 0.2117 84.94 0.2777 23.77 74.69
VAB PUM 7 23.527 150.988 2.0 × 10−6 0.0002 0.0008 100.00 0.0009 20.41 541.76
VAB VAL 4 9.577 66.704 0.0058 0.201 0.0058 13.89 0.2071 97.20 596.50
VAB VAL 5 13.380 68.978 0.0007 0.031 0.0073 14.30 0.0388 81.29 415.53
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Figure 7 shows the overall exergoeconomic data for the proposed integrated multi-generation
plant. The figure shows that the overall exergoeconomic factor, fk, and the relative cost difference, rk,
were estimated at 50.37% and 162.38%, respectively. However, the study indicates that only 49.37% of
the total cost was connected with the exergy destruction, following the 50.37% overall fk for the IMP.

Table 12 presents other economic data of the IMP. The proposed IMP had $1.575 million as the life
cycle cost, whereas $9.43 million was obtained for the cost of the IMP equipment, with a breakeven
point (BEP) estimated at 4 years. The value of 0.0166 $/kWh was obtained for the unit cost of electricity
(UCOE) of the proposed IMP, which was far less than the average cost of electricity (0.067 $/kWh) from
the national grid of Nigeria. The low value of the UCOE of the proposed IMP was an indication that
the proposed plant would have an economic advantage over the existing power plants in the country.

Table 12. Economic results for the IMP.

Parameter Symbol Units Value

Cost of IMP equipment ZPPEC $ × 106 9.43
Life cycle cost (LCC) ZLCC $ × 106 1.575

Daily energy production EDP MWh/d 4413.84
Annual energy production EAP MWh/y 1.61× 106

The unit cost of energy UCOE $/kW 0.0166
Annualized life cycle cost ZALCC $ × 104 2.6748

Break-even point BEP year 4.0

The cost of emissions was related to the mass of emissions per annum and is shown in Figure 8.
The unit cost of emissions was taken as 0.02086, 0.024, and 6.853 $/kg for NOx, CO, and CO2,
respectively [48]. The emission cost of CO was remarkably low, since the operation of the combustion
chambers was at values above the air-fuel stoichiometric requirements. Furthermore, the choice of the
turbine inlet temperature of 1300 K in the initial data consideration, assisted in severely cutting down
the emissions as well as its associated cost. The cost associated with CO and NOx emissions were
directly governed by the adiabatic flame temperature (AFT) and appeared nearly constant between
the AFTs of 1200 and 2200 K. However, the data points showed that the cost from CO emissions were
negligible when the AFT was between 1200 and 2295 K. For the same AFT range, NOx emissions cost
was high, about 588.2$ at 2295 K. Therefore, for small emissions, cost from NOx and CO, AFTs between
1200 and 1400 are recommended. Additionally, the emissions cost of CO2 was 338.9 $ per annum and
remained constant and independent of the AFT, from its defining relationship.
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where 𝜓 is the overall exergy efficiency, and the denominator (𝐴𝑑) of Equation (75) is expressed in 

Equation (76) 
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] �̇�9‖ (75) 

where �̇�6 and �̇�9 are heat inputs into the combustion chamber and the supplemental firing process 

(reheater)—see Figure 1. The total cost rate of the system and the cost due to environmental impact 
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Energies 2020, 13, 6018 20 of 27

4. Optimum Parameters

The objective functions considered include the overall exergy efficiency and the overall cost rate of
the product. The exergy efficiency is to be maximized, whereas the overall cost rate is to be minimized.
Added to the overall cost rate equation of the plant is the cost of pollution damage. The objective
functions are presented as follows:

ψoverall =

{ .
EWLPT+

.
EWHPT+

.
EWST+

.
EWKT+

.
EWORCT+

.
ERKalina+

.
ERVAS+

.
ERORC

}
−

{ .
EWLPC+

.
EWHPC+

∑6
i=1

.
EWPi

}
Ad

(74)

where ψ is the overall exergy efficiency, and the denominator (Ad) of Equation (74) is expressed in
Equation (75)

Ad = ‖

[
1−

T0

T6

]
.

Q6 +

[
1−

T0

T9

]
.

Q9‖ (75)

where
.

Q6 and
.

Q9 are heat inputs into the combustion chamber and the supplemental firing process
(reheater)—see Figure 1. The total cost rate of the system and the cost due to environmental impact
are presented in Equations (76) and (77) [48]. The components of optimization function parameters,
objective functions, constraints, and performance index are presented in Table 13.

.
CTot =

.
C f uel +

.
Cenv. +

∑
k

.
Zk (76)

.
Cenv = CNOx

.
mNOx + CCO2

.
mCO2 + CCO

.
mCO (77)

where the unit damage costs CNOx , CCO2 , and CCO were taken as 0.02086 $/kg, 6.853 $/kg, and 0.024
$/kg, respectively, according to [48].

Table 13. Components of optimization functions and parameters.

Performance Index Optimization Function Decision Variables Optimization Constraints

WLPC
.

m1cp
T1
ηLPC

[(
rp

)k
− 1

]
ηLPC, rp 0.75 ≤ LPC ≤ 0.89

WHPC
.

m3cp
T3
ηHPC

[(
rp

)k
− 1

]
ηLPC, rp 0.75 ≤ LPC ≤ 0.89

WLPT
.

m10cpT10ηLPT

∣∣∣∣∣∣1− 1
(rp)

k

∣∣∣∣∣∣ ηLPC, rp, T10
0.75 ≤ LPC ≤ 0.8,

8 ≤ rp ≤ 16,1150 ≤ T10 ≤ 1250

WHPT
.

m7cpT7ηHPT

∣∣∣∣∣∣1− 1
(rp)

k

∣∣∣∣∣∣ ηLPC, rp, T7

0.75 ≤ LPC ≤ 0.8,
8 ≤ rp ≤ 16,

1150 ≤ T7 ≤ 1250 K

WST

.
m14|h14 − h21|

+
∣∣∣ .
m14 −

.
m21

∣∣∣.|h21 − h18|

+
∣∣∣ .
m14 −

.
m21 −

.
m18

∣∣∣.|h18 − h15|

P14, P21, P18, P15, pressure at h14, T14,
pressure at s14, h21, pressure at s14, h18,

pressure at s14, h15

3100 ≤ h14 ≤ 3200,
2740≤ h21 ≤ 2555,
2530 ≤ h18 ≤ 2555,
2130≤ h15 ≤ 2145

WKal. Turb

.
m28|h28 − h29|+∣∣∣ .

m28 −
.

m29
∣∣∣.|h29 − h33|

P28, pressure at T28, h28 435 ≤ T28 ≤ 439 K

WORC. Turb
.

m39|h39 − h41|
P39, P41, Pressure at X39, h39, T39,

Pressure at X39, h41, s39

2130 ≤ h39 ≤ 2170,
1950 ≤ h41 ≤ 1980

QEVP5
.

m31|h32 − h31| T31 T61, −3 and −1.5 ◦C
QEVP3

.
m60|h61 − h60| T60 270 ≤ T60 ≤ 282

QEVP2
.

m44|h45 − h44| T44 T44, −5.8 and −1.5 ◦C
.
Cost,Total

.
C f uel +

.
Cenv. +

∑
k

.
Zk All listed parameters

The genetic algorithm (GA) was used because of its ability to handle multi-objective and
multi-variable problems. Ninety sets of Pareto-frontiers from the genetic algorithm (GA) were
established and compiled, based on the objective functions and the corresponding constraints. The 19th
Pareto-front corresponded to the maximum exergy efficiency and least-cost rate of 45.32% and 125.84 $/hr,
respectively. The equivalent parameters of the system at this point existed at—compression ratio (8),
LPC (0.88), HPC (0.88), LPT (0.88), and HPT (0.88) isentropic efficiencies. Similarly, the intercooler
outlet temperature, CC inlet temperature, supplemental firing (reheater) temperature were estimated
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at 376.7 K, 1150 K, and 1250.3 K, respectively. The optimum inlet pressures of the ORC and KC were
obtained as 16.27 kPa and 20 kPa, respectively, corresponding to the obtained optimum operating
enthalpies. The specific emissions at the optimal operating parameters were estimated at 120.34,
2.9 × 10−7, and 0.213 kg/MWh for CO2, CO, and NOx, respectively, with enhanced environmental
emissions of 1.55% for CO2, 4.23% for NOx, and 3.45% for CO.

5. Conclusions

The present study presents integrated multi-generation system by retrofitting an in-service FRAME
9E gas turbine power plant located in Calabar, Nigeria. The in-service gas turbine plant, fired by
natural gas, was retrofitted with a gas turbine (GT), steam turbine (ST), organic Rankine cycle (ORC)
for cooling and power production, a modified Kalina cycle (KC) for power production and cooling,
and a vapor absorption system (VAB) for cooling. The retrofitted plant was fired by natural gas,
with a biomass-based syngas supplemental firing. The proposed system was prompted to solve the
energy-supply–climate-change dilemma, by reducing emission and increasing the useful energy output
of the existing FRAME 9E gas turbine plant. The operational data of the gas turbine were used as a
basis to conduct the thermo-enviroeconomic analysis. The results obtained are summarized as follows:

• The overall power output for the subsystem was calculated at 148.73 MW for GT, 35.91 MW
for ST, 42.82 kW for ORC, and 36.27 kW for the Kalina power-cooling cycle. The total power
output generated by the IMP was 183 MW, which was about 1.2 times greater than the GT plant,
stood alone.

• The energy and exergy efficiencies for the IMP were obtained at 61.5 and 44.22%, respectively,
while the environmental parameters such as harmful emission factor, specific CO2 emission, NOx
and CO values, existed at 122.2 kgCO2

/MWh, 3.0 × 10−7 kg/s, and 0.222 kg/s, in that order.

• The novel sustainability indicators applied to this study—exergetic utility exponent (EUE) and
exergo-thermal index (ETI) for the IMP were calculated at 0.7335 and 0.675. These values
were found to be improved, as compared to the stand-alone GT plant, which connotes good
conversion efficiency.

• The cost of CO emissions was found negligible at an adiabatic flame temperature of 1200 and
2295 K, while for the same temperature range NOx and CO2 emission cost were maximum,
approximated at 588.2 and 338.9$ per annum, respectively.

• Life cycle cost of $1.58 million was achieved, with a BEP (or payback period) of four years.
The UCOE of 0.0166 $/kWh was obtained with exergoeconomic factor of 50.37% for the IMP.
Additionally, 125.83 $/hr cost and 45.32% exergy efficiency were achieved at the optimum
operating condition.

• The present study will support policymakers and decision-makers to drive sustainable energy
access to meet both the Paris Agreement and Sustainable Development Goals agenda in the
context of Nigeria’s energy landscape and the global south.

• The proposed system is very important to drive the current energy transition crisis caused by the
COVID-19 pandemic shock in the energy sector.
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Nomenclature

CC combustion chamber
Cv calorific value (MJ/kg)

Cv(T)
specific heat at constant volume and temperature, t
(kJ/kg·K)

cP specific heat capacity (kJ/kg·K)
.
ED exergy destruction (kW)
.
Ex exergy flow rate (kW)
h specific enthalpy, kJ/kg
ho

f enthalpy of formation (kJ/kmol)
.

m mass flow rate (kg/s)
n number of moles
P pressure (kPa)
.

Q heat transfer rate (kW)
T temperature, K

.
W work transfer rate (kW)

Abbreviations

GFS Gasifier
GT Gas turbine
HRSG Heat regenerating steam generator
IMP Integrated multi-generation plant
INTC Intercooler
KC Kalina cycle
KVP Kalina evaporator
KPUMP Kalina pump
KTUB Kalina turbine
KVG Kalina vapor generator
LPT, HPT Low power turbine, high power turbine
OGPP Odukpani gas power plant
ORC organic Rankine cycle
ORCVG ORC vapor generator
ORCT ORC turbine
ORCEV ORC evaporator
REH reheater
VAB vapor absorption
VABAB VAB absorber
VABC VAB condenser
VABD VAB desorber

Subscripts

exh exhaust
ev environment
i, j inlet and exit
k plant component
re f refrigerant
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Appendix A

Table A1. Thermodynamic state point properties for the gas turbine in the IMP.

State T (◦C) P (bar) h (kJ·kg−1) s (kJ·kg·K−1) m (kgs−1)
.
e (kJ·kg−1)

.
E (kJ/s)

1 25.0 1.013 299.4 5.695 200.00 0.00 0.000
2 170.1 3.203 451.6 5.765 200.00 131.40 26,280.0
3 120.0 3.203 397.9 5.643 200.00 113.90 22,774.0
4 311.3 10.13 611.9 5.72 200.00 305.20 61,034.0
5 583.0 10.13 951.1 6.131 200.00 521.80 104,359.0
6 25.0 10.13 43,852.0 - 3.131 49,349.00 15,4511
7 1077.0 10.13 1612.0 6.656 203.1 1027.00 20,8504
8 815.0 3.203 1259.0 6.734 203.1 649.90 131,993
9 627.0 3.203 2832.0 - 21.49 2064.00 44,347

10 927.0 3.203 1409.0 6.848 224.6 766.40 172,140
11 673.5 1.013 1070.0 6.905 224.6 410.10 92,106
12 401.9 1.013 721.2 6.533 224.6 172.10 38,653
24 20.0 1.013 83.3 0.294 42.84 0.00 0.000
25 80.0 1.013 334.3 1.073 42.84 18.77 803.9

Table A2. Thermodynamic state points properties for the steam turbine in the IMP.

State T (◦C) P (bar) h ((kJ·kg−1) s (kJ·kg·K−1) m (kgs−1)
.
e (kJ·kg−1)

.
E (kJ/s)

14 350.00 25.00 3125.0 6.839 19.22 1091.00 20,978
15 41.60 0.08 2139.0 6.839 14.59 105.60 1540
16 41.60 0.08 173.7 0.592 14.59 1.602 23.38
17 41.60 1.50 173.9 0.592 14.59 1.75 25.47
18 111.50 1.50 2546.0 6.839 3.176 511.60 1625
19 111.50 1.50 467.1 1.433 17.76 44.22 785.4
20 111.50 5.00 467.4 1.433 17.76 44.59 792.0
21 155.30 5.00 2756.0 6.839 1.451 722.30 1048
22 152.00 5.00 640.3 1.861 19.22 90.06 1731
23 152.10 10.00 640.8 1.861 19.22 90.63 1742
68 165.00 10.00 697.2 1.988 19.72 106.40 2098
69 165.00 10.00 697.2 1.988 0.50 4196.00 2098
70 165.00 10.00 697.2 1.988 19.22 109.20 2098
71 165.20 25.00 698.8 1.991 19.22 109.70 2108
72 209.1 25 893.2 2.414 19.22 178.10 3424

Table A3. Thermodynamic state point properties for the Kalina cycle in the IMP.

State T (◦C) P (bar) h (kJ·kg−1) s (kJ·kg·K−1) m (kgs−1)
.
e (kJ·kg−1)

.
E (kJ/s)

13 201.10 1.013 485.8 - 224.600 46.45 10,433
39 180.00 20.00 2164.0 5.901 0.193 625.6 121.00
40 180.00 20.00 694.1 2.205 0.305 135.1 41.22
41 136.90 7.00 1971.0 5.901 0.193 432.6 83.67
42 136.90 7.00 2080.0 6.209 0.181 455.8 82.31
43 42.90 7.00 −42.60 0.480 0.181 40.75 7.36
44 −5.50 0.80 −42.60 0.5609 0.181 16.66 3.01
45 15.00 0.80 332.40 1.909 0.181 −10.18 −1.84
46 136.90 7.00 509.50 1.753 0.013 72.78 0.95
47 77.60 0.80 509.50 1.821 0.013 52.57 0.68
48 79.80 0.80 694.10 2.390 0.305 79.84 24.36
49 79.70 0.80 686.70 2.367 0.318 78.74 25.04
56 50.00 20.00 35.55 0.6514 0.499 6.364 3.17
57 150.00 1.013 437.30 6.048 12.630 32.59 411.60
82 20.00 1.013 83.30 0.294 4.581 0.00 0.00
83 40.00 1.013 167.00 0.5702 4.581 1.351 6.19
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Table A4. Thermodynamic state point properties for the vapor absorption cycle in the IMP.

State T (◦C) P (bar) h (kJ·kg−1) s (kJ·kg·K−1) m (kgs−1)
.
e (kJ·kg−1)

.
E (kJ/s)

50 60.0 0.800 176.8 0.8905 0.3180 8.989 2.858
51 43.3 0.800 213.8 1.2360 0.4986 10.310 5.142
52 38.0 0.800 123.0 0.9479 0.4986 5.441 2.713
53 25.0 0.800 −73.38 0.3073 0.4986 −0.024 −0.012
54 25.1 20.000 −71.24 0.3073 0.4986 2.110 1.052
55 40.0 20.000 −7.271 0.5168 0.4986 3.674 1.832
58 74.7 0.074 2639.0 8.4510 0.4986 14.020 6.988
59 41.0 0.074 171.1 0.5836 0.0560 1.463 0.082
60 1.7 0.007 171.1 0.6229 0.0560 −10.230 −0.573
61 1.7 0.007 2503.0 9.1140 0.0560 −208.500 −11.670
62 34.6 0.007 92.0 0.1987 0.4164 0.271 0.113
63 34.6 0.074 92.0 0.1987 0.4164 0.275 0.114
64 67.0 0.074 156.3 0.3978 0.4164 5.259 2.190
65 74.7 0.074 220.6 0.3917 0.3605 2.915 1.051
66 45.0 0.074 169.3 0.2361 0.3605 −1.975 −0.712
67 35.0 0.007 169.3 0.1817 0.3605 14.220 5.128
86 20.0 1.013 83.3 0.2940 1.1700 0.000 0.000
87 32.0 1.013 167.0 0.5702 1.1700 1.350 1.580
88 20.0 1.013 83.3 0.294 1.6510 0.000 0.000
89 40.0 1.013 167.0 0.5702 1.6510 1.351 2.230

90 25.0 1.013 299.4 5.6950 5.8400 3.009 ×
10−36 0.000

91 3.0 1.013 277.0 5.618 5.8400 0.599 3.496
92 20.0 1.013 83.3 0.2940 2.5950 0.000 0.000
93 35.0 1.013 146.0 0.5029 2.5950 0.509 1.321

Table A5. Thermodynamic state points properties for the organic Rankine cycle in the IMP.

State T (◦C) P (bar) h ((kJ·kg−1) s (kJ·kg·K−1) m (kgs−1)
.
e (kJ·kg−1)

.
E (kJ/s)

26 180.0 10.00 1147.0 2.986 0.500 261.20 130.60
27 50.0 10.00 209.6 0.701 0.500 4.88 2.44
28 90.0 16.70 436.6 1.727 2.722 59.66 162.40
29 80.9 12.90 431.2 1.727 0.463 54.26 25.11
30 45.0 12.90 263.9 1.214 0.463 39.82 18.43
31 −2.0 6.87 263.9 1.236 0.463 33.17 15.35
32 −2.0 6.87 362 1.598 0.463 23.40 10.83
33 61.0 6.87 417.7 1.727 2.259 40.73 92.01
34 27.3 6.87 382.2 1.615 2.259 38.62 87.25
35 25.0 6.87 234.1 1.118 2.722 12.81 34.87
35′ 25.6 16.70 378.8 1.603 2.722 38.61 105.10
36 25.6 16.70 235.0 1.121 2.722 38.43 104.60
37 45.0 16.70 264.5 1.214 2.722 40.34 109.80
75 25.0 1.013 299.4 5.695 1.942 0.00 0.00
76 2.0 1.013 276.0 5.614 1.942 0.67 1.30
77 20.0 1.013 83.3 0.294 0.925 0.00 0.00
78 40.0 1.013 167.0 0.570 0.925 1.35 1.25
79 20.0 1.013 83.3 0.294 3.766 0.00 0.00
80 45.0 1.013 187.9 0.637 3.766 2.51 9.45
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