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The current study introduces a ground-breaking multi-generation plant utilizing solar
and wind energy. This study proposes a hybrid system that combines wind and a
steam Rankine cycle for power generation. This integrated system aims to address
cooling needs through a dual-effect cooling system and heating requirements through
an steam Rankine cycle heat exchanger. Additionally, the system intends to produce
hydrogen through a proton exchange membrane electrolyzer and ammonia via a reac-
tor. This comprehensive approach investigates the potential for a more versatile and
efficient plant design. This innovative system goes beyond electricity generation, of-
fering a comprehensive solution for power (44.8 MW), heating (20.64 MW), cooling
(123.9 MW), hydrogen (263.1 kg/h), and ammonia (106.48 kg/h) production. A ther-
mo-economic-environmental analysis reveals promising performance with high ener-
getic (83.65%) and exergetic (17.97%) efficiencies, an exergo-environmental impact
factor (0.91) as well as a total product cost rate of $1.44/s. The parabolic trough solar
collector optimization is crucial as it contributes to the majority (57%) of exergy de-
struction. Amongst investigated parameters, an ambient temperature of 35°C yields
the best exergo-environmental performance.

1. Introduction

The ever-growing global energy demand neces-
sitates a paradigm shift towards sustainable solu-
tions. Fossil fuel dependence, with its detrimental

effects on the environment, necessitates the explora-
tion of clean and efficient alternatives [1].
Multi-generation plants (MGPs) powered by
renewable sources like solar and wind offer a prom-
ising approach in this regard. Integrating these re-
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newable sources into MGPs presents significant ad-
vancements [2]. Firstly, it drastically reduces reli-
ance on fossil fuels, leading to a decline in green-
house gas emissions and air pollution. Secondly,
renewable energy sources offer geographical disper-
sion and are not susceptible to price fluctuations like
traditional fuels, fostering energy independence and
mitigating the risks associated with geopolitical in-
stability. Furthermore, MGPs can combine renewa-
ble energy sources with conventional methods, cre-
ating a more efficient system by utilizing waste heat
from one process to power another, thus reducing
overall energy consumption [3], 4]. Technological
advancements in energy storage solutions like bat-
teries are enabling MGPs to effectively manage the
intermittency of solar and wind power, ensuring a
more consistent and reliable energy supply. Finally,
with the declining cost of renewable energy technol-
ogies, MGPs are becoming increasingly cost-
competitive. Government incentives and carbon
emission trading schemes further promote the eco-
nomic viability of integrating renewable energy
sources. Integrating hydrogen production units di-
rectly with renewable energy sources presents a
promising solution. This approach not only fosters
the environment-friendly generation of hydrogen but
also significantly enhances the efficiency of MGPs.
By utilizing renewable energy sources, these com-
bined systems can significantly reduce their depend-
ence on traditional fuels, leading to a cleaner energy
footprint. Researchers are actively exploring the
potential of hydrogen as a clean alternative. Bam-
isile et al. [5] investigated a MGP that utilizes a Ran-
kine Cycle (RC) to generate electricity. This system
also produced hot water, addressed cooling de-
mands, and offered hydrogen as an additional out-
put. Their analysis revealed an impressive overall
energy efficiency of 71.6% and an exergy efficiency
of 24.5%. Tukenmez et al. [6] designed a solar-
powered a MGP. This system offers a comprehen-
sive solution, generating electricity, providing cool-
ing through an ejector subsystem, and producing
hydrogen using a PEM electrolyzer (PEME). A
thermodynamic assessment revealed promising re-
sults, with the plant achieving energy and exergy
efficiencies of 59.3% and 56.5%, sequentially. Yil-
maz et al. [7] investigated a MGP incorporating a
solar section that utilizes a parabolic trough collector
(PTC) technology. This versatile system caters to
various needs, generating electricity, providing cool-
ing and heating, producing potable water and hot
water, and even offering hydrogen as an additional
output. Their thermodynamic analysis yielded prom-
ising results, estimating the plant's thermal and exer-
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gy efficiencies to be 58.4% and 54.1%, respectively.
Siddiqui et al. [8] proposed a MGP powered by solar
energy. This system offers a dual functionality: gen-
erating electricity and producing hydrogen. An exer-
gy analysis revealed an efficiency of 29.7%, while
the total cost of operating the plant is estimated at
approximately $63,345 per hour. Saleem et al. [9]
devised and modeled a hydrogen production system
powered entirely by solar energy. This design direct-
ly harnesses captured sunlight to fuel an electrolyz-
er, which in turn generates hydrogen. Their evalua-
tion revealed an energy efficiency of 11.8% for this
plant. Furthermore, they carried out a comprehen-
sive analysis to investigate how various critical fac-
tors influence the system's performance. Colakoglu
et al. [10] investigated an incorporated plant that uti-
lizes solar energy. This system acts as a versatile
source, generating multiple valuable outputs includ-
ing hydrogen, electricity, cooling, and even domestic
hot water. Their analysis focused on the exergy cost,
revealing a competitive rate of 0.0798 dollars per
kilowatt-hour for the entire range of products offered
by the MGP. Researchers [11] investigated an alter-
native energy storage solution using ammonia fuel
cells to address limitations like high combustibility,
low storage efficiency, and costly infrastructure as-
sociated with conventional hydrogen fuel cells.
Their analysis, applied within the context of smart
grids and incorporating solar and wind power,
demonstrated that this ammonia-based system effec-
tively counteracts the inherent fluctuations observed
in renewable energy sources. Yilmaz and Ozturk [12]
presented a novel combined system capable of pro-
ducing both ammonia and hydrogen. This innovative
design underwent rigorous thermodynamic analysis,
revealing an energy efficiency of approximately
61% and an exergy efficiency of around 57%. Fur-
thermore, they conducted a parametric analysis to
meticulously assess how individual parameters in-
fluence the system's overall performance. To ensure
feasibility for large-scale ammonia production, a
comprehensive exergy analysis was performed on
the entire system. This analysis involved calculating
the exergy efficiency not only for the entire system
but also for each individual component.

Based on the reviewed literature, a new design
has been proposed that combines a steam-powered
cycle (SRC) with a dual-effect cooling system
(DECS) and components for hydrogen production
and ammonia conversion. This system is powered by
a combination of solar and wind energy. Existing
research has solely concentrated on economic and
operational aspects, neglecting the environmental
impact. This study aims to address this gap by per-
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forming a comprehensive evaluation of this recently
introduced system, including an analysis of various
parameters. In other words, this research seeks to
broaden the understanding of this system by incor-
porating environmental considerations alongside
economic and operational assessments. This study
seeks to address crucial knowledge gaps by:

To explore a novel MGP that utilizes a hy-
brid approach combining wind and steam
Rankine cycle (SRC) for power generation.
Additionally, the system aims to address
cooling needs through a dual-effect cooling
system (DECS) and heating requirements
through an SRC heat exchanger. Further-
more, the MGP intends to produce hydro-
gen through a PEME and ammonia.

To undergo a comprehensive assessment
encompassing technical feasibility, envi-
ronmental impact, economic viability, and
sustainability.

To identify the key factors influencing the
system's performance across technical, eco-
nomic, and environmental aspects.

2. Layout of the proposed plant
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The diagram in Figure 1 depicts the layout of the
MGP, which utilizes renewable energy sources such
as solar and wind power. It comprises various com-
ponents like the SRC, DECS, wind turbine, PTC
unit, PEME, and ammonia reactor. The PTC unit
supplies energy to the HRVG, while the wind tur-
bine serves as an additional power source. In the
SRC, superheated steam is used to produce electrici-
ty and hydrogen. The working fluid is heated as it
passes through the heat exchanger unit. In the
DECS, water releases absorbed lithium bromide,
with the resulting dense steam cooling in the DECS
condenser. The DECS evaporator generates a cool-
ing effect with cooled water. The PEME electrolyzes
water using plant electricity to separate it into hy-
drogen and oxygen. In the final stage of the process,
the ammonia reactor catalyzes the synthesis of am-
monia by combining introduced nitrogen with the
hydrogen generated within the system. This intricate
cycle showcases the MGP's capacity to seamlessly
integrate renewable energy sources and cutting-edge
technologies to drive sustainable energy production
and chemical synthesis.
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Figure 1. The solar/wind powered MGP layout
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3. Methods of the modeling

In this particular section, it will be proceeding to
illustrate the representation of mathematical model-
ing and its associated relations. In order to construct
a precise model for the assessment of thermo-
economic-environmental aspects, the utilization of
EES software [13] has been deemed suitable, along-
side the formulation of several plausible assumption
[141, 15], 16] [17]:

e  The surrounding environment is considered
to be at a constant temperature of 25°C and
a pressure of 101 kPa.

e All processes within the MGP are assumed
to operate at a constant rate.

e Potential and kinetic energies, as well as
exergies, are considered negligible during
transformations within the system.

¢ An isentropic efficiency of 85% for turbine
and 70% for pumps are assumed.

e The wind speed of 5 m/s, rotor diameter of
25 m, mechanical efficiency of 0.98, and
power coefficient of 0.55 are considered.

3.1. Thermodynamic modeling

To energetically and exergetically model the given
MGP, one can utilize the following equations to
represent the principles of energy and mass conser-
vation [16], 18]:

Zmin :Zmout @

ZQ + Z rhinputhinput = Z r‘houtputhoutput + ZW @

Where h, m, W , and Q represent enthalpy, mass

flow rate, work rate, and the heat rate. The specific
exergy of the substance, incorporating both physical
and chemical components, and the destructed exergy
rate are defined as follows [14], 19]:

ex=h—h, —Ty(s—5,)+ D XX +RTy Y x Inx, (3)

. T .
By = Y0~ 2W + ) By = Y Bl (4

Here 0, X, and exc signify the reference state, frac-

tion of mass, and standard chemical exergy for each
equipment in the compound which can be accessed
in [20]. Also, the exergy of solar radiation and wind
turbine are calculated as follows, in this work:

4
(T 4( T :
xsolar +3(T j 3(1. JQ ()

sun sun

EXWind = O'S'A\lxlf)airv3 (6)
The Sun temperature, denoted as Tsyn, is 5770 K [19].
In addition, the sustainability index (SI) is another
associated factor that correlates with exergy effi-
ciency. A comprehensive account of the energy bal-
ance and exergy destruction relations for all plant
elements are provided in Table 1.

Table 1. The thermodynamic balances equations

Equipment Energetically balance Destructed exergy rate balance
Ammotr(;ira reac- Qe =My (s —hy,) eX;, —X;g — M LHV 5
DECS EDECS = Mg, (hy; —hy) EXs — EXq +Wpump2 - (EX30 - EX31)
Heat exchanger Eheating =mg(hy —hg) (EXs — EXy) — (EX; — EXq)
HRVG m, (h; —h,) =m, (h, —h,,) (EX; —EX,) — (EX, — EXy,)
Direct Léfe pow- Woee =WorpindZes = Woums +Woumpe +Wouma +€14) +Weing
PEME EPEME =M, HAV, r0gen eXyy — (EXy, + EXyy)
PTC Esolar = (rs _TZ)Cme Exsolar + Exz - EXa
Pump2 Wpumpz = MgVg (Pyg — pg)/nis,pumpZ Wpump? +EXg — EXy
Turbine W, 0. = M, (h, —hg) EX, — EXs —Wyrpine
Mis turbine = V%

is,turbine
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Wind turbine Ewind =057, A\Ncppairv 3

E).(wind - Ewind

The detailed equations for PTC and PEME modeling
can be found in [21]. Finally, the energetic and ex-
ergetic efficiencies of the MGP are written as:

W + Eheating + Qreac + EPEME + EDECS

net

e = : ()]
Esolar + Ewind
W, +EXgp — EXg, + EX; —EXg + EX, + EX¢
8MGP = E E (8)
Xwind + Xsolar

The Sl is a metric that is commonly utilized in the
realm of sustainability [22]:

SI=1-1/ £y ep )

3.2. Thermoeconomic modeling

This evaluation is based on the Specific Exergy
Costing (SPECO) method [23], where the plant takes
into account all inputs and outputs in a systematic
manner, documenting all exergy additions and elim-
inations. Additionally, all costs are considered using
the unit costs of the streams. Thus, a linking between
the products and fuels of the plant and the corre-
sponding costing equations is established. An overall

cost flow rate balance can be written as follows [19]:
N

. . . . N .
Z(Coutlet)k + Cw,k = CQ,k +Z,+ Z(Cinlet)tlo)

Z, =1, xpx(ir(ir +1)™ [(L+ir)"” 1)/ N,
(11)

Here, the symbol C denotes the cost rate linked
with exergy flow. The maintenance factor (@) is

assumed to have a value of 1.06, and the symbol N
represents the number of working hours per year for
the plant, which is set at 7440 hours. The symbols ir
and ny correspond to the rate of interest (assumed to
be 10%) and the plant's lifetime (assumed to be 20
years), sequentially. The presented MGP elements
are accompanied by the cost balance and auxiliary
equations, along with the costs of capital investment,
which can be found in Table 2.

Finally, the total product cost rate is written as:

= Cf,MGP + ZMGP (12)

Cp,MGP

3.3 Exergo-environmental modeling
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Understanding the environmental impact of the de-
stroyed exergy requires a special analysis method.
This method uses an index that combines two fac-

tors: index of exergo-environmental impact (6,;)
and exergo-environmental impact factor ( fei) that
shows how much exergy is destroyed against the
inlet exergy. Thus, 6,; is written as [24]:

fei

Emep

6, =100

(13)

The steps involved in evaluating the offered MGP
from a technological, economic, and environmental
perspective are shown in Figure 2.
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proceduse of the salacwind powered muki
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Figure 2. The steps involved in evaluating the of-
fered MGP

4. Results and discussion

This section presents the results of the investigation
and analyzes their significance. To clearly show
these findings, detailed graphs and tables are includ-
ed. Additionally, a parametric analysis is conducted
to analyze how key factors can influence the per-
formance of the MGP. Table 3 summarizes the most
important findings from the analyses.
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Table 2. Cost balances of the MGP equipment [24], 25]

Equip- Cost balance Supplementary Cost functions
ment equation
- - - : — T06
DECS Cs — Crvaporator = Co = Zpecs Cs =Gy Zpecs =1258x Epecs
HRVG C;—Ci+Cp=C, ~Zire C;=C 7 :120X(AHRVG )07
HRVG o 09
PEME e ; 7 _
C11 —C14 - Clz - ZPEME Ci = 0 ZpEvE =905x E
PTC G 1C 47 -G ¢ -0 Zore =13920% Ay
2 + S + PTC — 3 s PTC e
Pump?2 o 3 7 —C - 0.2 .
CWpum;ﬂ + C9 + Zpumpz ClO ZPump2 =705x% (1+ —) X\NF’umpZOI7
- 77pump2
Turbine ¢ ¢ =C. -7 c,=C¢C 0.051
4 Wyrbine 5 turbine 4 5 Zturbine — (( 5 ) +l)
(1 - 77is turbine)
x 3880 ><Wturblne
T, —868
x(1+(5x (e
1+ xp( TEn ])))
A . . 3 i
g;?:?;rla CQrea + C12 + Zreac - C16 Zieac = = 283x Qreac
Wind A _7 A —
turbine Cwind - Zwind + th Cout = 0 Zyind = =5000x Ewmd
Heatex- ¢ 4C . +7, =C,+C Cs =Cg, A
changer 5 Te T THX 8 17 578 7., =131%(Hx)o7
X
e =0 0.09
Table 3. The most important findings of solar/wind powered MGP
Parameter Amount
Ammonia rate (kg/h) 106.48
Cooling effect (MW) 123.9
Energetical efficiency (%) 83.65
Exergetical efficiency (%) 17.97
Exergo-environmental impact factor (-) 0.91
Heating effect (MW) 20.64
Hydrogen rate (kg/h) 263.1
Index of exergo-environmental impact (-) 5.07
Direct use power (MW) 44.8
Sustainability index (-) 1.22
Total cost rate of product ($/s) 1.44

Figure 3 illustrates how much exergy is destroyed in
various components of the proposed MGP. The key
finding of this figure is that PTC, wind turbine, and

DECS units contribute most to exergy destruction in
the MGP. This is because of temperature differences
between the working fluid and the receiver in the
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PTC, and between the lithium bromide-water solu-
tion and the vapor in the DECS.
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Figure 3. The share of destroyed exergy for the
MGP units

According to Figure 4, the analysis of electricity
generation and consumption in the facility reveals
that the SRC plus wind turbines provide a total of 61
MW of electricity. Out of this generated power, 16.2
MW is used by the PEME plus pumps, while the
remaining 44.8 MW s directly consumed by the
plant itself.

Wind sad stesin turdines s

PEM Elecomlszer snd Pumps 182

Direst we s

m 0 W Y o
Pawer (MW

Figure 4. The analysis of electricity generation and
consumption in the MGP

Figure 5 explores how changing the quality of the
inlet to the High-Temperature Generator (HTG),
represented by X8, affects the efficiency and cost of
the MGP. When X8 increases from 0.55 to 0.75, the
energy supplied to the Desorption Electro-Chemical
System (DECS) increases, while the cooling load
required decreases. However, the increase in energy
consumption outweighs the decrease in cooling de-
mand, resulting in a net improvement in overall en-
ergy efficiency of around 7%. On the other hand, the
exergetic efficiency, which considers the quality of
usable energy, decreases significantly because the
exergy supplied to the heat exchanger decreases as
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X8 increases. This decrease in exergy is likely due
to a larger temperature difference between the hot
and cold streams in the heat exchanger. Additional-
ly, a higher cooling load translates to greater DECS
expenditure, which is a major factor influencing the
overall product cost of the MGP.

—* Ny !

Figure 5. The power of input quality of the HTG on
the cost and efficiencies of the MGP

Figure 6 shows how increasing the temperature dif-
ference of the HRVG loop affects the energy and
exergy efficiencies, along with the total product cost
of the MGP. The trend suggests that a higher tem-
perature difference leads to improved system per-
formance. This is because more working fluid can
flow through the SRC as a result, generating more
usable outputs from the system. This improvement
in efficiency translates to a lower investment cost,
ultimately reducing the overall product cost of the
MGP.

= Nar !

Figure 6. The power of HRVG temperature differ-
ence on the cost and efficiencies of the MGP

An increase in the PTC length, ranging from 46 me-
ters to 53 meters, is investigated in Figure 7 to ex-
amine its influence on the MGP's operating criteria.
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A longer PTC allows for greater capture of solar
energy, translating directly into a rise in the plant's
net power output. This enhanced solar energy utili-
zation also leads to a greater temperature increase
within the solar system. As a result, the plant gener-
ates additional electricity, consequently improving
both its energy and exergy efficiencies. It's im-
portant to note that while the MGP's exergetic effi-
ciency increases with a longer PTC, this comes at a
cost. The total unit exergy cost rises significantly
within the examined range. This cost increase is
likely due to the additional investment required for a
larger PTC, ultimately pushing up the system's over-
all product cost rate.

|

[T

Figure 7. The power of length of the PTC on the cost
and efficiencies of the MGP

Figure 8 explores the relationship between turbine
inlet pressure (P4) and the exergo-environmental
impact factor of the MGP at different reference tem-
peratures. The results suggest that increasing P4 has
a detrimental effect on the environment from an ex-
ergy perspective. This is because a higher P4 leads
to a rise in the MGP's total exergy destruction rate.
In simpler terms, the plant operates more environ-
mentally friendly at higher reference temperatures.
This is because lower overall exergy destruction is
achieved at these temperatures.
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Figure 8. Power of Turbine inlet pressure on the
exergo-environmental impact factor at different en-
vironment temperature

5. Conclusions

This study proposes a groundbreaking MGP that
leverages solar and wind energy sources. This novel
design goes beyond just electricity generation, offer-
ing a comprehensive solution for power, heating,
cooling, hydrogen, and ammonia production. To
rigorously evaluate the MGP's performance across
all these aspects, we employed a thermo-economic-
environmental analysis. The following section sum-
marizes the key takeaways from this investigation.

e The analysis revealed promising results for
the MGP's performance. The plant achieved
an energetic efficiency of 83.65% and an
exergetic efficiency of 17.97%. It also
demonstrated its ability to generate 44.8
MW of direct power, alongside 20.64 MW
for heating and 123.9 MW for cooling. Ad-
ditionally, the MGP produced 106.48 kg/h
of ammonia and 263.1 kg/h of hydrogen.
Furthermore, the economic and environ-
mental aspects were assessed, resulting in a
total product cost rate of $1.44/s and a fa-
vorable exergo-environmental impact factor
of 0.91.

e The analysis of exergy destruction revealed
that the PTC was the biggest culprit, ac-
counting for a substantial 57% of the total.

e To understand how different factors, affect
the MGP's performance, three key variables
were investigated: HRVG temperature dif-
ference, PTC length, and HTG inlet quality.
The analysis revealed that from an exergo-
environmental perspective, the plant per-
forms best at an ambient temperature of

35°C.
Nomenclature
A Area, m?
C Cost rate, $/s
CRF Capital Recovery Factor

DECS Dual-Effect cooling system

EES Engineering Equation Solver

Ex Rate of exergy, MW

f The factor of exergo-
o environmental impact

h Specific enthalpy, ki/kg

HX Heat exchanger

HHX High-temperature heat ex-

changer
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HTG High-temperature generator

LHX Low-temperature heat ex-
changer

LTG Low-temperature generator

m Rate of mass flow, kg/s

P Pressure, kPa

PEME Proton Exchange Membrane
Electrolyzer

S Specific entropy, kJ/kg.K

SPECO Specific exergy costing

T Temperature, K

W Power rate, MW

X Quality

z Cost of capital investment, $

V4 Rate of investment cost, $/s

Greek letters

n Energetic efficiency

€ Exergetic efficiency

Q Maintenance factor

0, Index of exergo-
environmental impact

Subscripts

0 Environment condition

D Destruction

tot Total
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