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ARTICLE INFO ABSTRACT

Keywords: Renewable energy sources have the potential to mitigate environmental risks by replacing fossil fuels. The aim of
Energy this study is firstly to consider the use of renewable energy sources to develop a new multigeneration system for
E’“?W meeting the energy demands of residential communities; secondly to analyze the presently developed system
]Sii?:rle:ncégy using mass, energy, entropy and exergy balance equations; and finally to assess the system’s performance in
Biodigester terms of energy and exergy efficiencies. The system uniquely employs an ammonia-water-based triple-effect
Heliostat field absorption system with other systems, such as an organic Rankine cycle, a Brayton cycle, and a steam turbine
Hydrogen Rankine cycle. The Engineering Equation Solver (EES) software package is used to determine the thermodynamic
Electrolysis properties and perform the aforementioned thermodynamic analyses through the constructed codes. The results

of this study show that the steam Rankine, Brayton and organic Rankine cycles have energy efficiencies of
35.90%, 19.50%, and 11.49%, respectively, while the exergy analysis reveals that the steam Rankine, Brayton
and organic Rankine cycles achieve the corresponding exergy efficiencies of 74.30%, 31.68%, and 23.23%,
respectively. Additionally, the energetic and exergetic coefficients of performance (COPs) of the absorption
cooling system are determined to be 1.60 and 0.32, respectively.

1. Introduction

The pressing issue of climate change demands global cooperation
and concerted efforts to find solutions. People around the world
increasingly recognize renewable energy as a crucial component in
addressing this issue and promoting sustainable development. Until
recently, non-renewable energy sources such as coal were commonly
used for power generation, resulting in hazards such as CO, emissions
and environmental concerns [1,2]. Residential buildings represent a
high share of overall energy usage for heating, cooling, hot water, and
electricity. In this regard, multigeneration systems are capable of sup-
plying these energy demands while using renewable energy, which has a
less harmful impact on the environment [3,4]. A multigeneration system
produces multiple types of energy outputs from one or a few energy
inputs. This paper aims not only to develop a new multigeneration
system but also to evaluate it through different properties. A recent
version of the Engineering Equation Solver (EES) software package [5] is
used to determine the thermodynamic properties. Thermodynamic an-
alyses typically involve energy analysis (through the first law), entropy
generation evaluation (through the second law), and exergy analysis
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(through the second laws) [6,7].

Waste recovery has received increased attention in the past few de-
cades. Karaca and Dincer [8] have proposed a multigeneration system
using biomass (waste food) to produce different products such as
hydrogen, biomethane, electricity, heating, hot water, and fertilizer.

Various types of refrigeration systems are used in the multi-
generation systems. For example, numerous researchers have essentially
utilized a single effect absorption system (SEAS). Zhou et al. [9] devel-
oped a solar-biogas-based multigeneration system, including a single-
effect absorption system. Their results showed that the solar power
tower was the most influential component in terms of exergy destruc-
tion, and the system achieved an exergy efficiency of 24.34%. Bamisile
et al. [10] introduced a multigeneration system that combines concen-
trated solar photovoltaics and wind turbines with different subsystems,
such as a single-effect absorption system. They conducted a thermody-
namic analysis, and the results of analyses indicated that the overall
energetic efficiency of the system was 48.61%, while the exergetic ef-
ficiency was 88.31%. In addition, in some studies double effect ab-
sorption system are employed such as studies of Ghasemi et al. [11] and
Wang et al. [12]. In these studies, Ghasemi et al. [11] suggested and
analyzed a biomass-solar based multigeneration system. The system
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Nomenclature

Exd Exergy Destruction Rate (kW)
ex Specific Exergy (kJ/kg)

h Specific Enthalpy (kJ/kg)
HHV Higher Heating Value (kJ/kg)

LHV Lower Heating Value (kJ/kg)

m Mass Flow Rate (kg/s)

MW Molar Mass of H, (kg/kmol)
P Pressure (kPa)

Q0 Heat Transfer Rate (kW)

s Specific Entropy (kJ/kgK)

T Temperature (K)

Greek Letters

n Energy Efficiency (%)

Y Exergy Efficiency (%)
Acronyms

ABS Absorber
CCH Combustion Chamber

COM Compressor

CON Condenser

cop Coefficient of Performance
CT ORC Turbine

CFWH  Closed Feed Water Heater
CH Condenser Heat Exchanger
EES Engineering Equation Solver
Elec Electrolyzer

En Energy

EV Absorption Evaporator

G Generator

GT Gas Turbine

HEX Heat Exchanger

HPST High Pressure Steam Turbine

HTG High Temperature Generator

HTH High Temperature Heat Exchanger

LPST Low Pressure Steam Turbine

LTG Low Temperature Generator

LTH Low Temperature Heat Exchanger
MC Mixing Chamber

MTG Medium Temperature Generator

MTH Medium Temperature Heat Exchanger

ORC Organic Rankine Cycle
P Pump

REC Rectifier

SRC Steam Rankine Cycle

T Turbine

TES Thermal Energy Storage
TEAS Triple Effect Absorption System
Subscripts

abs Absorber

avg Average

conv Convection

ch Chemical

cond Conduction

Dig Digester

em Emissivity

insu Insulation

contained a double effect absorption system, a Rankine cycle, a multi-
effect desalination system, a Linde-Hampson cycle, a burner, and a
parabolic trough solar collector. The results outlined that the energetic
and exergetic efficiencies of the system were found to be 46.8% and
11.2%, respectively. Wang et al. [12] evaluated a combined power
heating and cooling system. According to the results, the system was
found to have an exergy efficiency of 56% and an energy efficiency of
28%.

Moreover, studies such as studies of Zhang et al. [13] and Shar-
ifishourabi and Arabchadegani [14] triple effect absorption systems are
utilized. They analyzed a system consisting of absorption refrigeration
and an organic Rankine power cycle. Their study revealed that the en-
ergy and exergy efficiencies of the system were influenced by operating
parameters. In addition, it was found that, under ideal conditions, the
energy performance can reach approximately 0.4889. Sharifishourabi
and Arabchadegani [14] designed a multigeneration system that pro-
vided cooling, heating, conditioned air, and electricity, with solar en-
ergy chosen as the primary source. They conducted energetic, exergetic,
and environmental impact analyses. The results showed that when the
system generated 428 kW of power, the exergy utilization factor was
0.39. Additionally, they determined the energetic and exergetic effi-
ciencies of the organic Rankine cycle to be 14.4% and 26%, respectively.
While they calculated the coefficient of performance (COP) of the ab-
sorption system to be 1.34. The studies by [13] and [14] used sodium
hydroxide-water and lithium bromide-water as the working fluids,
respectively. However, the authors of the current article integrated the
designed system with a triple effect absorption system working with
ammonia water as the solution.

The main goal of this study is to devise a system that produces
various forms of energy for residential communities by utilizing two
renewable energy sources: biomass and solar energy. What sets this

system apart from previous research is its unique combination of an
ammonia-water-based triple-effect absorption system with other sys-
tems such as an organic Rankine cycle, a Brayton cycle, and a steam
turbine Rankine cycle. In addition to these systems, the developed sys-
tem also includes a thermal storage system and an electrolyzer. The
thermal storage system enables the developed system to operate during
periods of insufficient solar radiation, while the electrolyzer converts
any surplus electricity produced into hydrogen for further usage. The
integration of several energy conversion technologies and energy stor-
age systems makes this system an innovative and promising solution for
fulfilling the energy needs of residential communities. The specific ob-
jectives of the article are threefold as follows:

e To develop a new multigeneration system for producing heating, hot
water, cooling, electricity, and hydrogen.

e To analyze the presently developed system through mass, energy,
entropy, and exergy balance equations.

e To assess the system’s performance through energy and exergy ef-
ficiencies to identify what operating conditions and state properties
provide better performance and hence better efficiency.

The second section of this article describes the system. The devel-
oped system utilizes green energy sources to supply different demands to
a residential community. In the third section, thermodynamics balance
equations for the major component are presented. These equations
analyze the system through thermodynamics equations and also assess
the performance of the system through energy and exergy efficiencies. In
the fourth section, the study presents the results and the effect of various
parameters on the system efficiency.
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2. System description

The configuration of the developed multigeneration system is shown
in Fig. 1. The system contains 8 subsystems: solar section, digestion unit,
thermal energy storage system (TES), organic Rankine cycle (ORC),
Brayton cycle (BC), steam Rankine cycle (SRC), electrolyzer system and
triple effect absorption system (TEAS). The developed system employs
two energy sources, namely solar energy and energy from plant waste.
Additionally, the thermal storage system is capable of preserving energy
to be used during times of insufficient solar energy or when the system
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Fig. 1. Schematic of the developed multigeneration system.
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requires more energy. Furthermore, the SRC can generate both elec-
tricity and heating that can be distributed to the residential building,
greenhouse, and charging stations. A Brayton cycle is employed to
generate electricity and help run the TEAS and RC. TEAS is utilized to
provide cooling to the residential buildings and cold store, and hot water
to the residential buildings. An ORC uses the two sources to provide
electricity. Any excess electricity can be used in the electrolyzer system
to produce hydrogen to be supplied to the refueling stations. The molten
salt, 60% NaNO3 40% KNOs is used as a working fluid of the heliostat
field solar collectors. The low temperature molten salt enters the
receiver at point 6 and hot molten salt exits at point 1. The molten salt
can either directly drive the ORC and SRC or be stored in the TES when
demand is low or when the heat received by the receiver exceeds the
demand.

The molten salt used in the solar heliostat system is also used as the
substance in the TES. The TES proves beneficial when the heat demand
exceeds the heat received by the receiver in the solar heliostat system or
during periods without sunlight, such as at night or during snowy
weather. In the SRC, the superheated high-pressure water (state 17)
leaves the steam generator (HEX2) and flows to the high-pressure steam
turbine (HPST). The superheated water turns the HPST and experiences
a decrease in pressure and temperature. A portion of the steam exits at
state 18 can be reheated in the steam generator to enter the low-pressure
steam turbine (LPST) at state 20. It then passes through condenser 1
(CON1), pump 4 (P4), closed feedwater heater (CFWH), pump 5 (P5),
and the mixing chamber (MC). The SRC condenser can generate heating
and hot water and also acts as a heat exchanger to provide the required
heat for the digestion unit.

The digester, commonly known in landfill technology, is a widely
used waste treatment process that produces methane, a key component
of natural gas. This study focuses on utilizing an anaerobic digestion unit
to produce biogas and digestate from food waste as the biomass source.
However, various biomass sources can be utilized, including municipal
waste, sludge, animal manure, agricultural waste, and food waste. The
biomass enters the digester at state 35 (with 25 °C) and exits as biogas
and fertilizer at state 36 (with 35 °C) and state 44 (with 35 °C),
respectively. The fertilizer can be used for agricultural purposes, and the
biogas can be used in the combustion chamber of the Brayton cycle. The
working fluid in the closed Brayton cycle is air. Low-temperature air
enters the combustion chamber (CCH) at state 37, and high-temperature
air exits at state 38.

A portion of the heat converts to electricity via the gas turbine
generator. The Brayton cycle plays a crucial role in the proposed system
as it generates electricity and assists in the operation of the TEAS and
ORC. The working fluid in the organic Rankine cycle is isobutane. The
isobutane, at state 30, passes through heat exchangers 3 and 4 before
entering the turbine (CT) at state 32, where it drives the turbine
generator to produce electricity. In the TEAS, the working fluid is a
mixture of ammonia and water. Water acts as the absorbent, while
ammonia functions as the refrigerant. At state 59, the concentrated so-
lution is fed into the high-temperature generator (HTG) to utilize the
heat produced by the Brayton cycle.

As mentioned earlier, the system proposed in this study incorporates
multiple energy conversion substances, including the SRC, BC, and ORC,
to generate electricity as a product for the residential community. Any
excess electricity generated can be redirected to a PEM electrolyzer
system for hydrogen production. The produced hydrogen can then be
transported to refueling stations to be used in hydrogen-based vehicles,
promoting a sustainable mode of transportation. This aspect of the
system not only provides a clean energy source for the residential
community but also contributes to the reduction of carbon emissions in
the transportation sector.

3. Thermodynamic analysis

The analysis and assessment of the proposed system require some
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assumptions made, such as:

e The system and its individual components are operating in a steady-
state condition.

e The negligible kinetic energy changes and gravitational potential
energy changes take place.

o The pressure losses in pipelines and heat exchangers are disregarded.

e The isentropic efficiencies of both pumps and turbines are assumed
to be 0.85 [15,16].

3.1. Solar heliostat system equations

A solar heliostat is a device that concentrates sunlight onto a specific
target, such as a solar receiver or central tower, typically used in solar
power plants. By utilizing mirrors, heliostats reflect and focus sunlight
onto a fixed point, increasing the intensity of the sunlight and enabling
the capture of a greater amount of energy. This technology is commonly
employed in concentrated solar power systems, where arrays of helio-
stats are used to concentrate sunlight onto a solar receiver. The receiver
then converts the concentrated sunlight into heat or electricity. Helio-
stats can be designed to track the movement of the sun throughout the
day, ensuring optimal reflection angles and maximizing energy output.
While heliostats have been in use for many years, recent technological
advancements have improved their efficiency and cost-effectiveness,
leading to their increasing adoption for large-scale solar power
generation.

The heat received by the solar receiver and the rate of heat received
from solar irradiation in the solar heliostat system can be determined
using the following equations (see details available elsewhere
[17,18,19]):

Qrec: nh Qs (1 )
Q,_IAfieid @)

where n, and I are the efficiency of the heliostat field, and solar radia-
tion, respectively.
The heat received by receiver can be determined as:

Qree=Qrec.abs + Quota toss 3)

where Q.c.ps and Qe 105 are absorbed heat rate and the total heat
losses in the receiver, respectively.
The absorbed heat rate can be explained as:

Qrec.abs = 1’i’lmscp(Tms,ou( - Tms< in) (4)

The total heat losses in the receiver can be determined as:
Quotar. lost = Qreciem T Qrecirer T Qrec.conv + Qrec,cond 5)

where Qrcc,cm’ Qrcc,rcfr Qrcaconv and Qrcc,cond are heat losses due to emis-
sivity, reflection, convection and conduction, respectively. These losses
can be determined as follows:

4 4
_ €avgO(Trecsurt” — To")Asieta

Qrec.em = c o
: Qrcc PFr
Qrec.re =— (7)
' Afield
Q _ (hair.l'c,imu (Trec.mrl' - TO) + hair.nc,inbu (Tret:.surf _ TO))Af‘leld (8)
rec.conv o
Qre&cond = (TmLW (9)

(5.“5..
Minsu  hairo
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where g,,,, C and F; are average emissivity of the receiver, concentration
ratio, and view factor, respectively.

Ew

avg — = 10
Eave gy + (1 —g,)F, an

Afiela
C= 1)

Aapc

A,
F, = _ape 12
Arec,surf ( )

The energetic and exergetic efficiencies of the receiver and heliostat
field may be calculated as below:

Mo = Qecas a3
Que

Ve = EEXX— (14)

= QT 5

W, = Exlé;:bg (16)

3.2. Thermal energy storage system balance equations

The thermal energy storage system (TES) is designed to store the
excess heat generated by the solar section [20]. This stored heat can be
utilized during nighttime or when the heat demand exceeds the capacity
of the energy sources [21]. However, in this study, it is assumed that
during the daytime, the energy sources are capable of meeting the de-
mands without relying on the TES. Therefore, the TES is specifically
intended to function during periods when sunlight is insufficient, such as
at nighttime or during rainy weather, ensuring that there is a backup
source of heat available when needed. The mass, energy, exergy, and
entropy balance equations for the components may be explained as
follows:

For HEX1:

l’hg = 1'h7 (17)

tiyhy +Quexy = fighg OF Mhyghys = fizohag +Qpexy (18).

l’h7CX7 + IilI(,CXlﬁ = l’thXg + Iilngng + EXdHEXl (19)
My$7 -+ M6S16 + Sg,HEXl = mMgSg + MyoSy9 (20)
For HEX 3:
mp; = m3 (21
thyohyp +mishs = myshys +mushis + Qe (22)
12X + M3ex; + M3peXsp = My3eX;3 + Myexy + My exs; + Exdusxs (23)
115812 + 385 + Sgurxs = 113815 + Mysy +@ 24)
ThExs
For Pump 2:
ms = my (25)
tishys + Wy, = myhy (26)
tisex;s + Wy = fivzex; + Exdp 27)
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mys8;s + Sg,PZ = nys; (28)
For Pump 3:

thyp = My (29)

tivgohyo + Wes = iy hyy (30)

thyeexio + Wps =ty ex;; + Exdps (31)

mysio + Sg,P3 =my;sy (32)

3.3. Digester balance equations

For this study, an anaerobic digestion unit was chosen. Anaerobic
digestion units employ microorganisms to break down organic matter in
the absence of oxygen, resulting in the production of biogas, which
serves as a renewable energy source [22]. These units are capable of
processing various types of organic waste materials, including sludge,
agricultural waste, and food waste, offering an environmentally sus-
tainable approach to waste management [23]. The biogas generated
through anaerobic digestion can be harnessed for heat generation,
electricity production, or as a transportation fuel. As such, anaerobic
digestion units hold promise as a solution to meet our energy needs
while simultaneously reducing waste generation and greenhouse gas
emissions. In this study, particular emphasis is placed on the utilization
of food waste as a biomass source for anaerobic digestion. The ther-
modynamics balance equations for the digestion unit are given below:

M35, 4m = M3 + Mygm (33)
ex = ex™ +ex™ (34)

where ex*" and exP" represent chemical and physical exergies of organic
streams, respectively. The specific chemical exergies of organic streams
can be determined as [24]:

ex™ = 362.0083C + 1101.841H — 86.2180 + 2.418N + 196.701S — 21.1A
(35)

where C, H, O, N, S and A stands for percentage of carbon, hydrogen,
oxygen, nitrogen, sulfur and ash, respectively. These are elements of the
biomass and digestate as shown in Table 1.

The specific physical exergies of organic streams can be found as
below:

exP" = C, (T — Ty — Toln (1) ) (36)
To

The chemical and physical exergies of the gas streams can be found
below:

exh= n(Zyisi + RTUZyiln(yi) 37)
" T P
ex" =C,( T—Ty—Toln| =) ) +RToln(=) (38)
To Py
Table 1

Chemical composition of raw biomass and digestate considering moisture free
analysis (data complied from [8]).

Element (%W dm) Raw Biomass Digestate
C 46.1 42.1

H 5.7 5.2

(0] 0.17 5.81

N 40.76 20.38

S 1.74 0.91

A 5.5 25.6
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The exergy destruction of the digester can be calculated as follows:

To

. ch ~ % ch . ch :
M35€X35 40 + Quex, pig (1 - T_D~ ) = M36€X3¢ + Myq am€X4y g + EXdpig (39)
ig

where QHEXADig can be found as follows:

Quex. pig = M3sCp(Tpig — To) (40)

The necessary heat for the system can be supplied by the condenser
of the steam Rankine cycle. Table 1 provides information on the
chemical composition of digestate and biomass. For detailed informa-
tion regarding the chemical composition and the calculation methods
for chemical exergy, one may refer to sources [25] and [26].

The energetic and exergetic efficiencies of the digester can be
determined as follows:

m36x LHVsgiogas + My4 dm LHVDigeslale

Di, A
2 J LHV Q
m3s 4m Biomass HEX, Di;
2

(41)

and
. ch o h
M36€XSg + Mys 4m€X g4 g

. ch s _ T
M35€X353 4 + Quex, Dig (1 ng)

Wiy = “2)

3.4. Brayton cycle balance equations

The Brayton cycle gains heat from the digester unit to produce
electricity. Additionally, the Brayton cycle transfers heat to the organic
Rankine cycle (ORC) and the triple effect absorption system (TEAS). The
substance in this closed cycle is air. The main components of the Brayton
cycle are the combustion chamber (CCH), gas turbine (GT), heat
exchanger (HEX4), and compressor (COM). The balance equations for
the main components of the Brayton cycle are presented below.

For CCH:

37 = Mg (43)

tigzhy + Qeey = Mishsg (44)

where Qccyy is the heat provided by the biogas exited from digestion
unit and can be determined as:

Qcen = Mss.ci, LHVen, ey (45)

where LHVy, and 1, are lower heating value of the CH, and ef-
ficiency of the combustion chamber, respectively.

1137837 + o S, con = Magsag (46)
Tecn

. . ch 5 . ch
m37€X37 + Mcy, €Xcy, + m3seX36 + Mo, €Xo,

= I'h3geX38 + IhHZOeX}C-:]ZO + 1’i'lCO2 exg‘oz + EXdCCH (47)
where ex(; , exl, e, and ex{l,, are specific chemical exergies of the
CHy , Oz, H20 and CO- , respectively. These specific chemical exergies
are tabulated in Table 2.

For GS:

Iy = i3 (48)

Table 2
Specific chemical exergies of chemical compounds.

Compounds Specific chemical exergy (kJ/kg)
CHy4 51,950
Oy 124.06
H,0 527.78

CO2 442.73
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thyshss = rigehsy + War (49)
Tizgexss = Moexso + War + Exdor (50)
M3gS3s + Sg,GT = 30839 (51)
For COM:
My = my; (52)
iy hyy + Weom = tigzhy (53)
tiyrexq; + Weom = tgrexsy + Exdeoym (54)
iy 841 + Sg.com = My7837 (55)

3.5. Steam Rankine cycle balance equations

The steam Rankine cycle (SRC) utilizes the heat obtained from the
heliostat field to produce electricity and heating. The working substance
in this cycle is steam. The SRC consists of several key components,
including a high-pressure steam turbine (HPST), a low-pressure steam
turbine (LPST), a condenser (CON), a closed feedwater heater (CFWH), a
mixing chamber (MC), a pump (P), and a steam generator or heat
exchanger (HEX2). The thermodynamic equations for each of these
components are described below.

For HEX2:

my7 = mys and myy = myg (56).

thshos + tijohye + Quexa = My7hy7 + Maghag (57)
tityshys -+ yohig + Quexay = Hivy7hy7 + haohag (58)
. ‘ Q . ) )
My5825 + MyeSig + THEXZ + S HEX2 = My7817 + TMoS20 (59)
HEX2
For HPST:
my; = myg (60)
mhy7hy; = hyshys + Wipst (61)
Mhy7ex7 = MigeXis + Wrpst+Exdppst (62)
m;8;7 + Sg,HPST = MsS3 (63)
For LPST.
My = My, (64)
tigohsg = iy hy; + Wipst (65)
Miy0€Xa0 = My eXay + Wipst + Exdipst (66)
My)8y0 + Sg,LPST = M8y (67)
For CON1:
My, = My, (68)
my hy; = myshy, + Qcom (69)

My €Xy1 + My€Xyy + Mgs€Xgs = Myr€Xgy + My3€Xy3 + Mye€Xgs + Exdeoni
(70)

: : : Q
11821 + Sg.cont = sy + 2 (71)
Teon

For CFWH:
Ihge = gy and ma3 = myy (72).
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tiz3hos + Qgrwn = Mashag (73)
Tilps€Xa6 + My3eXps = My7€Xy7 + MaseXas + Exderwn 74)
Til6S26 + M3823 + S crwi = Ma7827 + MagSog (75)
For pump 4:
My = My (76)
Ty hyy + Wy = thyshy 77)
thgexy + Wpy = myzexy; + Exdpy (78)
M550 + Sgps = MasSas (79)
For pump 5:
my; = Ty (80)
tiyrhyy + Whs = thyghog (81)
I'h27€X27 -+ Wp5 = Iilngng + Ede5 (82)
My7827 + Sg,PS = HygSng (83)

For mixing chamber (MC):

Mys = Ty + Mg (84)
pghyg + myshyy = myshys (85)
Mpg€Xag + Mos€Xpq4 = Mps€Xps + EXdMC (86)
TMgS78 + MosgSpq + Sg.MC = My5825 (87)

3.6. Organic Rankine cycle balance equations

The ORC utilizes the heat from the heliostat field and the digester to
generate electricity and heating. Isobutane serves as the working fluid in
this cycle, and the main components include a turbine, a condenser, a
pump, and two heat exchangers. The mass, energy, exergy, and entropy
balance equations for these components can be explained as follows:

For HEX4:

M) = M3y (88)
s h; + Quixs = Mzhs (89)
13 €X3) + MygeXy = MaeXsy + iy exy; + Exdpgxs (90)
113831 + HapSao + Sgexs = M3 + iS4y 91)

For ORC Turbine:

M3, = M3z (92)
tigohsy = mszhys + Wer (93)
tigexs, = myexs; + Wer + Exder 94
183 + Sger = Myssss (95)
For CON2:
M3 = My (96)
thyshys = mhashss + Qcona 97)
I33eXs; = Mssexss + Exdeonn (98)
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m33833 + Sg,CONZ = Mi34S34 + @ 99)
CON2
For pump 6:
M3y = M3 (100)
tihsshss + Wis = hyohsg (101)
[il34CX34 + Wp5 = Iil3oeX3o + EXdP(, (102)
M34834 + Sg,P6 = 30830 (103)

3.7. Triple effect absorption system balance equations

The main purpose of employing the triple effect absorption system
(TEAS) is to provide cooling for the residential sector, greenhouse, and
cold storage. Furthermore, the system can provide hot water for resi-
dential use. The working fluid in the TEAS is a mixture of ammonia and
water. The mass, energy, exergy, and entropy balance equations for
components may be explained as below [27]:

For HTG:
Mg Meg = Mg + M7 (104)
msohsg + mgghgs + QHTG = mgohg + mg7he; (105)

Msg€Xs9 + MegeXeg + M39€X39 = Meo€Xg0 + Me7€Xe7 + Myp€Xgp + Exdprg

(106)
) ) Q : . )
MsgSsg + MegSes + % + SgH1G = Me0Se0 + Mg7S67 (107)
HTG
For MTG:
Msg + M7y = Ms; + My (108)
titsshss + My + Qurg = hsshsy + iy hyy (109)

Ms6€Xs6 + M72€X72 + Me9€Xe9 = Ms7€Xs7 + My €X7 + MygeX70 + Exdmre

(110)
MseSse + M7287; + % + Sg.MTG = Ms78s57 + M71S7) (111)
MTG
For LTG:
sy, My7 = Ms3 + Mg (112)
mshsy + mghyg + QLTG = Mmsshs3 + my7hyy (113)

Msy€Xs) + MygeXyg + My4€X74 = Ms3€Xs3 + My7€X77 + MyseXys + Exdirg

(114)
MsySsy + MygSys + %‘TG + Sg,LTG = Ms3S53 + My7877 (115)
LTG
For HTH:
sy = msgandrmgy = Mg
thsghss + Qupy = Msohsy 117)
l’il5ge)(53 + Iilé()CXGO = Ih5geX59 + Ihﬁ]ﬁXﬁ] + EXdHTH (118)
. Qumu | ¢ .
MsgSsg +——— + Sg urH = MsoSso (119)
Turu

For MTH:
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sy = Mssandmg; = M3

rsshsy + QMTH = misshss (121)
Is4€Xsy + Mer€Xey = Mss5€Xss -+ Me3eXes -+ Exdyrrn (122)
. Qum | ¢ o
M54S54 + Tom + SgMrH = MssSss (123)
MTH
For LTH:
Mye = Mspand Mey = Mes
Thyohyy + QLTH = msphso (125)
thyeXyg + MgseXeq = MspeXsp + MgseXes + Exdpy (126)
. Quri | ¢ o
MygS49 + +SgLTH = MspSso (127)
T
For CH:
my; = mygand mys = My
my7hy + QCH = ryghyg (129)
thy7eXy7 + yseXss = MygeXys + MoseXss + Exdey (130)
. Qe & .
My7S47 +T7+S3,CH = MygS4g (131)
CH
For CON3:
gy = Myg + My (132)
tizghyg + tisshss = mgohso + Qcons (133)
M79€X79 + My6€X76 + Mg7€Xg7 + Mgg€Xgy
= thgoeXgy + MggeXgs + MogeXoo + Exdcons (134)
TitggS79 + zghss + Secons = MgoSso + (T2C0N3 (135)
CON3
For pump 7:
Tiys = Mg (136)
Tiyshys + Wpy = myshys (137)
Tiysexss + Wer = fiygexys -+ Exdpy (138)
TysS45 + Sg,P7 = TyeS46 (139
For EV:
g = Mgy (140)
tigihg +Qpy = ghg (141)
Tilg; eXg; + Mo; €Xoy -+ Mg3€Xg3 = MygreXs) -+ Mgr€Xon + MogeXos + Exdpy
(142)
o Qv | ¢ o
Mg Sg; +—— + Sgev = MgSgn (143)
Tev
For ABS:
Mys = Mg + Mgy (144)
tigshes + Mgshgy = Mushas + Qapg (145)



M. Sharifishourabi et al.
(146)

Mg6€Xe6 + Myr€Xgy = Mys€X4s + Exdaps

666 -+ Mgohgy + Sg.ABS = MysS4s + Qs (147)
Tags

3.8. PEM electrolyzer equations

A PEM (proton exchange membrane) type electrolyzer is considered
in the current system. The PEM is an electrolysis system that employs a
solid polymer electrolyte membrane to generate hydrogen from water.
This technology uses an electrical current to separate water molecules
into oxygen and hydrogen, which can then be used as a source of clean
energy [28]. The PEM electrolyzer is an attractive option for hydrogen
production due to its high efficiency and low operating temperatures
[29]. Unlike other types of electrolysis systems, PEM electrolyzer does
not require high pressure or temperatures, making them safer and easier
to operate. Additionally, the PEM electrolyzer is highly versatile and can
be used in a variety of applications, from small-scale energy production
to large industrial applications. The generated hydrogen in the PEM can
be calculated as follows:

my, = ’IElec*'WElec

—2 % M 148
HHV},y4 (148)

where 1. and HHVy,yq refer hydrogen production efficiency and higher

heating value of hydrogen, respectively.

The produced hydrogen has exergy flow rate as expressed below:
(149)

e.Xl'lz = IilHz [eXHz-,Ch + eXHZ.ph]

where exy, ,, and exy, o, represent physical and chemical exergy of
hydrogen respectively. The equations are provided as follows:

exn, ph = (i, —ho) —to(sm, — s0) (150)
and
236100
= 151
eXHz.ch MWH2 ( 5 )

4. Results and discussion

Using the thermodynamic analysis methodology by writing all bal-
ance equations of mass, energy, entropy and exergy for the system itself
and its components accordingly, we have been able to make the neces-
sary design calculations and develop the system in a conceptually cor-
rect manner where the thermodynamic concepts and the
thermodynamic laws are fully satisfied. In this regard, Table 3 tabulates
all obtained properties for the state points in the presently developed
system, which are utilized to assess the system’s output and conduct
parametric studies.

4.1. Effect of molar fraction of CH4 in biogas on different parameters

The biogas studied in this analysis contains both CO, and CHy4. The
molar fraction of CH4, which is inversely related to the fraction of CO,,
affects both specific chemical exergy and the heating value of the biogas.
These factors, in turn, impact the energetic and exergetic performance of
biogas-fueled Brayton power generation.

In Fig. 2, it is shown how the molar fraction of methane affects the
lower heating value and specific chemical exergy of biogas. The lower
heating value of biogas increases from 20,009 kJ/kg to 40,018 kJ/kg as
the molar fraction of methane increases from 0.4 to 0.8. Additionally,
the specific chemical exergy of biogas increases from 538.6 kJ/kg to
3219 kJ/kg with the same increase in methane molar fraction.

Fig. 3 illustrates the effects of biogas quality on the energy and
exergy efficiencies of the Brayton cycle and digester unit. As shown, by
increasing the molar fraction of CHy in biogas from 0.4 to 0.8, the energy
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efficiencies of the Brayton cycle and digester unit increase from 13.6% to
35.15% and from 72.11% to 83.94%, respectively.

4.2. Effect of HPST inlet temperature on the SRC efficiencies

In the context of designing and operating an SRC (referring to: solar
Rankine cycle) system, the inlet temperature plays a crucial role in
calculating the system efficiencies and outputs. The effect of the inlet
temperature on the high-pressure steam turbine (HPST) can be found in
Fig. 4. The figure shows that when the inlet temperature of the HPST is
increased from 690 K to 790 K, there is an increase in both the energy
and exergy efficiencies of the SRC. The energy efficiency of the SRC
increases from approximately 34% to 36%, while the exergy efficiency
increases from approximately 73% to 74 %, respectively. This increase
in efficiency may be attributed to the fact that when the inlet temper-
ature of the turbine is increased, the temperature difference between the
hot fluid and the surroundings also increases. This temperature differ-
ence leads to a higher amount of energy being extracted from the fluid,
resulting in an increase in the work output of the turbine. Moreover, the
increase in work output can be utilized to generate more electricity for
the same amount of fuel input. This results in a higher overall efficiency
of the power generation system, as more of the fuel’s energy is being
converted into useful work. Therefore, increasing the inlet temperature
of the turbine is an effective approach to enhancing the energetic eftfi-
ciency of the SRC system and achieving higher power generation
outputs.

It should be highlighted that raising the temperature at the turbine
inlet imposes more stringent requirements on the turbine materials to
prevent them from deteriorating under high temperatures. Conse-
quently, the contemporary gas turbine designs utilize sophisticated
cooling and material techniques to allow for elevated inlet temperatures
while ensuring that the turbines remain robust and dependable.

4.3. Effect of ambient temperature on the energy and exergy efficiencies

The performance of thermodynamic systems, including the inte-
grated systems studied, is significantly influenced by changes in ambient
temperature, as these systems heavily rely on heat. Therefore, variations
in ambient temperature should be considered when determining system
performance. In fact, changes in ambient temperature can affect the
efficiency and effectiveness of thermodynamic systems in various ways.

Fig. 5 provides insight into the effect of ambient temperature on the
energetic and exergetic COP of the TEAS. This diagram shows that when
the ambient temperature increases from 298 K to 318 K, there is an
increase in the exergetic COP, while the energetic COP remains constant.
This is because when the ambient temperature is low, there is a lower
driving force for heat transfer, leading to a lower exergy efficiency. On
the other hand, when the ambient temperature is high, the system’s
exergy efficiency increases due to a higher driving force for heat transfer
taking place. It should be emphasized that the accuracy of the absorption
system has been verified with reference to [30], where the energetic
COP was found to be approximately 1.5.

Fig. 6 illustrates the effect of ambient temperature on the energy and
exergy efficiencies of various subsystems, including the ORC, Brayton,
and SRC. As mentioned, the ambient temperature is an important factor
to consider when designing and operating thermodynamic systems, as
changes in the ambient temperature can have a critical impact on system
performance. As shown in the diagram, increasing the ambient tem-
perature from 298 K to 318 K results in a slight increase in the exergy
efficiencies of the ORC, Brayton, and SRC systems. Specifically, the
exergy efficiencies of the ORC, Brayton, and SRC systems increase from
approximately 23% to 25 %, from approximately 31.5% to 33%, and
from approximately 74% to 80%, respectively. This increase in exergy
efficiency is due to the higher driving force for heat transfer that occurs
when the ambient temperature is higher. However, it is worth noting
that the energy efficiencies of these systems remain constant, as thermal



M. Sharifishourabi et al. Applied Thermal Engineering 232 (2023) 121094

Table 3
State point properties in the currently developed system.
State point ~ Fluid/substance =~ Temperature (K)  Pressure (kPa) = Mass flow rate (kg/s)  Specific enthalpy (kJ/kg)  Specific entropy (kJ/ Specific exergy (kJ/kg)
kgK)

1 Molten Salt 838.20 100 5.67 463.30 0.68 1659.26

2 Molten Salt 838.20 100 3.02 463.30 0.68 1659.28

3 Molten Salt 709.40 100 3.02 265.80 0.43 1538.00

4 Molten Salt 701.30 100 3.02 253.50 0.41 1530.73

5 Molten Salt 701.30 100 5.67 253.50 0.41 1531.00

6 Molten Salt 701.40 120 5.60 253.50 0.41 1531.00

7 Molten Salt 568.90 300 1.40 53.67 0.09 1425.71

8 Molten Salt 830 300 1.40 450.90 0.67 1651.42

9 Molten Salt 820 101.3 1.40 435.30 0.65 1641.42

10 Molten Salt 820 101.3 1.40 435.30 0.65 1641.42

11 Molten Salt 820 300 1.40 435.40 0.65 1641.42

12 Molten Salt 589.80 300 1.40 85.03 0.15 1440.71

13 Molten Salt 576.50 300 1.40 65.03 0.11 1430.71

14 Molten Salt 568.90 101.3 1.40 53.55 0.09 1425.71

15 Molten Salt 568.90 101.3 1.40 53.55 0.09 1425.71

16 Molten Salt 838.20 100 2.65 463.30 0.68 3553.96

17 Water 790 10,112 0.33 3417 6.64 2835.42

18 Water 619.10 2953 0.33 3108 6.73 2499.40

19 Water 619.10 2953 0.29 3108 6.73 2499.32

20 Water 790 2953 0.29 3496 7.29 2722.03

21 Water 324.60 13.29 0.29 2520 7.82 1588.61

22 Water 314.60 13.29 0.29 173.70 0.59 1397.91

23 Water 314.80 2953 0.29 177.20 0.59 1400.94

24 Water 380.10 2953 0.29 450.70 1.38 1439.01

25 Water 393.20 10,112 0.33 511 1.51 1458.78

26 Water 619.10 2953 0.03 3108 6.73 2499.21

27 Water 499.10 2953 0.03 971.40 2.57 1605.26

28 Water 500.90 10,112 0.03 981.60 2.57 1614.47

29 Molten Salt 701.30 100 2.65 253.50 0.41 1531.32

30 Isobutane 276 1743 9.55 207.70 1.01 1304.84

31 Isobutane 278.90 1743 9.55 214.60 1.04 1304.32

32 Isobutane 425.60 1743 9.55 820.10 2.75 1400.35

33 Isobutane 379.70 331.90 9.55 746.90 2.78 1316.87

34 Isobutane 275.20 331.90 9.55 204.90 1.01 1302.43

35 Biomass 298 100 17.85

36 Biogas 308 100 1.82

37 Air 602.30 3785 42.57 609.80 5.37 408.40

38 Air 949.20 3785 42.57 988.70 5.86 639.60

39 Air 460 541.60 42.57 462.30 5.65 177.68

40 Air 426.60 541.60 42.57 428.30 5.57 166.50

41 Air 291.90 541.60 42.57 292.30 5.19 144.65

42 Water 298 100 4.20 104.30 0.36 1396.19

43 Water 318.60 100 4.20 190.50 0.64 1399.04

44 Digestate 308.20 100 16.03

45 Ammonia- 272.20 317 3.37 —238.90 -0.19 1220.61
Water

46 Ammonia- 272.30 972 3.37 —238 -0.19 1221.20
Water

47 Ammonia- 272.30 972 1.40 —238 —-0.19 1221.66
Water

48 Ammonia- 285 972 1.40 —179.60 0.012 1217.39
Water

49 Ammonia- 272.30 972 1.97 —238 —-0.19 1221.37
Water

50 Ammonia- 288.70 972 1.97 -162.60 0.07 1216.31
Water

51 Ammonia- 288.70 972 0.24 —162.60 0.072 1216.64
Water

52 Ammonia- 285.60 972 1.64 -177.10 0.02 1217.23
Water

53 Ammonia- 295.60 972 1.09 —132.50 0.19 1209.47
Water

54 Ammonia- 288.70 972 1.72 —162.60 0.072 1216.31
Water

55 Ammonia- 327.30 972 1.72 68.95 0.81 1227.29
Water

56 Ammonia- 327.30 972 0.43 68.95 0.81 1227.08
Water

57 Ammonia- 332.90 972 0.31 32.81 0.72 1217.90
Water

58 Ammonia- 327.30 972 1.29 68.95 0.81 1226.60
Water

(continued on next page)
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Table 3 (continued)
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State point  Fluid/substance Temperature (K)  Pressure (kPa)  Mass flow rate (kg/s)  Specific enthalpy (kJ/kg)  Specific entropy (kJ/ Specific exergy (kJ/kg)
kgK)

59 Ammonia- 352.20 972 1.29 513.20 2.11 1281.51
Water

60 Ammonia- 420.80 972 0.65 1593 4.73 1580.88
Water

61 Ammonia- 387.30 972 0.65 711 2.57 1344.29
Water

62 Ammonia- 373.20 972 0.97 487.80 1.99 1295.47
Water

63 Ammonia- 342.30 972 0.97 75.10 0.84 1223.33
Water

64 Ammonia- 317.60 972 2.06 -35.10 0.51 1212.76
Water

65 Ammonia- 301.30 972 2.06 -107 0.28 1209.86
Water

66 Ammonia- 301.50 317 2.06 -107 0.28 1209.38
Water

67 Ammonia- 419.80 972 0.77 1691 5.45 1464.11
Water

68 Ammonia- 419.80 972 0.13 1626 5.30 1445.46
Water

69 Ammonia- 450 972 0.64 1679 5.40 1467.58
Water

70 Ammonia- 361.10 972 0.64 1459 4.86 1409.91
Water

71 Ammonia- 331.90 972 0.18 1175 4.04 1370.31
Water

72 Ammonia- 331.90 972 0.07 825.20 3.02 1323.87
Water

73 Ammonia- 328 972 0.11 1374 4.61 1398.29
Water

74 Ammonia- 355.90 972 0.75 1446 4.82 1407.85
Water

75 Ammonia- 297.10 972 0.75 233.80 0.81 1393.35
Water

76 Ammonia- 297.10 972 0.75 125.80 0.44 1393.35
Water

77 Ammonia- 294.60 972 0.65 —108.10 0.19 1235.98
Water

78 Ammonia- 294.60 972 0.10 —130.90 0.16 1220.40
Water

79 Ammonia- 340 972 0.55 1405 4.71 1401.81
Water

80 Ammonia- 295 972 1.30 102.40 0.36 1392.66
Water

81 Ammonia- 265.30 317 1.30 102.40 0.39 1384.26
Water

82 Ammonia- 294.30 317 1.30 1329 4.98 1242.17
Water

83 Water 291.20 101 10 75.85 0.26 1396.50

84 Hy 291.20 101 0.04

85 Water 298 100 16.64 298.40 5.69 3.79E-05

86 Water 318 100 16.60 318.50 5.76 0.60

87 Air 294.90 100 2.08 295.30 5.68 0.01

88 Air 330 100 2.08 330.60 5.80 1.56

89 Air 283.70 100 21.57 284.10 5.65 0.36

90 Air 314.20 100 21.57 314.70 5.75 0.39

91 Air 294.30 100 9.80 294.70 5.68 0.02

92 Air 278 100 9.80 278.40 5.62 0.71

93 Air 294.30 100 88.26 294.70 5.68 0.02

94 Air 278 100 88.26 278.40 5.62 0.71

losses are not taken into account in this analysis. Thermal losses refer to
the energy that is lost to the environment through various forms of heat
transfer, such as radiation and convection. These losses can have a sig-
nificant impact on the energy efficiency of thermodynamic systems,
particularly in high-temperature applications.

Furthermore, it is essential to consider the impact of changes in
ambient temperature when designing and operating thermodynamic
systems, as they can have a significant effect on their performance. By
understanding how ambient temperature affects the system, one can
take steps to optimize its performance, thus ensuring maximum effi-
ciency and effectiveness.

10

4.4. Entropy generation of different components

In this section, the focus is on analyzing the entropy generations
within the thermodynamic system. Entropy generation is a measure of
the degree of irreversibility in a thermodynamic process. Irreversibilities
are processes that cannot be reversed without significant energy input or
an increase in entropy. These processes can include friction, heat
transfer across a finite temperature difference, and mixing of two fluids
at different temperatures. As irreversibilities occur in a thermodynamic
system, they lead to an increase in entropy, which is reflected in the
entropy generation of the system. As illustrated in Fig. 7, the entropy
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generations in the system are relatively low, indicating that the system is
operating efficiently with minimal energy waste. The low entropy gen-
eration is a reflection of the high efficiency of the system and the
effective conversion of energy to useful work. This is an important
parameter in the design and operation of thermodynamic systems, as it
ensures that the system is operating at its maximum potential and
minimizing the amount of energy lost to the environment.



M. Sharifishourabi et al.

By minimizing the entropy generation within the system, the effi-
ciency of the system can be improved, and energy waste can be reduced.
This can be achieved by optimizing the design of the system, using high-
quality components and materials, and minimizing the potential sources
of irreversibility within the system. As such, the analysis of entropy
generation is a necessary tool in the design and optimization of ther-
modynamic processes and can be used to identify areas of the system
that may require improvement or optimization.

4.5. Exergy destruction rates

The exergy destruction rates for major components of the system
have been calculated and presented in Table 4. It illustrates that the
digester (Dig), compressor (COM), combustion chamber (CCH), and
heat exchanger 1 (HEX1) have the highest values of exergy destruction
rates due to their high temperatures and mass flow rates. The exergy
destruction rates are determined for the subsystems as illustrated in
Fig. 8 for digester unit (Dig), Brayton cycle (BC), thermal storage energy
system (TES), Organic Rankine cycle (ORC), triple effect absorption
system (TEAS), steam Rankine cycle (SRC), and electrolyzer (Elec). As
shown, the exergy destruction rates for Dig, BC, TES, ORC, TEAS, SRC,
and Elec are 91425, 9475.20, 2452.32, 598.48, 523.9, 113.51, and
57.04 kW, respectively.

5. Conclusions

In the current study the newly developed multigeneration system
employs two different renewable energy sources, biomass and solar. The
developed system utilizes food waste to produce biogas to feed the
Brayton cycle. In addition, the system generates energy for multiple
demands simultaneously, including heating, hot water, electricity, and
cooling. Cooling can be provided for the cold storage, and heating and
cooling flow to the greenhouse, depending on the season of the year.
Additionally, electricity can be transferred to the charging stations to
charge electric vehicles. Also, the excess electricity produced can be
captured for hydrogen production to be used in the refueling stations.
The multigeneration system developed in this study serves as a reference
case for researchers working on the design and development of multi-
generation systems. Various technical and operational aspects of the
currently developed system are studied and evaluated, and some of the
key results are then listed as follows:

e The energy analysis of the system is assessed, and the results show
that the steam Ranking cycle, Brayton cycle, and organic Rankine
cycle have energy efficiencies of 35.9%, 19.5%, and 11.49%
respectively. Additionally, the absorption system has an energy COP
of 1.609.

The exergy analysis of the system reveals that the steam Ranking
cycle, Brayton cycle, and organic Rankine cycle achieve exergy ef-
ficiencies of 74.3%, 31.68%, and 23.23% respectively. Furthermore,
the absorption system exhibits an exergy COP of 0.3269.

The exergy destruction rate of different components and subsystems
are evaluated, and the results show that the digester, compressor,
combustion chamber, and heat exchanger 1 have the highest exergy
destruction rates.

The entropy generation rates in different components are calculated,
and among those, the gas turbine has the highest entropy generation
rate.

The developed system can produce hydrogen at a rate of 0.04 kg/s.
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Table 4
The exergy destruction rates calculated for different components of the current
system.

Components Exergy destruction rates Components Exergy destruction rates
kw) (kw)

Dig 91,425 CFWH 22.65
CoM 4672 MTG 19.83
CCH 4186 LTH 14.82
HEX1 2274 HEX4 12.50
GT 617.20 P6 12.19
HEX3 337.90 HPST 8.97
EV 185.30 LTG 7.09
HTG 162.20 CH 5.79
CON2 138.10 ABS 5.37
CT 97.79 P7 4.48
HEX2 94.01 CON3 0.84
P1 83.46 P3 0.83
HTH 82.72 P4 0.14
Elec 57.04 MC 0.10
MTH 51.94 P5 0.03
LPST 46.92 P2 0.01
CON1 34.69
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