Energy Conversion and Management 288 (2023) 117130

Contents lists available at ScienceDirect

RS
Energy
Conversion
¢Management

Energy Conversion and Management . 2

ELSEVIER journal homepage: www.elsevier.com/locate/enconman

)
Energy, exergy, exergoeconomic, and exergoenvironmental (4E) analysis of @&
a new bio-waste driven multigeneration system for power, heating,

hydrogen, and freshwater production: Modeling and a case study in Izmir

Zahra Hajimohammadi Tabriz”, Mousa Mohammadpourfard “>", Giilden Gokcen Akkurt",
Saeed Zeinali Heris?

@ Faculty of Chemical and Petroleum Engineering, University of Tabriz, Tabriz, Iran
b Department of Energy Systems Engineering, Izmir Institute of Technology, Izmir, Tiirkiye

ARTICLE INFO ABSTRACT

Keywords: Today, the world is facing numerous challenges such as the increasing demand for energy, fossil fuels reduction,
Multigeneration system the growth of atmospheric pollutants, and the water crisis. In the present research, a new multigeneration system
Exergy

based on urban sewage bio-waste has been designed and evaluated for power, hydrogen, freshwater, and heating
production. This system, which consists of biomass conversion subsystem, hydrogen production unit, Brayton
cycle, atmospheric water harvesting unit, steam Rankine cycle, and organic Rankine cycles, has been evaluated
from a thermodynamic point of view, and the energy, exergy, exergoeconomic, and exergoenvironmental ana-
lyses have been carried out on it. In the current study, the atmospheric water harvesting unit, as an attractive and
environmentally friendly technology, is integrated with this Biomass-based multigeneration. A case study has
been conducted on this system using the information collected from Cigli wastewater treatment plant located In
Izmir province, Turkey, and the results indicate that such a system, in addition to receiving sewage sludge from
the treatment plant unit as a polluting waste, can produce added value products. The modeling results show that
in the base conditions and with a feed rate of 7.52 kg/s, the total power generated by this system is 17750 kW,
the hydrogen production rate is 3180 kg/h, the freshwater production rate is more than 18 1/h, and the energy
and exergy efficiencies are 35.48% and 40.18%, respectively. According to the exergoeconomic and exer-
goenvironmental evaluations, the unit cost of total products and the unit emission of carbon dioxide are
calculated as 13.05 $/GJ and 0.2327 t/MWh, respectively. Also, the results of parametric studies show that
increasing the rate of Biomass improves the overall energy efficiency and production rates and also reduces the
unit emission of carbon dioxide, but on the other hand, it causes a decrease in exergy efficiency and an increase
in the unit cost of total products.
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the current primary energy supply is more than 12 x 10° tons of oil
equivalent, which causes the emission of 39.5 Gt of CO [3]. Moreover,

1. Introduction the asymmetric distribution of water all over the world and the lack of
available freshwater have caused water stress in many parts of the
Nowadays, the world’s most important concerns are energy, envi- world. Although 70% of our planet is covered with water, only 2.5% of
ronment, and water. The increase in energy demand, the reduction of this water is available as freshwater. About 4 x 10° people experience
fossil fuels, and the low efficiency of traditional power plants are the water shortage for at least one month a year, and about 5 x 10° people
challenges in the energy field. In the last ten years, the world’s energy face this issue all year long [4,5].
demand has increased by 1.7% annually [1]. However, traditional Designing and evaluating polygeneration systems is a promising
power plants have only 30% fuel-to-electricity efficiency [2]. Burning solution to reduce energy issues. Polygeneration systems simultaneously
fossil fuels and even some procedures for clean fuel production have produce two or more than two energy products in a single integrated
caused environmental effects, greenhouse gas emissions, and global process [6]. The design of polygeneration systems enhances efficiency

warming. According to the International Energy Agency (IEA) reports,
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Nomenclature

ARC Absorption refrigeration cycle

AWH Atmospheric water harvesting
BC Brayton cycle

BCS Biomass conversion system
¢($/GJ) Specified cost per unit of exergy
C($/s)  Cost rate

¢,($/GJ) Unit cost of product

C.(—) Exergoenvironmental impact coefficient
CEPCI  Chemical Engineering Plant Cost Index
CEHX  Condenser—evaporator heat exchanger
cor Coefficient of performance

CRF(—) Capital recovery factor

Des Destruction

E(kJ) Energy

EMI¢o,(t/MWh) Unit emission of carbon dioxide
ex(kJ/kg) Special exergy

Seoi(—) Exergoenvironment factor
Sos(—) Exergy stability factor
fe(—) Exergoeconomic factor

g(kJ /kmol) Molar specific Gibbs free energy
h(kJ/kg) Specific enthalpy

h(kJ /kmol) Molar specific enthalpy

E;(k] /kg) Molar specific enthalpy of formation
i(—) Interest rate

K(-) Equilibrium constant

LHV(kJ /kmol) Molar lower heating value
m(kg/s) Mass flow rate

MC(-) Moisture content

MW (kg/kmol) Molar weight

N(h) Annual duration of operation hours
n(Year) Lifetime of the project

ORC Organic Rankine cycle

Q(kJ /s) Heat transfer rate

R(kJ/kg) Universal gas constant

R(kJ /kmol.K) Universal molar gas constant
s(kJ/kg.K) Specific entropy

§(kJ /kmol K) Molar specific entropy

SHX Solution heat exchanger

SRC Steam Rankine cycle
STBM(-) Steam to Biomass ratio

RH (-) Relative humidity

t(s) Time

TPC(kJ/s) Total power consumption
VS() Volatile solid

W(kJ/s) Power

WGR Water generation rate
WGSRU Water-gas shift reaction unit
WWTP Wastewater treatment plant
x(kg /kg,mion) Ammonia mass fraction
y Exergy destruction ratio
Zi(%) The cost of ks, component

Z($/s)  Capital investment cost

Greek letters

€ Heat exchanger effectiveness

n Energy efficiency

0. Environmental damage effectiveness factor
0, Exergoenvironmental impact improvement
2 Fuel-air ratio on the molar basis
¢ Maintenance factor

174 Exergy efficiency

w Specific humidity

@ Vapor mole fraction ratio
Subscripts and superscripts

0 Standard conditions

a Air

ch Chemical

cv Control volume

D Destruction

DA Dry air

DS Dry solid

e Exit

ha Relative humidity

i Input

mix Mixture

oM Organic matter

ph Physical

w Water

and reduces pollution by utilizing waste energy or stream of the system
in other subsystems [7].

The energy used in these plants can be supplied through fossil fuels,
but due to their disadvantages in causing pollution, researchers tend to
replace them with cleaner fuels. Using cleaner and more affordable fuels
such as shale gas [8] in multigeneration systems or co-firing Biomass
with fossil fuels [9] has been the subject of recent studies in this field.
Renewable energy sources, as the most important and clean energy
sources, when used in polygeneration systems, combine the benefits of
using renewable energy sources with those of polygeneration. The
integration of solar energy [10], geothermal energy [11], and Biomass
energy [12] with multigeneration systems has been the most popular
topic in recent studies.

Unlike other renewable energy sources, Biomass has no intermittent
nature and has gained much popularity due to its easy storage, high
availability, and carbon neutrality [13]. In addition, the use of wasted
Biomass (Bio-waste) has an additional advantage because it does not
chiefly compete with the food chain or other benefits [14]. Municipal
sewage sludge is one of the most important types of Bio-waste. A large
amount of sewage sludge is produced from municipal wastewater
treatment plants around the world. Sludge production is continuously

increasing and it is predicted that its amount, which is currently around
50 g of dry matter per person per day, will not decrease in the future. The
implementation of municipal sewage sludge, as the feed of poly-
generation systems is a suitable solution to produce valuable products
from a polluting waste [15]. Power and heating are typical products of
Biomass-based plants. Also, the coupling of hydrogen production pro-
cesses with these systems has received a lot of attention. Hydrogen is
known as a clean fuel that does not cause harmful emissions when used
to generate electricity. But one thing to note is that clean fuel is
important when its overall life cycle is environmentally benign.
Hydrogen production using renewable energy sources or through the
Biomass conversion cycles is a promising solution [16].

Ishaq et al. [17] proposed a Biomass driven system for power,
hydrogen, heating, and hot water production. This system uses low-
grade waste heat for organic Rankine cycle and the thermoelectric
generator. The overall energy efficiency is obtained to be 50.83%,
whereas the exergy efficiency is found to be 32.78%. In another study,
Ishaq et al. [18] designed a Biomass driven plant to produce power,
heating, and hydrogen. The hydrogen is produced in a PEM electrolyzer
and water gas shift reactor. They showed that energy and exergy effi-
ciencies are 53.7% and 45.5%, respectively. Sotoodeh et al. [19]
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developed a waste-to-energy Biomass gasification-based multi-
generation system that produces power, heating, cooling, and hydrogen.
They have improved power generation in the cycle by 12%. Energy and
exergy analysis and a comprehensive parametric study on the cycle have
been done, and the energy and exergy efficiencies obtained 52.3% and
41.3%, respectively.

Water stress, as mentioned earlier, is a problem that threatens the
coming decades of the planet. Therefore, integrating water desalination
units with energy systems to simultaneously produce freshwater and
other products is also considered. In the system proposed by Safari et al.
[14], a sewage sludge bio-waste-based multigeneration system was
developed to produce electricity, heating, freshwater, and hydrogen.
The main subsystems of this plant are a Brayton cycle fueled with biogas
from anaerobic digestion, a multi-effect desalination unit, and an
organic Rankine cycle. This system’s energy and exergy efficiencies are
63% and 40%, respectively. Yilmaz et al. [20] designed a system based
on demolition wood that produces electricity, heating, freshwater, and
hydrogen. This system uses a membrane distillation unit to produce
freshwater. Furthermore, the produced hydrogen is obtained from the
high-temperature steam electrolyzer subsystem. This system’s energy
and exergy efficiencies are reported as 52.84% and 46.59%, respec-
tively. Onder et al. [21] proposed a system for producing electricity,
heating, cooling, hydrogen, hot water, and drying. Hydrogen production
in this system is through a four-step Cu-Cl thermochemical process. The
power plant’s energy and exergy efficiencies are calculated as 56.71%
and 53.59%, respectively.

There are numerous techniques to supplement freshwater from sea or
ocean water. However, all these techniques require access to water re-
sources, so their use is problematic, particularly in landlocked areas. In
addition, these techniques need vast infrastructure for operation [4].
Atmospheric water harvesting (AWH) is a process that harvests air
moisture. Moisture, as one of the sources of freshwater, exists all over
the world. The volume of water in the atmosphere, which is estimated at
12,900 km?, is six times the volume of all rivers in the world. This water
source can provide part of the water needs in the agricultural, drinking,
and even industrial sectors [22]. The United Nations, in its recent report,
recognized AWH as a promising and low-cost alternative that can meet
human consumption standards [23]. Furthermore, this process does not
negatively affect the environment because the hydrological cycle natu-
rally refills the harvested moisture [4].

Patel et al. [24] conducted an experimental study on an atmospheric
water extracting (AWE) device. Their study was performed for different
climates, and the results were reported. They showed that the AWE
device performs best in hot and humid regions. Also, the obtained results
showed that in the best condition, i.e., warm-humid condition, the
freshwater production by this device is 1.78 1/h, and its power con-
sumption is 0.75 kWh/I of water, while for mild and dry conditions,
these values are respectively equal to 0.28 1/h and 4.71 kWh/1. Inte-
gration of atmospheric water harvesting units with renewable energy
sources can increase the benefits of this process. Chaitanya et al. [23]
have used Biomass gasification energy to power an off-grid refrigeration
system that can harvest air humidity. The results of the thermodynamic
analysis showed that if 1000 kg of Biomass is used, this system will be
able to produce 800-1200 L of water. Also, they claimed that the pro-
duced water amount can meet 10-12% of drinking water needs in
certain states of India. Energy and exergy analysis of a solar AWH has
been performed by Salek et al. [25]. They investigated the system per-
formance in different climates; accordingly, they studied three cities in
Iran: Tehran, Bandar Abbas, and Ramsar. Their proposed system was
able to produce approximately 400 L of water per month at its maximum
production, while its specific energy consumption was equal to 3 kWh/1.

According to the literature review conducted on the research field,
and also based on the results obtained from the authors’ recent review
paper [26] that reviewed the Biomass-based polygeneration systems,
some of the existing gaps were recognized as follows:
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The implementation of municipal sewage sludge, as the feed of
polygeneration systems, has received less attention. However, the
improper disposal of wastewater in some areas has caused serious
damage to the ecosystem and also has neglected a potential energy
source.

e The use of sewage sludge to produce biogas through anaerobic
digestion, and using the digested sludge to produce syngas through
gasification, simultaneously in the same system, have not been
investigated in previous studies. Also, the simultaneous conversion
of sewage sludge into energy through both anaerobic digestion and
gasification is limited.

Powering atmospheric water harvesting units with renewable energy
has recently become more popular, but researchers have focused
more on using solar and wind energy. The integration of this unit as
one of the subsystems of a power plant or a multigeneration system is
a subject that has not been studied.

Performed studies on renewable hydrogen production using syngas
in multigeneration systems are limited. Obtained syngas from the
gasification of various bio-wastes is a rich source of hydrogen. Uti-
lizing this potential while controlling and recycling wastes and pre-
venting their environmental hazards also uses this free resource.

In this way, the need to design a system to fill some gaps was felt.
Accordingly, a new Biomass-based multigeneration system is designed
to produce power, hydrogen, freshwater, and heating by receiving
sewage sludge as bio-waste. The Brayton cycle in this system is fed with
biogas obtained from the anaerobic digestion process of raw sludge.
Also, digested sludge enters the gasifier to produce syngas. This system
produces hydrogen in a gas-water shift reaction unit that feeds on
syngas, and freshwater is obtained through the atmospheric water har-
vesting unit. In the design of this system, the maximum heat capacity of
the produced gases has been used, and efforts have been made to inte-
grate the subsystems so that the waste in the set is reduced as much as
possible. In this way, while reducing the environmental effects of
wastewater, its energy is recovered, and valuable products, including
power, heating, freshwater, and hydrogen, are produced.

In this paper, in addition, to designing a system based on existing
gaps with a new configuration, 4E (energy, exergy, exergoeconomic, and
exergoenvironmental) analysis is implemented on it, and the impact of
the system’s key variables on the main performance criteria of the sys-
tem is studied. In addition, a case study is considered for the Cigli
wastewater treatment plant located in Izmir-Turkey to reveal the ben-
efits of this system. In this regard, the information about this treatment
plant was prepared and the weather data, including the temperature and
relative humidity of the environment, were also extracted.

2. System description

An overview of the whole system is shown in Fig. 1. The proposed
system consists of a Biomass conversion subsystem (BCS), water-gas
shift reaction unit (WGSRU), Brayton cycle (BC), atmospheric water
harvesting unit (AWH), steam Rankine cycle (SRC) and organic Rankine
cycles (ORC).

A more detailed description of the system and the activation
sequence of its different parts can be described in six steps as follows:

First, the sewage sludge from the wastewater treatment plant enters
the system as an input feed. This sludge is first anaerobically digested.
During this process, Biomass is converted into biogas and digestate.
Biogas contains about 60% (by volume) methane and 40% of carbon
dioxide. This biogas is used as the fuel of the Brayton cycle. The
incoming air from stream 7 passes through the preheater and enters the
combustion chamber to react with biogas. Combustion gases enter the
gas turbine to generate power. Then these gases are passed through the
preheater to heat the incoming air. Next, these gases, which are still at a
high temperature (544.9 °C), pass through the generator of the water-
ammonia absorption refrigeration cycle to provide the heat required
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Fig. 1. An overview of the whole system.

for this cycle. The schematic of this step is shown in Fig. 2.

Second, a single-stage ammonia-water cycle, including absorber,
pump, generator, rectifier, condenser, evaporator, expansion valves, and
heat exchangers, has been used for harvesting atmospheric water. As
shown in Fig. 3, which presents the schematic of this step, A low-
pressure but strong solution of ammonia is pumped from the absorber
to the generator, which operates at high pressure. The water and
ammonia solution are separated in the generator; this separation hap-
pens through ammonia evaporation. Then the rectifier purifies the
ammonia vapor. This vapor is condensed in the condenser, and after
passing through the condenser-evaporator heat exchanger and throttling
valve, it enters the evaporator. Liquid ammonia in the evaporator, which
is very strong and has low pressure, is used to refrigerate the evaporator
space. Next, ammonia evaporates and enters the absorber to repeat the
cycle. In this way, the ammonia-water cycle is completed to produce
cooling. In the following, the cooling produced by this cycle is used to
harvest atmospheric water. This environmentally benign technology of
freshwater production works based on the dew point temperature. The
cooling power produced in the evaporator reduces the temperature of
moist air to below its dew point, so liquid water is produced.

In the third step of integration, the digestate from the digestion
process enters the gasifier to produce syngas in a steam gasification
process. The produced syngas enters a Water-Gas Shift Reaction Unit
and produces hydrogen during the reaction with water vapor. In this
process, carbon monoxide reacts with water vapor and produces carbon
dioxide and hydrogen. Hydrogen is removed as a valuable product of
this unit, and the gas from the reaction enters the mixer to be mixed with
the combustion gases that were previously used to provide the required
heat for the absorption refrigeration cycle. This mixing increases the gas
enthalpy (by enhancing the flow rate to 84.55 kg/s, and the temperature
to 572 °C) for continuing the process and generating power. The sche-
matic of this step is shown in Fig. 4.

As mentioned, stream 37 is a gas flow that is a mixture of gases from
the water—gas shift reaction unit and from biogas combustion. In the
fourth step, this gas is used to supply the heating power required for a
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Fig. 2. Schematic diagram of the first part of the system.

steam Rankine cycle. The schematic of this step is illustrated in Fig. 5. In
the steam Rankine cycle, steam travels through this cycle as a working
fluid to generate power. Water is heated by hot gases in a heat exchanger
and enters the steam turbine as superheated steam to generate power.
Then, passing through the condenser, it liquefies and returns to the heat
exchanger to repeat the cycle. Due to the high enthalpy difference in this
equipment, it can be used to produce hot water. hot gases in stream 37,
which was used to heat the Rankine cycle water, enter the following heat
exchanger in stream 38 (at 348 °C) to provide the heating power
required for the organic Rankine cycle.

Next, in the fifth step, Organic Rankine Cycles are used for power
generation. This cycle supplies the required heating from stream 38. The
schematic of this part of the system is presented in Fig. 6. Organic
Rankine cycle 1 uses cyclohexane as the working fluid. This fluid is
chemically stable and works efficiently when high-temperature heat
sources are provided [27]. Cyclohexane passes through the mentioned
heat exchanger to turn into superheated steam. Then it passes through
the steam turbine and produces power during this process. Because
cyclohexane is still a superheated vapor, its heat can evaporate isobu-
tane in the second Rankine cycle evaporator. In the following, the
remaining heat is removed through the condenser to become a saturated
liquid and pumped into the heat exchanger again, and the cycle repeats
in the same way. The same is true for the second Rankine cycle. How-
ever, the working fluid in the second cycle is isobutane. Also, unlike the
other condensers in the system, the condenser of this cycle is cooled by
air due to the low temperature of its associated streams [28]. As a
common fluid in organic Rankine cycles, isobutane requires a lower
temperature input for evaporation. Generally, this fluid performs well
and is chemically stable and non-toxic [29].

The exhaust gas from the organic Rankine cycle heat exchanger still
has a high enthalpy. This potential can be used to produce hot water.
Finally, the flue gas leaves the system at 110 °C in the base case con-
dition. The complete schematic of the system, which was completed
after six stages of integration, is shown in Fig. 7.

3. Materials and methods

The analysis of this cycle has been done from the perspective of the
first and second law of thermodynamics, and also the economic and
environmental points of view. The mass and energy conservation
equations, exergy balance equation, cost balance equation, and envi-
ronmental impact equations are written and solved using engineering
equation solver (EES) software.

For system modeling, the following general assumptions are
considered [25,30-32]:

e The whole cycle is assumed to be in a steady state.

The composition of air is 77.48% nitrogen, 20.59% oxygen, 1.90%

water vapor, and 0.03% carbon dioxide.

o The temperature, pressure, and relative humidity of air are consid-
ered as 25 °C, 101.3 kPa, and 40%, respectively.

o All gases are considered ideal.
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Fig. 4. Schematic diagram of the third step of the system integration.
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Fig. 5. Schematic diagram of the fourth step of the system integration.

e The pressure drops in pipes and heat exchangers are negligible. The
pressure drop in the combustion chamber is 3%; the air preheater on
the air side and gas side has 5% and 3% pressure drop, respectively.

e The heat loss in the equipment is ignored, while the heat loss in the
combustion chamber is assumed to be 2% of the fuel’s lower heating
value (LHV).

e All turbines, compressors, and pumps operate in adiabatic mode. The
isentropic efficiency of turbines and compressors is assumed to be
85%, and the isentropic efficiency of pumps is 90%.

o Potential and kinetic energy and exergy changes are negligible.

e In the economic analysis, the cost of all cooling water and air flows is
assumed to be zero. Also, due to the different costs of steam in
different production methods, it was assumed that the steam of both
hydrogen production and gasification units are supplied from waste
heat, and as a result, it is also considered equal to zero.

3.1. Energy and exergy analyses
The main equations of mass conservation, energy conservation, and

exergy balance by implementing the mentioned assumptions, are
expressed as follows [30]:

D i =y e ey
S0+ ik = W+ i, )
j i e



Z. Hajimohammadi Tabriz et al.

Steam

Turbine
Air-Cooled
(o= o]

3]

HX.

Condenser

Energy Conversion and Management 288 (2023) 117130

Fig. 6. Schematic diagram of the fifth step of the system integration.
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The exergy of each stream is defined as the sum of its physical and
chemical exergies. The following relations generally express these
equations:

ex = ex” + ex" @

exphzh—ho—To(S—So) (5)

oxh — Zy M, Zykex k+ RTOZykLn Vi) 6)
k

The mentioned equations are the basis of energy and exergy

investigations of the system. In the following, the analysis performed on
the subsystems and the equations related to each one has been discussed
separately. The main equations necessary for the mathematical
modeling of processes are explained, and the exergy equations for spe-
cial cases are presented. Finally, the mass, energy, and exergy balance
equations for each component are presented in Table 1.

e Anaerobic Digestion

The general reaction of the anaerobic digestion process that leads to
the formation of methane and carbon dioxide is [33]:

b b a b
CnH,,Ob—l—(n—Z—E)HzO (2+§_4)CH4+(2_8 4)C02 7)
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Table 1

The mass, energy, and exergy balance equations for components.

Cycle

Components

Balance equations

BCS

WGSRU

BC

ARC &
AWH

Mixer

Digester

Heat Exchanger

Gasifier

WGSRU

Fuel
Compressor

Air Compressor
Air Preheater
Combustion
Chamber

Gas Turbine

Absorber

Pump

SHE

Abs. Valve

Generator

Rectifier

Condenser

CEHE

Evap. Valve

Evaporator

Mixer

my + me = my + ms + ms

mihy + mehe = mahy + mahs + mshs
Exppigacs = miex; +

Mg eXe —MpeXs —M3zexs —MseXs

M = ms

mshs + nuzhiz = mehe + Mishig

Exp xpcs = MiseXs + My3ex1s —Tg€Xs —TM14eX14
my + Mys = Mye

Qgas = alﬁ,o,z + azﬁgo + a3ﬁgoz + u4ﬁgzo +
asﬁgm 7E_}?Biomass *Wﬁ?ﬁo(z) *mﬁgbo
ExD,GASBCS = nigexy + Misexis —MigeX1e +
Qgas (1 =To/Teasf)

e + M7 = Mg + Mg

mishis + mMizhi; = mighig + Mighio
Expwosry = MiseX1s +

My7exi7 —MMigeXis —MigeXig

ms =y

fzhs + Wre = mishs

Exp repc = Nizexs + W —Tigexs

my; =mg

nizhy + Wac = mghs

Expcpc = myex; + Wac —msgexs

Mg + My = Mg + Mg

mghg + mithi1 = mohy + Mi2hi2

EXDAPBC = mMigexg + NMi1ex1) —MgeXy —Mizexiz
My + My = Mo

0 = —0.02LHV + ho + Ahs —(1+ Z)h1o
EXD,CCBC = myexy + Mgexy —MypeXio

o = My

Miohio = nu1hiy + Wor

Expgrsc = mioex1o —nu1exin —Wor

Mas + M3z + Msg = Mag + Msg

fashos + Mazhss + Msshsg = Moohao + Misohso
Exp asarc = MaseXos + Masexss +

MsgeXss —MageX20 —Ms9€Xso

Ngo = M2y

myohgo + mepARC = ma1hyy

EXD,PMPARC = Mypexao + mepARC —Mz; exa1
M1 + M2z = Mo + Mizg

ngrhor + Mashas = Maohaz + Moahag
Expsrxarc = Mz1€xa1 +

My3eX23 —Ma2€X2) —M24€X24

M2 = Mas

Maghay = Miashas

EXD,VLVSARC = MgaeX2q —Mps€Xa5

Mag + Myy + Mg = Ma3 + Mge + M3

Maohay + Mazhyy + Mushia = niazhas + Maghas +

nzhis

EXD,GENARC = Mygexay + Mazexay +
Mi2eX12 —Ma3€X23 —MageX26 —MM13€X13
M6 + Mse = Moy + Mag + Ms7
Niaghas + Msehse = Mazhay + Mioghag + Misyhsy
Exp recraRc = Mac€Xa6 +

Ms6eXse —g7€Xa7 —NlageXag —Mls7€Xs7
Mog + Msa = Mag + Miss

Maghsg + Msahsa = Maohog + Msshss
EXD,CONDARC = Mgexag +

Ms4€Xs4 —T29€X29 —MM55€Xs5

Moy + M3z = M3p + Mis3

Maghoo + Ma2hsy = maohso + M3shss
Exp,crixarc = Mpo€Xag +

M3zeX3y —M3oeX30 —M33€X33

Nz = M3

mgohso = ms1hs

Exp yvLvearc = M3o€Xso —Tits1 X1

Mgy + M3s = Mgz + M3s + NM3e
mgihs1 + Mashss = Mazhsz + Msshas + Msehse
ExD,EVAPARC = mgziexs +

M34€X34 —M32€X32 —M35€X35 —MM36€X36
Mg + Mg = mz;
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Table 1 (continued)

Cycle Components Balance equations

mishi4 + mMighig = Mszhs;

EXpmixer = My4€X14 + NMigeX1g —M37eX37
SRC Heat Exchanger M3y + Mg = Mag + Myo

mzhsy + Marhar = Msghss + Mazhay

EXp pxsrc = MayeXsy + N4 €Xa1 —TsgeXag —TazeXaz
Pump Mgq = Mgy

Maghas + mep,SRC = Marha

EXD.PUSRC = Mg4exsq + me.p.SRC —M141€X41
Turbine Mgy = My3
tiazhay = Mashas + Wsrsre
EXD.TUSRC = MyzeXs2 —M43€X43 *WST,SRC
M43 + Mo = Myq + Me1
Mazhas + Meohso = Maahas + Mie1he
EXD.CDSRC = NMy3eX43 + MeoeXeo —TM44€Xa4 —Tg1 €X61
ORC Heat Exchanger M3g + Mys = Mg + Myg

1 maghsg + Mushas = Msohag + Naghas

Condenser

EXp ixorc1 = MageXsg +
My5€X45 —TM39€X39 —TM46EX46
Pump 1 My9 = Mys
titaohas + Wpmporc1 = Mashas
Exp puorc1 = MaoeXag + Womp orc1 —TilaseXas
Pump 2 Ms3 = Mso
Msshss + Wpmp.orc2 = fitsohso
Exp puorc2 = Ms3exss + Womp.orca —TitsoeXso
Mg = Mz
Mashas = Mazhaz + Wsrorer

Turbine 1

EXp ruorc1 = MageXse —MazeXs7 —Wsr.orct
ms) = Misy
ms1hs1 = msahsy + Warore2

Turbine 2

EXp tuorca = Ms1€Xs1 —Ms2eXsz —Wsr orc2
Myg + Mez = Myg + Me3
Maghag + Me2hea = Maghye + Me3hes

Condenser 1

EXp cporc1 = MageXag +

Me2€Xe2 —TM49€X49 —TM63€X63

Msy + Mes = Misz + Migs

Msahsy + Meahes + WFan = Miszhss + Meshes
EXp accorca = MszeXsz + MeaeXes +

Wian —Mis3exss —Titgsexos

Heat Exchanger  mg; + msp = Mg + s

2 Mazhsy + Msohso = Maghyg + Msyhsy

Condenser 2

ExpHxorc1 = TazeXey +

MsoeXso —TageXss —Ms1€Xs1

M3 + Mes = Mao + Me7

maghso + Meshes = Maohao + Nis7her
EXp HEATER = Tit39€X30 +

M6 €Xe6 —TMao€X40 —TMg7€Xe7

Heater Heater

This process takes place in a digester whose temperature is kept
constant at 35 °C. Considering that a well-designed digester destroys at
least 70% of volatile solids, the biogas obtained from the reaction will
contain about 60% of methane (by volume) and 40% of carbon dioxide
[34,35].

To calculate the required heat of the process, considering that a large
part of the Biomass is moisture, the amount of heat needed to change the
water temperature from the ambient temperature to the digestion
temperature will be equivalent to the heat required for the digestion
process [34]:

QDig = n;LMCCp.watm'(TDig - TO) (8)

The physical and chemical exergy of the raw and digested Biomass
can be calculated using the exergy relations of organic matter [36]:

\ T
exh, =G, (T —Ty— Toln(?o)> 9)
exth =363.439C+1075.633H —86.3080+4.14N +190.7985 —21.1A [kJ /kg]

(10)
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e Brayton Cycle

The Brayton cycle consists of a fuel compressor, an air compressor,
an air preheater, a combustion chamber, and a gas turbine. The prop-
erties related to the output flows of the fuel and air compressors and gas
turbine are calculated using the isentropic efficiency relations given as
follows [37]:

El&s - E3
= —— 11
Ns.rc Ty — s 1D
ESS - ﬁ7
= 12
Nyac hs — Iy (12)
Tiis — hio
= 13
Mscr hiy — hy a3

The combustion chamber of this cycle is fed by biogas. The amount of
air entering the cycle is determined by the fuel-air ratio. This ratio on a
molar basis is defined as [38]:
1="r a4

n(l

The combustion reaction equation for the complete combustion of
biogas is written as follows:

A, CHy + xco,CO,] + [0.7748N; + 0.20590, + 0.0003CO,

- (15)
+0.019H,0]~[1 4 4] [Yy, N2 + Y0,05 + Yc0,COs + Yiy,0H, 0]

With the balance of carbon, hydrogen, oxygen, and nitrogen, the
mole fraction of the components of the combustion products are:

0 = % a7
Yin, = % 19)

As it was mentioned in the assumptions, the heat loss of the com-
bustion chamber is assumed to be 2% of the LHV of the fuel. So, the
energy balance for the combustion chamber is written as follows:
0= —0.02ALHV + ho + hy — (1 + A)hyg (20)

By inserting appropriate expressions for each term, the fuel-air ratio
can be obtained through the following equation:

0.7748 Ay, + 0.2059A%0, + 0.0003A%co, + 0.019A%,0
E4 —0.02LHV — (72'XCH4EOQ + ECOZ + ZXCH4EHZU)

1= (21)
(T10)

The lower heating value of the biogas at 25 °C and 101.3 kPa can be
calculated as [37]:

LAV = Hyoa = Hrear = Y _Npliy, = S NI, 22)

e Steam Gasification
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The global reaction of the steam gasification process is as follows
[39]:
CHaOh + WHzO + mH20—>a1H2 + LIZCO + 613C02 -+ a4H20 -+ a5CH4 (23)
CH,O0y is the chemical formula of Biomass that is simplified. Given that

in an extensive range of Biomass feedstocks, sulfur and nitrogen levels
are insignificant, the equation below is valid [40]:

a = 1.4125b +0.5004 (24)
Also, the required relations for a and b calculation are as [41]:

_Mc><H

= 2

“ My x C 25
Mc x O

b= 26
My x C (26)

In the global reaction of steam gasification, m is the mole of steam
added per mole of dry ash-free Biomass, and w is the moisture per mole
of dry ash-free Biomass. These parameters can be determined as follows
[42]:

Mpy,0 xm

STBM = —————————
MBiomass + Mu,0 X w

(27)

MBioma.ss x MC

" Mo x (1 — MC) 28)

w

To calculate the coefficients of a; to as, molar balance is used for the
components, but more than these equations are needed, and the equi-
librium constants relationships should also be used.

Carbonbalance : a; +a; +as = 1 (29)
Hydrogen balance : a + 2w + 2m = 2a, + 2a, + 4as (30)
Oxygenbalance : b+w+m = a, +2a; +ay 31

The following equilibrium reactions are the main reactions that take
place in the reduction zone of the gasifier [39]:

Boudouard reaction : C+ CO,—2CO (32)
Water — gas reaction : C + H,0—CO + H, (33)
Water — gas shift reaction : CO + H,O—~CO, + H, (34)
Methane reaction : C +2H,—CH, (35)

Equilibrium constants for water—gas shift and methane reactions are
given as [43]:

_ PC()ZPHZ _ aa

K, = = (36)
: PcoPr,o  axay
K2 :PCH; :05(01 +az+1123 + as +a5) (37)
Py, a

The equilibrium constant is a function of temperature and is
expressed in terms of Gibbs free energy:

nk — 28 (38)

RT,

where R is the universal gas constant 8.314 kJ/kmol. K and Ag can be
determined as follows:
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Ag = Ah—T,As (39)

Therefore, for water-gas shift and methane reactions, respectively:

_ —0 - 0 —0 _ y

Ag, = (hcoz + hHg —heo — hHZO) - Tg(s(éoz + 3?12 - E{éo - Siw) (40)
_ —0 - 0 0 o

Ag, = (hcm —2hy, — he) = Tg(scm — 25y, =S¢ (41)

Steam to Biomass ratio is considered a known parameter in
modeling. Gasification of Biomass using other agents is autothermal, but
gasification using CO2 and steam agents is allothermal because the
steam gasification is a highly endothermic reaction, so the heat of this
process (Qgs) is provided by an external heat source [41] and calculated
as follows [43]:

. -0 —0 —0 —0 —0 —0 —0
Qgas = arhy, + ahey + ashee, + ashy, o +ashey, — hf‘Bl‘{)mu.\S - Whym(,] (42)

The following equation is used to calculate the LHV of syngas [17]:

LHV e = Y i x LHV; 43)

where n; and LHV; represent the mole flow rate and molar LHV of the gas
components.

e Water-Gas Shift Reaction

A water—gas shift reaction unit was applied to convert the syngas to
hydrogen. This unit is considered adiabatic. The general reaction of the
water gas shift process is as follows [18]:

CO+H,0—CO,+H, (44)

As it is known from the reaction equation, carbon monoxide in the
syngas reacts with water vapor and produces carbon dioxide and
hydrogen. Hydrogen is a valuable fuel that, if produced from syngas,
goes through an environmentally benign life cycle [16].

e Rankine Cycles

The Rankine cycles in this system work through the energy recovery
of the flue gas, which is a mixture of combustion product gases and
exhaust gas from the WGSRU. The temperature of the mixed flow can be
calculated using its enthalpy. The enthalpy of mixed gas (state 37) is
determined using the following equation [44]:

my mig

hy = hio (45)

- —hiy+- -
myg + Mg Mg + Mg

The properties related to the outlet streams of all turbines and pumps
in the steam/organic Rankine cycles are determined using the isentropic
efficiencies that define as below:

o=t 46
Ms,sT Tie — I (46)
h; —h,
= fes 47
s.p 7 —h, 47)

The condenser of the second organic Rankine cycle is cooled by air
due to the low temperature of the associated streams. It is assumed that
the power consumed by the air-cooled condenser fans is 0.15 kW per kg/
s of air flow [45]:

Wl"zm = 0.15m4 (48)
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e Atmospheric Water Harvesting

The AWH cycle analysis has been performed by applying the first law
of thermodynamics. Dry air mass flow rate is defined as [46]:

M3s = Maapa (1 + 034) (49)
1i3s = rizspa (1 + wss) (50)
Mps = M3apa = M3s5pa (51)

Hence, produced water mass flow rate is determined as:

Myater = Mpa@W34 — Npa®3s (52)

where o is the humidity ratio of air which can be obtained by psy-
chrometric charts. This paper uses the EES software library, which has
thermodynamic properties of humid air. The value of the humidity ratio
is obtained by having three variables: temperature, pressure, and rela-
tive humidity.

Also, for the evaporator, the following relationship is established:

Qeva])ora[or = 1pa(has — has) — mizshse (53)

Total power consumption per kg of water generation in one hour
expressed as:
Wonp.see + O
Wwp = o =sen 54
nize X 3600 54
The chemical exergy of the refrigerant cycle working fluid and the
physical exergy of humid air are calculated from special relationships.
Specific chemical exergy for the mixture “refrigerant-absorbent” can be
determined as [47]:

ch __ ch ch
ex” =X ® X pioerant T (1 =x) ® exiy orpent (55)
h — exth  — h —exh
where eXg i = Xy, = 337900kJ/kmol, and ex(y pen = €Xf0 =

900kJ/kmol were used.
The physical exergy of humid air is defined as below [48]:

T T - P
eXpa :(CM + a)c,,vw) o7, (70 —1—In <To> ) + (1+@)R,Toln (P—O)
- - _ (56)
~ 1
+ wo) T+l (a)( + o)

1
R.T) |1 = = —
o n<1+w na)o(l+w)>

where @ is the vapor mole fraction ratio which ® = 1.608w, R, is the gas
constant of air that is equal to 0.287 kJ/kg.K, and subscript O refers to
the reference state.

e Performance criteria

The evaluation of this system is based on energy and exergy analysis.
The total exergy destruction rate of the whole system and exergy
destruction ratio can be calculated from the following relations,
respectively:

ExD.Tm = ZEXD,k (57)
k
E
Ypi = 2k (58)
Exp 1o



Z. Hajimohammadi Tabriz et al.

The exergetic performance coefficient is defined as the ratio of the
total power generation rate to the total exergy destruction rate. This
factor includes both energy and exergy factors and can be beneficial for
engineering decisions [49]:

Wm’
EPC = " (59)
EXD.,Tm
where:
Wt = Wer + WST,SRC + Wsr.orer + WST,ORCZ - (WAC + Wee + mep,SRC
+ mep.ORCl + mep.ORCZ + mep.ARC + an)
(60)

The main performance criteria for the thermodynamic evaluation of
the system are energy and exergy efficiencies. Efficiency is usually
defined as the ratio of useful output to the total input. In Table 2, each
subsystem’s energy and exergy efficiencies are provided separately.

To evaluate the overall system performance, the overall energy and
exergy efficiencies have been considered:

Woet + Qlicating + M, LHV 11, + Marersarer

== : - - (61)
mBiamamLHVB[omass + Q(}as =+ mlShIS + ml7hl7

en

_ Wae + (11261 (ext61 — exg0) + 11167 (X7 — €Xes)) ~+ 1, €Xp, ~+ Ntwarer€Xiwarer

M Biomass€XBiomass + OGas (1 - TO/TGasf) + mysexis + mizexiy

(62)
where:

QHeming = Opeater + Qconasre = M1 (hs1 — heo) + 1t (her — hes) (63)

3.2. Exergoeconomic analysis

Exergoeconomic analysis combines exergy investigations with eco-
nomic principles to study the system from exergy and economics per-
spectives. This analysis covers the inadequacy of energy and exergy
analyses by providing economic results for decision-makers. The cost
balance equation as the base of this evaluation is expressed as [30]:

= Zczmz.k + Cmf.k

out

ZC'M + Cq.k + Zk (64)

where C refers to the cost rate and Z is the capital investment cost of
components. The cost rate is obtained as [30]:

C=cxEx (65)
where c is the specified cost per unit of exergy.

Capital investment cost of components that consists of operation and
maintenance costs is defined as [50]:

_Z,eCRFe¢

KT TN % 3600 (66)

Here N and ¢ are the annual duration of operation hours and
maintenance factor, respectively. Additionally, CRF is the capital re-
covery factor that is given by [50]:

i(1+4)"

CRF = ———"—
(140" -1

(67)

where i and n represent the interest rate and lifetime of the project,
respectively. The values of the mentioned parameters are presented in
Table 3.

The cost of k;, component (Z;) are listed in Table 4. The cost of the
water-gas shift reactor is estimated through the six-tenth rule [51]. The
values obtained from the cost equations should be updated to the current
year, utilizing Chemical Engineering Plant Cost Index (CEPCI) [52]:

10
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Table 2
The energy and exergy efficiencies of subsystems.
cycle Energy Efficiency Exergy Efficiency
ARC ) 2
COPy = o cop,, = FXem
Qgen + Wpmp arc Wp + E‘xgm
BC _ Wer — Wac — Wic _ Wer — Wac — Wic
maLHV, v Tsexs
WGSRU -~ migLHVy, v Migexis
mighie — Miohio + Mizhiz MigeXie — MigeX1g + Mizexiz
SRC y— Wsrsre — Wpmp.sre _ Wsr.sre — Wopmp,srC
mszhs; — Mizghss M3yexs7 — M3geXss
ORC i Wsrorer + Wsrorc2 — (Wpmp.orc1 + Wpmp.orc2 + Wran) v =
maghsg — Nizohso
Wsrorc1 + Wsr,orc2 — (Wpmp,0orc1 + Wpmp,orc2 + Wran)
Ni3geXsg — M3geX3g
CEPCI,

» = %(CEpar,) 68)

Here p and 0 subscripts refer to the present and the original year. The
latest available CEPCI was 808.9 (December 2022), used as the present
year index [53].

Total cost rate of this system is considered as the sum of the fuel cost
rate, the rate of the penalty cost of greenhouse gas emission, the heat
cost rate for the gasifier, the cost rate of exergy destruction, and the total
capital investment cost of the components [54,55]:

CroraL = Cf + Com + CQ + Cproma + sz (69)
k
Each of the above parameters is defined as follows:
Cr=c o Ex; (70)
Con = Cco, ® Mo, 40 (71)
CQ =c QGGS (72)
(73)

CD,T()TAL = E CD,k i Cpix =crre®Expy
k

where ¢ is cost of Biomass per unit of exergy (2 $/GJ) [56], cco, is the
unit damage cost of COy (0.024 $/kg) [57], ¢, is the specific cost of
heating energy (0.04 $/kWh) [58], and c is the unit cost of fuel of the
kth component.

The unit cost of each product of the system and the unit cost of total
products of the multigeneration system are expressed respectively as
[59]:

C FOdUC
Coroduer = " 74)
Expmducl
Cwair +Coi + Co7 + Cig + C
CpOTAL = W NET 61 67 18 36 (75)

Woer + Exer + Exp67 + Exig + Exs

In addition, since the cost sources of a component are classified into
two categories of non-exergy-related costs and the costs related to
exergy destruction, the exergoeconomic factor is defined to evaluate the
performance of each component [59]:

Table 3

Cost indices.
Parameters Values Units
Annual duration of operation hours (N) 8000 Hours
Maintenance factor (¢)) 1.06 -
Interest rate (i) 0.10 -
Lifetime of the project (n) 20 Years
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Z

[ -
$ T Zi+ Cos

3.3. Exergoenvironmental analysis

(76)

Exergoenvironmental analysis combines exergy and environmental
analysis to simultaneously study the system from exergy and environ-
mental points of view. The exergoenvironment factor, which is defined
as follows, shows the harmful effects of irreversibility on the environ-

ment [60,66]:

_ Exp 1o

Ja = Ex;,

(77)

If this factor is significant, the ratio of exergy destruction rate to
input exergy rate and consequently the negative effects on the envi-

ronment is high.

The next important factor in exergoenvironmental analysis is the
environmental damage effectiveness factor, which is calculated as fol-

lows [60,66]:

0ui = fei ® C.i (78)
Table 4
Cost functions of system components.
Components Zi[8) Ref.
Compressor cim (Pout) (Pout> ,
Z = In ¢} =44.713%/(kg/s), 60
g e )5 ) /(ke/s),  160]
¢, =0.95
Gas turbine 7 cym ln(Pi") (1 n ef's(Tm*1570))c’3 _ [60]
¢y — st \Pour
301.45$/(kg/s),c, = 0.94,c, = 0.025K"!
busti hamb Al ,
Combustion chamber g __CM (1 + e%(Tou=1540)) ¢t — 28 988 /(kg/s),  [60]
o — out
7 Px'n
¢, =0.995,c, = 0.015K"!
Heat exchangers Z =cj (AHE/O.OQS)O 7802; — 1308/(m2)0 78 [31]
Digester _ VT 075
Z = 350000(721000) [56]
Gasifier Z = ¢ (Mpiomass) " ¢} = 16008/ (kg/h)**” (56]
Mixer Z=0 [61]
o]
SRC Condenser Z = cyymey; =1773%/(kg/s) (621
SRC Turbine Z = ¢, Wsr™¢;, = 60008/ (kW) (621
SRC Pump Z = ¢ W' eqy = 35408/ (kW°7") (621
Generator Z = ¢j4(A¢/100)%¢;, = 175008/ (m2)%° [63]
Absorber Z = ¢}5(Aa/100)°%c)5 = 160008/ (m?)%° 1631
Rectifier Z = ¢j(Ar/100)*°c} = 170008/(m?)*® (641
ARC Condenser Z = ¢;(Ac/100)°°¢;, = 80008/ (m?)*® [63]
ARC Evaporator Z = ¢}g(A/100)°°¢}g = 160008/(m?)* [63]
ARC HX.s Z = ¢}o(An/100)°%¢hy = 160008/ (m?)>® 1631
ARC Valves Z=0 63]
ARC Pump Z = chyWp*chy = 11208/ (kW°®) (31]
ORC Condenser Z = ¢y (Ac)*ch, =516.628/(m?)*® [65]
ORG Turbine Z = ey Wi’ ey, = 47508/ (kW*7?) [65]
ORC Pump Z = ey Wer" e, = 2008/ (kW) [65]
ORC2 Condenser (air- Condenser 7 — Chy (AC/Z()())O'S‘)C'% = (28]
cooled) 1560008/(m2)0 89
Fan Z = chs(Wr/50)°70chs = 123008/

(kw0.76)
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where C,; is the exergoenvironmental impact coefficient [60,66]:
(79)

The exergoenvironmental impact improvement, which shows the
positive effects of the system on the environment, is calculated as
[60,66]:

1

Ouii = o (80)

The exergy stability factor is obtained by [60,66]:

Exp 1o

= (81)
Exp 1o + EXgue + 1

The unit emission of carbon dioxide which is the ratio of emitted CO5
to the production rate of the system considered as an environmental
factor, and is defined as follows [7,49]:

mCOg emitted

S : : X 3600
Wer + QHga{ing + mHELHVHz + mwaterhwater

(82)

EMlco, =

4. Validation

The model has been validated for different subsystems of the plant to
confirm the correctness of the obtained results. Considering that the
whole system is a collection of several subsystems, each has been vali-
dated separately using the modeling code developed in the EES software.
The conditions and assumptions are adjusted to compare with those
reported in the references.

The experimental work of Loha et al. [39] has been used to validate
the steam gasification process. For this purpose, the syngas composition
has been compared and presented in Table 5. The results obtained from
this process modeling show a good agreement with their experimental
results. The biogas-fueled Brayton cycle has been verified by repro-
ducing the results of Zhang et al. [38]. The comparison of the obtained
results with those available in that work, which is given in Table 6,
shows the accuracy of the modeling. Table 7 shows the validation per-
formed for the ammonia-water absorption unit. Comparing important
obtained results with Adewusi’s [67] model results indicates that the
developed code is reliable. Validation of steam and organic Rankine
cycles has been done by reproducing the results of Refs. [27,31], and the
results are compared in Tables 8-9. The results presented in these tables
also indicate the accuracy of the modeling.

Therefore, the validity of the overall system modeling is corrobo-
rated due to the correctness of the results obtained from the modeling of
the subsystems.

5. Case study - Cigli WWTP - Izmir

The proposed multigeneration system is fed from the sewage sludge
of Cigli wastewater treatment plant. Cigli with the GPS coordinates of
38°29'N and 27°3'E, is a metropolitan district of Izmir Province in
Turkey. The diagrams of the Cigli hourly variations of average ambient
temperature and relative humidity are presented in Fig. 8 [68]. This
region’s average temperature and relative humidity are 18.11 °C and
60.05%, respectively. Moreover, the highest and lowest ambient tem-
peratures are associated with July (41 °C) and January (-6°C). Mean-
while, the relative humidity is maximum (100%) in the beginning and
the end months of the year and is minimum (11%) in June. Also, as
expected, the diagrams indicate that temperature and relative humidity
are inversely related. The air is more humid at low temperatures, and at
high temperatures, the air is drier.

Gigli WWTP was built to save the Gulf of Izmir from sewage pollu-
tion. This WWTP is located south of Kaklic airport in the former Gediz
delta. It is built on a land area of 300,000 m?, and the average capacity of
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this plant is about 600,000 m® per day. In 2019, 190 million m? of
wastewater was treated in this treatment plant [69].

6. Results and discussion

The mentioned multigeneration system, which is provided for the
production of power, freshwater, hydrogen, and heating, is modeled by
EES software. The schematic of this system was presented in Fig. 2
previously. This system feeds with the wet sewage sludge from the
wastewater treatment plant. The characteristics of wet sewage sludge
before and after anaerobic digestion are presented in Table 10. Input
data for the plant modeling is provided in Table 11.

The main modeling results for this system in the mentioned base case
condition are presented in Table 12. As can be seen, the system’s overall
energy and exergy efficiencies are 35.48% and 40.18%, respectively. In
addition, this system can produce 18.42 L of freshwater and 3180 kg of
hydrogen per hour. According to the information obtained from Cigli
WWTP, the annual energy consumption of this WWTP is equal to
44847.08 MWh, and from the results reported in Table 12, this system
can generate 142,000 MWh energy annually, about 3.1 times the needs
of Gigli WWTP.

Thermodynamic properties including mass flow rate(s), tempera-
ture (T), pressure (P), the ammonia concentration in the refrigeration
cycle (x), and the total exergy rate (Ex) for the base case conditions, are
reported in Table 13.

Section 2 (System description) it was explained that the system
integration is completed in six steps by adding different subsystems. The
following will show how moving towards multigeneration improves
system performance from energy, and environmental
perspectives.

Energy efficiency, exergy efficiency, and exergetic performance co-
efficient variation during system integration in six steps are shown in
Fig. 9. As can be seen, the energy and exergy efficiencies increase
steadily, so that reaching from 15.32% and 17.24% in the first step to
35.48% and 40.18% in the last step of system formation, respectively.
However, the exergetic performance coefficient has a drop in the third
step of system completion and then increases again. The reason is that
the equipment with the highest exergy destruction contribution is added
to the system at this step.

The variation of the exergoenvironment factor, environmental
damage effectiveness factor, exergy stability factor, and the unit emis-
sion of carbon dioxide during system integration in six steps are shown
in Fig. 10. These changes are slightly fluctuating. Still, in a general view,
it can be concluded that this integration favors the system. The envi-
ronmental factors in the last step of completing the system improve more
than the first steps.

Fig. 11 shows the contribution of subsystems in the total exergy
destruction rate of the whole system and the contribution of components
in the exergy destruction rate of the subsystem with the highest share.
The Biomass conversion subsystem has the largest contribution among
other subsystems, and the contribution of the atmospheric water har-
vesting unit is very small. Also, the gasifier with a share of 57.75%, has
the highest exergy destruction rate among other components.

The moisture content of Biomass, steam to Biomass ratio, and gasi-
fication temperature are three important factors affecting the lower
heating value and molar fraction of wet syngas components. Fig. 12

exergy,

Table 5

The steam gasification produced gas composition vs. the experimental results.
Dry Syngas Present work Loha experimental data [39] RMS
Ha(%) 49.19 49.50 1.2478
CO(%) 23.71 23.70
CO2(%) 23.09 21.20
CH4(%) 4.00 5.60

Input values: Ty = 750 °C, MCg = 0.0995, CHg 920971, steam/Biomass = 1.
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Table 6
Validation of the biogas-fueled Brayton cycle modeling.
State T (K) P (bar) m(kg/s)
Result Ref. [38] Result Ref. [38] Result Ref. [38]
15 298.2 298.15 1.013 1.013 4.77 4.77
16 612.2 612.65 10.23 10.23 4.77 4.77
17 650 650 9.72 9.72 4.77 4.77
18 1250 1250 9.33 9.23 4.935 4.96
19 824.8 822.65 1.16 1.12 4.935 4.96
20 788.7 789.15 1.10 1.07 4,935 4.96

Input values: CPR = 0.1, Ty7 = 377 °C, T1g = 977 °C, m iy = 4.77 kg/s.

Table 7
Validation of the ammonia-water absorption system.

Parameter Present work Adewusi model data [67]
COP 0.624 0.598

Qgen (kW) 265.1 267.9

Qabs (kW) 233.3 231

Qrec (kW) 44.7 50.7

Qcona (kW) 157.4 151

Qeva (kW) 167.3 162

Input values: Teyap = -10 °C, m = 1 kg/s, Teondenser = 40 °C, Tabsorber = 40 °C, AX
= 0.10, ammonia-water strong solution = 99.96%, Npump = 50%, esux = 100%,
ECEHX = 95%.

Table 8

Validation of the steam Rankine cycle.
Parameter Present work Ref. [31]
Wiet (KW) 2789 2789
Nen (%) 15.64 15.2

Input values: TIT = 420 °C, m = 6.44 kg/s, TIP = 8000 kPa, P.onq = 100 kPa,
Npump = 90%, Nturbine = 85%, Nmec,turbine = 90%.

Table 9

Validation of the organic Rankine cycle.
Parameter Present work Ref. [27]
Whet (kW) 2450 2458
Nen (%) 24.94 25.0

Input values: Npump = 90%, Nurbine = 85%. ORC1(Cyclohexane): m = 13 kg/s,
TIT = 300 °C, TIP = 3000 kPa, P.,nq = 100 kPa. ORC2(Isobutane): m = 5 kg/s,
TIP = 3000 kPa, P.ong = 100 kPa.

shows the impact of these three factors on the mole fraction of compo-
nents and LHV of the syngas. As shown in this figure, in the given range
of variables, by increasing the moisture content and steam to Biomass
ratio, the HyO mole fraction grows. In contrast, the lower heating value
and molar fraction of other constituents decrease. Meanwhile,
increasing the gasification temperature in the given range decreases the
H20 mole fraction, and the lower heating value grows.

As mentioned earlier, the gasifier has the largest share in the exergy
destruction rate of the system. Therefore, a parametric study was con-
ducted on three essential factors on the exergy destruction rate of the
gasifier. As shown in Fig. 13, increasing the steam to Biomass ratio de-
creases the exergy destruction rate because of the increase of m;s and
mye and the much higher exergy value of stream 16 compared to stream
15. On the other hand, increasing the gasifier temperature and Biomass
moisture content increases the exergy destruction rate of the gasifier.
This increase can be easily justified with the help of the gasifier’s exergy
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Fig. 8. The hourly variations of average ambient temperature and relative humidity of Cigli.

Table 10
Proximate and ultimate analysis of sewage sludge [70].

Biomass Proximate analysis (Wt% /wt.) Ultimate analysis (db, wt% /wt.)

Moisture content Volatile matter Ash C H o N S
Raw sludge 75 65 30 37 4.5 19.5 3.3 0.65
Digestate 75 50 40 33.5 2.5 12.5 1.1 0.40

and energy equations mentioned in Table 2. The growth of the exergy
destruction rate at the end of moisture content increasing is faster than
its beginning, but the increase of the destruction rate with the rise in
gasification temperature goes through an approximately linear trend.
Regarding the steam to Biomass ratio, it is the case that the reduction of
the exergy destruction rate of the gasifier at the end of STBM increasing
is slower than its beginning.

The effect of key variables of the Brayton cycle, absorption refrig-
eration cycle, steam Rankine cycle, and organic Rankine cycle on their
efficiency are shown in Fig. 14. As can be seen, increasing the pressure
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ratio of the gas turbine improves the performance of the Brayton cycle,
while increasing the pressure ratio of the air compressor reduces the
efficiency of the cycle. In the absorption refrigeration cycle, the effect of
the temperature of the absorber and condenser as key factors have been
evaluated on the cycle coefficient of performance. It can be seen that the
increase of both factors caused a decrease in the performance criteria of
this cycle. In the steam Rankine cycle, turbine inlet pressure and inlet
temperature factors are directly proportional to cycle efficiencies. In the
organic Rankine cycle, the effect of the first and second cycles’ turbine
inlet pressure on the cycle performance was evaluated. The efficiency
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Table 11 Table 12
Input data for system modeling. Some of the main results.
Parameter Value Units Energy Exergy Exergoeconomic Exergoenvironment
Anaerobic Digestion [14,30,35] npe = 21.71% ype = 31.24% Zotal = 1.949M$/ fei = 0.594
Sewage sludge flow rate 1.88 kg/s Year
LHV of sludge 18,000 kJ/kg Nsre = 26.07%  Wepe = ¢ = 6.978M$/Year O =1.478
LHV of digestate 14,500 kJ/kg 41.66%
Digestion temperature (mesophilic) 35 °C Nore = Wore = Cony = 7.647M$/ Cei = 2.489
Digestion pressure 101.3 kPa 24.80% 46.46% Year
Amount of destruction in the digester 70 % Nwesry = Wwesry = Cq = 55.36M$/ Oeii = 0.6764
Work needed for the digestion 0 W 20.95% 87.31% Year
Bi implified chemical f¢ It C H O, - .
B;t;ma;sl s(1:mcp1 ; [2 [)]c emical formula 13.085118.95U5.17 COPep prc = COPoyprc = Cp.rotar = fes =0.5383
yton Cycle [: 62.67% 12.73% 30.31M$, Year
Pressure ratio of the compressors 10 - _ _ . EMico, — 0.2327¢/
Isentropic efficiency of the fuel compressor 85 % %gg‘lz 870 v Zg"i’glé/i Crora = 102.2M3/ MW;OZ e
Isentropic efficiency of the air compressor 85 % e ’ A ’ Year
Combustion Chamber inlet temperature 576.85 °C Qoes = Exproc = CpOTAL =
Turbine inlet temperature 1246.85 °C . 173MwW 146170kW 13.058/GJ
Pressure ratio of the gas turbine 8.3 - Wher =
Isentropic efficiency of the gas turbine 85 % 17750kwW
Steam Gasification [19,71] QHmmg =
Temperature of the inlet Biomass 35 °C 47440kW
Temperature of the inlet steam 400 °C WGR =
Temperature of the outlet syngas 800 °C 18.421/h
Gasification pressure 101.3 kPa my, =
Steam to Biomass ratio 1 - 3180kg/h
Biomass simplified chemical formula CHo.8900.28 -
Water-Gas Shift Reaction Unit
Temperature of the inlet steam 200 °C increases with growing air temperature, so the water production rate is
;fg:i;‘ﬁi‘itz; cpl??;lc]ed hydrogen 25 ¢ higher in higher temperatures. As the relative humidity increases, water
Steam flow rate in the cycle 12 ke/s vapor density in humid air increases. Consequently, as the density of
Turbine inlet temperature 420 °C water vapor in humid air increases, the dew point of moist air increases,
Turbine inlet pressure 8000 kPa which means less cooling power is required to condense the water vapor
IT“rbme .Ou‘;:it Pre““r; N ;go ;Pa in moist air. The water production rate from this cycle can be deter-
sentropic e ciency of the pump (] . . . . e .
Isentropic efficiency of the steam turbine 85 % mined by having the relative hun.ndlty and the air temperature. There-
Organic Rankine Cyclel [27] fore, these curves are named device performance curves.
Working fluid Cyclohexane The products of this multigeneration system are electrical power,
p g y p
Fluid flow rate in the cycle 13 kg/s heating, hydrogen, and freshwater. The production rate of these prod-
Turbine inlet temperature 800 ¢ ucts in the base case condition was presented in Table 12. Fig. 16 shows
Turbine inlet pressure 3000 kPa th .. £ el ical heati d hvd ducti
Turbine outlet pressure 100 KPa e variation of electrical power, heating, and hydrogen production
Isentropic efficiency of the pump 90 % rates as a function of the input feed rate. As can be seen, increasing the
Isentropic efficiency of the steam turbine 85 % Biomass feed rate from 6 to 11 kg/s increases the production rate of
Organic Rankine Cycle2 [27] these products from 16,404 to 20833 kW, from 34,048 to 78062 kW, and
Working fluid Isobutane f 0.70 to 1.29 kg/ tivel
Fluid flow rate in the cycle 5 kg/s rom ©. oL 8/, Iespec IV? ¥ . .
Turbine inlet pressure 3000 KkPa The amount of water production rate in the different months of the
Turbine outlet pressure 100 kPa year is shown in Fig. 17. The maximum generation rate is for October
Isentropic efficiency of the pump 90 % with 38.67 1/h, and the minimum is for June with 24.6 1/h freshwater
Isentropic efficiency of the steam turbine 85 % production. As shown in this figure, the generation rate in the autumn
Absorption Refrigeration Cycle [67] isb h h h
Isentropic efficiency of the pump 920 % season s better than the others.
Effectiveness of solution heat exchanger 100 % The effect of Biomass flow rate and gasification temperature on the
Effectiveness of condensate precooler 95 % system’s overall efficiency and the unit emission of carbon dioxide is
Evaporator temperature ~10 °C presented in Fig. 18. Evaluations show that the feed rate increasing from
Condenser temperature 40 < 6 to 11 kg/s improves the energy efficiency by 0.91%, and reduces the
Absorber temperature 40 °C . . g' provi o 8y y' y o %
Mass flow rate of water 1 kg/s unit emission of carbon dioxide by approximately 6 kg/MWh. Never-
Ammonia-water strong solution 99.96 % theless, it causes exergy efficiency reduction (because of enhancing the
Atmospheric Water Harvesting [46] total exergy destruction rate of the system). On the other hand,
i idi i i 9 . . o pe . . . .
Relative humidity of inlet air 40 % increasing the temperature of the gasifier is beneficial to the system in
Relative humidity of exit air 100 % £ th h iteria. I . h ificati
Temperature of inlet air 25 oC terms of these three criteria. Increasing the gasification temperature

increasing with the inlet pressure of the first turbine experiences a
maximum point in its path, that is, up to a pressure of 3800 kPa, energy
and exergy efficiencies of this cycle increase and then decrease. While
increasing the inlet pressure of the second turbine is entirely beneficial
to cycle efficiencies.

Two key factors affecting atmospheric water harvesting are tem-
perature and relative humidity. The effect of these two variables on the
water generation rate and the amount of power consumption is pre-
sented in Fig. 15. The amount of water generation in all relative hu-
midity increases with the air temperature. The dew point of water vapor
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from 520 to 820 °C improves the energy and exergy efficiencies by
16.58% and 17.3%, respectively, and reduces the unit emission of car-
bon dioxide by about 135 kg/MWh. This is mainly due to the increased
hydrogen production rate by the rising gasification temperature.

The contribution of the capital investment cost of subsystems is
shown in Fig. 19. As can be seen, Rankine cycles have the highest capital
investment cost among the other subsystems. In both cycles, turbines
have the highest share. After that, in the steam Rankine cycle, the largest
share is for the pump, and in the organic Rankine cycle, the largest share
is for the air-cooled condenser. In addition, as concluded in previous
studies [72], this figure also shows that the capital investment cost of the
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Table 13
Properties of the system state points.

Stream  Fluid m(kg/s) TC P(kPa) x Ex(MW)

1 Raw sewage 7.52 25 101.3 - 0
sludge

2 Digestated 6.335 35 101.3 - 121.125
sewage sludge

3 Biogas 1.185 35 101.3 - 82.496

4 Biogas 1.185 247.9 1013 - 20.973

5 Water 0.939 25 101.3 - 21.321

6 Water 0.939 85 101.3 - 0.046

7 Air 20.92 25 101.3 - 0.067

8 Air 20.92 341.3 1013 - 0

9 Air 20.92 576.9 962.4 - 6.379

10 Combustion 22.1 1247 914.2 - 9.489
Products

11 Combustion 221 750 110.1 - 24.565
Products

12 Combustion 22.1 544.9 106.8 - 9.867
Products

13 Combustion 22.1 534.6 106.8 - 6.142
Products

14 Combustion 22.1 525.5 106.8 - 5.973
Products

15 Steam 25.32 400 101.3 - 5.825

16 Syngas 31.66 800 101.3 - 32.028

17 Steam 31.66 200 101.3 - 155.013

18 Hydrogen 0.883 25 101.3 - 33.959

19 WGSRU 62.44 581.5 101.3 - 103.411
products

20 Ammonia/ 1 40 286.8 0.3964 70.560
water

21 Ammonia/ 1 40.13 1556 0.3964 7.900
water

22 Ammonia/ 1 104.5 1556 0.3964 7.902
water

23 Ammonia/ 0.857 124.2 1556 0.2964 7.948
water

24 Ammonia/ 0.857 40.13 1556 0.2964 5.128
water

25 Ammonia/ 0.857 40.39 286.8 0.2964 5.078
water

26 Ammonia/ 0.152 101.9 1556 0.9583 5.077
water

27 Water 0.010 101.9 1556 0.3964 2.963

28 Ammonia 0.142 44.07 1556 0.9996 0.083

29 Ammonia 0.142 40 1556 0.9996 2.873

30 Ammonia 0.142 10.29 1556 0.9996 2.865

31 Ammonia 0.142 —-10.33 286.8 0.9996 2.865

32 Ammonia 0.142 -10 286.8 0.9996 2.864

33 Ammonia 0.142 36.71 286.8 0.9996 2.842

34 Air 9.839 25 101.3 - 2.841

35 Air 9.834 9.476 101.3 - 0

36 Water 0.005 9.476 101.3 - 0.004

37 Flue gas 84.55 572 102.4 - 0.00026

38 Flue gas 84.55 348 102.4 - 76.086

39 Flue gas 84.55 278.4 102.4 - 55.312

40 Flue gas 84.55 110 102.4 - 50.069

41 Water 12 100.4 8000 - 40.733

42 Water 12 420 8000 - 0.504

43 Water 12 99.63 100 - 15.317

44 Water 12 99.63 100 - 5.317

45 Cyclohexane 13 81.44 3000 - 0.403

46 Cyclohexane 13 300 3000 - 0.174

47 Cyclohexane 13 219.9 100 - 3.841

48 Cyclohexane 13 80.31 100 - 1.875

49 Cyclohexane 13 80.31 100 - 0.846

50 Isobutane 5 —10.69 3000 - 0.121

51 Isobutane 5 183.5 3000 - 0.300

52 Isobutane 5 91.64 100 - 0.931

53 Isobutane 5 —-12.01 100 - 0.058

54 Water 3.762 25 101.3 0.276

55 Water 3.762 35 101.3 0.187

56 Water 1.068 25 101.3 0.190

57 Water 1.068 35 101.3 0.053

58 Water 5.551 25 101.3 0.054

59 Water 5.551 35 101.3 0.277
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Table 13 (continued)

Stream  Fluid (kg/s) TC P(kPa) x Ex(MW)
60 Water 9775 25 101.3 0.281
61 Water 97.75 85 101.3 4.882
62 Water 1107 25 101.3 7.063
63 Water 1107 35 101.3 5.531
64 Air 91.62 —20 101.3 5.607
65 Air 91.62 10 101.3 0.347
66 Water 9119 25 101.3 0.035
67 Water 91.19 85 101.3 4.555

air-cooled condenser is significantly higher than that of water-cooled
condensers.

Fig. 20 demonstrates the contribution of the subsystem’s cost rates of
exergy destruction. Considering that this factor is obtained from the
product of the cost of the fuel stream for a component and its exergy
destruction rate, the distribution shown in this figure can be justified
with the help of Fig. 11. Biomass conversion subsystem has the largest
share of exergy destruction rate and cost rates of exergy destruction.

The column chart for comparing the exergoeconomic factor of all
equipment is shown in Fig. 21. According to this diagram, the highest
value of the exergoeconomic factor is for the air-cooled condenser of
ORC2 and the solution heat exchanger of ARC. That is, this equipment’s
capital investment cost is higher than the cost of exergy destruction.
Therefore, it is better to replace these components with lower equipment
cost to improve the system’s economic performance.

The effect of gasification temperature on the total cost rate of the
system, the unit cost of total products, and the unit cost of electricity and
hydrogen products are investigated. As shown in Fig. 22, Increasing the
gasification temperature within the specified range causes an increase in
the total cost rate of the system. As discussed earlier, increasing the
temperature of the gasifier raises its exergy destruction rate and its heat
requirement. According to Eq. (69), these factors increase the total cost
rate of the system. On the other hand, although increasing the gasifi-
cation temperature increases the production rate of hydrogen, it in-
creases the cost of its production, which is mainly due to the high cost
spent on supplying heat to the gasifier. Utilizing waste heat sources
seems more suitable for providing the heating power required by the
gasifier.

7. Conclusions

A new urban sewage sludge-based multigeneration system for power,
heating, hydrogen, and freshwater production was developed and
evaluated from the energy, exergy, exergoeconomic, and exergoenvir-
onment points of view. A case study for Cigli wastewater treatment plant
has been conducted on this system, and parametric studies have been
performed to investigate the effect of the main parameters on the sys-
tem’s performance criteria. Some of the main outcomes of this study are
listed below:

o This system’s energy and exergy efficiencies obtained 35.48% and
40.18%, respectively.

e The gasifier has the largest share (57.75%) of the exergy destruction

rate among the other components.

Multigeneration has improved the system’s performance so that the

energy and exergy efficiencies have been improved by 20.16% and

22.94%, respectively, compared to the single-generation main sys-

tem. Also, it has reduced the unit emission of carbon dioxide by

about 4 times.

e The exergoenvironment, environmental damage effectiveness, and
exergy stability factors of the proposed system obtained 0.4684,
1.166, and 0.5383, respectively.

e The hydrogen production rate in the base case conditions is 3180 kg/
h, and its unit cost of production is 12.58 $/GJ.
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Fig. 11. The Contribution of exergy destruction rate of subsystems (Exp sup.sys)-

e The net power generation of the system is 17750 kW. This amount of
electricity generation, in addition to supplying the electricity de-
mand of Cigli WWTP, can produce twice of surplus electricity that
can be used during peak hours or sold.

e This system can produce more than 18 L of freshwater per hour in
defined base case conditions. However, if the actual data of the
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studied area be used, it will be able to produce at least 24 1/h of
freshwater.

e The total cost rate of the system and the unit cost of total products are
calculated as 102.2 M$/Year and 13.05 $/GJ, respectively.

e Rankine cycles have the highest capital investment cost among the
other subsystems.
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o The results of parametric studies show that increasing the rate of
Biomass improves the overall energy efficiency and production rates
and also reduces the unit emission of carbon dioxide, but on the other
hand, it causes a decrease in exergy efficiency and an increase in the
unit cost of total products.

o The relative humidity of the air directly affects water production, so
according to the parametric studies, increasing the relative humidity
from 30% to 90% in a constant temperature (25 °C) increases the
hourly water production rate from about 3 1/h to about 120 1/h.
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