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mal energy source and the wind source. This consists of a Brayton cy-
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tor refrigeration (ORC-ERC), a thermoelectric generator (TEG), a proton
exchange membrane (PEM) electrolyzer and a reverse osmosis (RO) de-
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and domestic hot water are produced simultaneously. It has overall an-
nual power output of 38.37 MW, thermal efficiency of 25.22% and exergy
efficiency of 50.7%. The saltwater has a desalting rate of 0.008 kg/s and
hydrogen at 19.37 kg/s. The greatest exergy losses can be found in the
solar collector, compressors and the combustion chamber pointing out to
the areas where improvements can be introduced. From Thermoeconomic
point of view, gas turbine is deemed to be capital intensive and the solar
collector and wind turbine are highly cost effective. Sensitivity studies show
that raising the gas turbine inlet temperature and increment of the pressure
ratio of the compressor will boost the performance considerably. All in all,
the suggested pathway is not only a technically viable and financially benefi-
cial model of clean, diversified energy production with affinities to locations
that have plentiful resources of both solar and wind power.
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1 Introduction

The global energy industry is facing some severe issues
because the energy demand continues to increase and
there is a growing concern about the sustainability of
the environment. Conventional fossil energy, long used
to fuel industry and households, has faced criticism
over the years for its negative effects, including air pol-
lution, greenhouse gas emissions, and the depletion of
energy resources [1]. As a reaction, renewable sources
have been emphasized with a noticeable turn toward
wind and solar energy which have gradually become the
key elements of the transformation process due to the
high availability rates, inherent sustainability, and neg-
ligible environmental pollution rates. Solar and wind
energy have a number of advantages that make them
irreplaceable in developing sustainable energy systems.
Both are renewable energy sources, unlike fossil fuels,
which are consumable; they are naturally replenished
and will not run out. Solar energy exploits the heat
energy of the light of the sun whereas wind energy ex-
ploits the energy motion of moving air all of which are
freely available in most parts of the world. Further-
more, it emits little greenhouse-gas emissions through
the efficacious operations of the solar and the wind sys-
tems in moderating the climate change. More so, the
systems are relatively less expensive to maintain once
installed and utilized. Solar and Wind power are much
less expensive in terms of long-term cost compared to
the traditional power generating plants which rely on
costly power generation costs as well as high recurrent
costs. Since all these are sources of renewable energy,
they improve the security of energy supply and reduce
the extent of external dependency. Since the techno-
logical possibilities are increasing, the efficiency and
storage capacity of the solar and wind sector continue
to rise, making them even more appropriate to be used
as the main sources of energy in grid transition to more
clean and sustainable grids [2].

Even though the infrastructure of renewable en-
ergy has quite a range of benefits, the integration of
these resources into the present-day networks of energy
conveyance is combined with certain barriers. Wind
and solar production have intermittent behavior (inter-
rupted by wind stillness and night-time) and they are
naturally intermittent in their output; this can create
instability and lower system efficiency. Moreover, there
is also a problem of having to accommodate renewable
generation in the context of infrastructures already in
place since most of them often fail to provide adequate
capacity to absorb renewable generation in a way that
will increase capacity utilization and on the other hand
reduce expenses. An appropriate response to these

limits would be amultigeneration system as a thought-
provoking change. These systems are able to maximize
the use of the available energy, reduce wastage, and to
set a more efficient and sustainable paradigm of meet-
ing the heterogeneous energy demand, since they can
provide several energy services: electricity, thermal en-
ergy to heat or cool a given environment, and desali-
nated water by integrating various types of renewable
energy [3]. The idea that wind power and solar power
should be included in multigeneration architectures, al-
lows a significant potential, but must be critically eval-
uated at thermodynamic/thermoeconomic levels. A
thermodynamic appraisal explains the performance of
a process of conversion, but the entire plant might not
be economically and financially viable and effective, so
a thermoeconomic analysis is required to understand
that. Collectively, the approaches create a comprehen-
sive structure of assessing renewable energy incorpora-
tion within multigeneration systems, thus helping the
achievement of both environment-friendly and afford-
able goals.

Several researchers have done studies on the ther-
modynamic and thermoeconomic of multigeneration
systems using renewable resource energy sources. Shar-
ifishourabi et al. [4] explain a multigeneration plat-
form that combines solar-thermal and geothermal tech-
nologies to produce electricity, cooling, heating, hot-
water, and Hydrogen. The Brayton, solar Rankine
and organic Rankine have energy efficiencies of 32.04%,
35.99% and 14.56%, respectively with their respective
exergy efficiencies being 63.11%, 74.30% and 43.79%.
This system reduces CO, emissions by 2.513 kg/kWh
using this kind of configuration. Farghani et al. [5] de-
signed an improved system of freshwater supply, space-
heating, space-cooling and generating electricity based
on renewable resources. Geothermal wells generating
geothermal heat and flat plate collectors and photo-
voltaic panels harvesting solar energy were those used.
After optimization, solar, geothermal, and the compos-
ite system attracted an improvement in the objective
function of 14.38%, 54.61%, and 59.78%, respectively.

Azizi et al. [6] presented a multigeneration plat-
form using solar energy that incorporates the gener-
ation of electricity, desalination and cooling of water,
and the production of hydrogen. The numerical analy-
sis showed at design operational conditions an electrical
power of 7.871 MW, a potable water of 10.05 kg/s, a
cooling capacity 8.788 MW thermal power, and a yield
0.2445 kg/h of hydrogen with an overall energy effi-
ciency of 41.18%. Parametric studies were then carried
out on large scale to determine the responses of systems
to various input and operating parameters thus ex-
plaining performance sensitivity. Mahmoudan et al. [7]
have discussed a multigeneration concept of heating,
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cooling, electricity and desalinated water production.
The desalination element was a reverse-osmosis unit
and the cooling requirements were provided by a vapor-
compression cycle. Using 3 energy system analysis and
multi-objective optimization the authors showed that
it was possible to obtain an exergy of 29.15%, an exergy
unit cost of 1.5/GJ, and a desalinated water produced
of 0.817 kg/s.

Li et al. [8] proposed the five-step framework to
maximize the heat recovery of the binary flash geother-
mal power plant. The scheme was designed with the
use of a desalination unit coupled with a dehumidifi-
cation module and other auxiliary subsystems and an
ejector refrigeration cycle. A multi-objective optimiza-
tion analysis combining thermodynamic and economic
constraints, revealed that the system achieves an ex-
ergy efficiency of 46.44%, a product cost of $3.98/GJ,
and a water desalination rate of 0.286 kg/s. According
to a recent analysis by Javadi et al. [9], a multigen-
eration scheme combines geothermal and solar energy
through the two-by-two combination of a solar tower
plant, an alkaline electrolyzer, and a single-stage ab-
sorption cycle to simultaneously achieve cooling, heat-
ing, electricity production, and hydrogen production.
Based on energy, exergy, and exergoeconomic assess-
ments, the researchers browse on the overall values of
19% and 19.29%, of energy and exergy efficiencies, re-
spectively. An assessment and optimization of a solar-
energy-collection system based on parabolic trough col-
lector is provided in a research paper by Mahmoudan
et al. [10]. The analysis shows that an exergy efficiency
of 35.2% and a total cost of production of $37.8/GJ
was possible with the system and at its optimum con-
ditions. Such results support the fact that the system
has a significant efficiency in the use of solar energy
within multigeneration scenarios.

Mohammadi et al. [11] presented, evaluated, and
optimized a new multigeneration platform operated on
a dual renewable energy design (geothermal and solar).
The system combines geothermal heat exchangers, so-
lar tower receivers, Rankine cycle, ejector refrigeration
sub-system, thermoelectric generator and a reverse os-
mosis (RO) unit. Optimization calculations indicate
that 25.4% exergy efficiency and the total cost of prod-
ucts per GJ is of 34.1 $, 3.43 kg/s average and ranging
3.06-3.84 kg/s is the freshwater that is produced. Koc
et al. [12] developed a new type of geothermal based
multigeneration power plant that is meant to produce
electricity, cooling, heating, pool heating, and hydro-
gen fuel simultaneously.” Full thermodynamic and eco-
nomical evaluation was done to optimize the layout
and also to understand the interaction of the param-
eters that would change the plant performance. The
investigations identified a total energy and exergy ef-

ficiency of 32.3% and 25.4% respectively. In addition,
the cost of hydrogen production may be reduced to
USD 1.06/kg. Khan and co-workers [13] followed exer-
goeconomic analysis of a hybrid nanofluid-based multi-
generation scheme which combined fitting of electricity,
hydrogen, cooling and desalinated water. The configu-
ration — supply driven by a solar dish collector — was
designed with a series of a Brayton cycle, absorption
cycle, electrolyzer and desalination unit. Phase-change
material warming /cooling store provided night-time
energy. The LCOE of electricity production of the unit
with energy storage was US$0.14 kWh~! and without
storage US$0.35 kWh~!. The estimated energy effi-
ciencies were 31.4% for electrical production and 30%
for total exergy, respectively.

Ding et al. [14] explore on Kalina cycle, organic
Rankine cycle, refrigeration, electrolysis, and thermo-
electric generation-based integrated solar geothermal
energy system. The geothermal wells, parabolic trough
collectors and biomass combustion provide thermal in-
put. The setting provides a maximum power of 80.1
kW of electricity and 1930 g/h of hydrogen, under the
best operating conditions. Sen et al. [15] offer a rather
thorough modelling and analysis of a multi-generation
energy system combining geothermal and solar energy
resources to electrify households in their paper. The
suggested system is a hybrid geothermal electricity gen-
erator, which is combined with a parabolic solar con-
centrator, an electrolyzer, and a hydrogen fuel cell to
store and use the hydrogen. This arrangement, at
steady-state, has an electricity generation capacity of
2900 kW and hydrogen yield of 0.0185 kg/s or 5.9%
energy efficiency and 18.99% exergy efficiency.

Guler et al. [16] compared and evaluated a multi-
generation system based on the combined use of
geothermal and solar energy. Three conceptual
schemes were analyzed: Model 1 had a single-stage
parabolic collector, Model 2 a twin-stage parabolic col-
lector and Model 3 a flat plate collector and indirect
steam generation. The efficiencies of exergy in each
of the systems were 32.1% and 32.4% and 30.6% re-
spectively whereas the costs of hydrogen generation
ranged narrowly within 1.55 to 1.58 dollars per kilo-
gram. Sezar and Koc [17] considered a new multi-
generation system using solar and wind renewable en-
ergy sources, connected in a configuration that allows
the simultaneous production of several outputs: hydro-
gen, oxygen, desalinated water, cooling, and electricity.
Through thermodynamic analysis of the system, there
were overall energy and exergy efficiencies of 73.3 and
30.6 respectively. A detailed analysis of a solar-wind
multigeneration system was also carried out by Ozlu
and Dincer [18] using energy, exergy, exergoeconomic
and environmental parameters. They were studying
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the effects of varying input conditions upon the gen-
eral performance of the system. The hybrid installa-
tion had the best energy and exergy efficiency of 43%
and 65%, respectively. At 48 kW, the turbine reached
its maximum output; the refrigeration load was 28 kW,
and the space heater load was 298.5 kW. Such setup
avoided 1614 tons of CO, per year.

Nasrabadi and Korpeh [19] provided a thermo-
economic evaluation of a multigeneration plant to com-
bine a solar photovoltaic and a wind turbine renewable
energy source. The installation is such that it pro-
duces electricity, desalinated water and hydrogen all
at once. The plant includes solar collectors, a solar
thermal steam Rankine subsystem, an organic Rank-
ine subsystem, a desalination system, and a hydrogen
system for production and compression. A thermody-
namic study gave the exergy efficiency of 33.3% and
the production of hydrogen 7.92 kg/h, the production
of freshwater 1.6398 kg /s and the total cost rate was
found to be 61.28 $/h. A multigenerational system,
which combined solar and geothermal energy with the
purpose of creating electricity, production of hydrogen,
cooling, and space-heat was evaluated by the research
by Ghrairi et al. [20]. The total energy efficiency of
the system was 41.58% and the exergy efficiency was
25.61%. It delivered 493.1 kg/day of hydrogen and its
performance was later optimized, making it ready to be
deployed effectively to renewable energy source. Abdol-
lahi et al. [21] have created a multigeneration platform
whereby geothermal resources are utilized in the gener-
ation of power, the production of fresh water, the syn-
thesis of hydrogen and provision of process heat. The
designed conceptual scheme incorporates an ammonia
water absorption refrigeration hydrogen precooling cir-
cuit and a follow up hydrogen liquefaction one. A cost
of $2.71/kg in hydrogen production and 8.51 kWh/kg
of specific energy consumption are the result of their
thorough energy, exergy, and economic analysis.

According to a systematic review of published stud-
ies, multigeneration systems represent a relatively novel
area of research that has not received the same level
of attention as trigeneration systems. Solar irradiance
plays an important role as the leading energy source in
most reported settings. The recent investments have
been made in the combination of various goods carriers,
which can be regarded as a relevant improvement, but
wind power has hardly ever been mentioned as a sec-
ondary energy alternative used in multigeneration ac-
tivities, therefore, revealing a massive knowledge gap.
The given research proposes a novel combination of so-
lar and wind energy to use together as the primary
sources as the means of multigeneration. The gas tur-
bine cycles, Rankine steam cycles, organic Rankine cy-
cles, and desalination plants are driven by the solar

irradiance and electricity generated by wind energy is
supplied to a proton exchange membrane (PEM) elec-
trolyzer. The integration of solar and wind in a multi-
generation platform, especially when combined with
the new PEM electrolyzer technology, has not been ex-
tensively studied in the literature and therefore repre-
sents a novel contribution.

The remainder of this paper reads as follows. Sec-
tion 2 gives the design characteristic of the proposed
solar-wind multigeneration system. Section 3 gives de-
tails of the simulation technique and thermodynamic
hypothesis. In section 4, we perform thermo-economic
analysis whose preparation is based on the thermody-
namic results. The practicality of the system as well as
some cross comparisons strengths and possible applica-
tions are discussed in the conclusion in section 6. This
work presents the following contributions: (i) the cre-
ation of a hybrid solar-wind multigeneration scenario
integrating electricity, hydrogen, freshwater, heating,
and cooling; (ii) a combination of thermodynamic and
thermo-economic analysis, supplemented with a sensi-
tivity study; (iii) a comparative view of the proposed
system to that of a common trigeneration and polygen-
eration scheme.

2 System Description

Figure 1 is the schematic diagram of the proposed
multigenerational system. The system involves two re-
newable energy sources (solar thermal and wind power)
to produce electricity, domestic hot water, fresh wa-
ter, hydrogen and thermal energy simultaneously. The
heart of the system is solar radiation which is focused
on a solar-thermal tower, thus serving as the actual
heat source of a Brayton-cycle gas turbine. The concen-
trated solar radiation heats the compressed air, which
is then further heated in an auxiliary combustor to cre-
ate a stream of high-temperature gases that expand in
the turbine to produce useful electrical power. The ex-
haust gases of the turbine are not exhausted; instead,
they are deliberately recaptured to serve two other heat
cycles, one being steam-Rankine-cycle (SRC) and the
other being organic-Rankine-cycle combined with ejec-
tor refrigeration cycle (ORC-ERC). The SRC uses the
heat of exhausts to produce extra electricity through
steam expansion, whereas the ORC-ERC works with
organic working substances and consists of a pump, a
preheater, main and side evaporators, a turbine, an
ejector, a condenser and an expansion valve. The ejec-
tor enhances the energy-recovery ratio because of en-
training low-pressure vapour and being highly mixed,
which boosts thermodynamic performance and the
ability to partially cool within the cycle. Furthermore,
this system involves a reverse osmosis (RO) desalina-
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tion unit which is electrically powered, by the gas tur- stalled to produce hydrogen which can be supplied with
bine, the steam turbine recovered in the SRC and an electrical power by the wind turbine and excessive elec-
auxiliary thermoelectric generator (TEG). In addition, tricity generated inside the ORC-ERC subsystem.

a proton-exchange-membrane (PEM) electrolyzer is in-
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Fig. 1. The schematic diagram of the solar-Wind energy based multigeneration system.
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of these requirements and, the original thermodynamic
input parameters are presented in Table 1.

3 System Modeling
Table 1. Assumed numerical values for solar and

3.1 ASSU_mptiOIlS wind energy system modeling [23-26]

This paper is an account of thermodynamic model- Paral.neters Unit Value
ing and analysis of a multigeneration cycle, in which Amb?ent temperature (7o) K 298
. e . Ambient pressure (P) kPa 101
a number of simplifying assumptions can be made, to Solar Tower
allow easier interpretation of the outcomes. The as- - 5
) X Heliostat area (Aj) m 100
sumptions are the following: Solar radiation (G) W /m? 500
1. System components experience negligible pres- Sun temperature K 5778
sure drops and heat losses in the pipes. Gas Turbine Cycle
2. All components are perfectly insulated and con- Air mass flow rate (ri1) Kg/s 30
sidered adiabatic. Compressor pressure ratio - 12
3. The steady-state operation of the whole system (rp)
and also, the subsystems. Turbine inlet temperature K 1400
4. Minor alterations of Kinetic and potential energy. (Tu)
5. All pumps, turbines had isentropic efficiencies. Con}pressor isentropic % 86
6. There are no other chemical reactions except that efﬁcu?ncy. (77‘5’00“’}’) .
. . Turbine isentropic efficiency % 90
in combustion chamber.
7. No wastage of heat in the combustion chamber. (15, 61) St :
. | eam Rankine Cycle
8. Continuous and constant sunshine. Turbine inlet temperature K =53
9. Abrupt changes in electricity demand due to wind (To)
turbine fluctuations are not considered. Turbine isentropic efficiency % S0
We have adopted these simplifications because they (7is,SRCtur)
are common in the literature on multigeneration sys- Pump isentropic efficiency % 90
tems and because it simplifies the analysis without (7is,SRCP)
speaking to the relative merits of the various ap- ORC-ERC
proaches. Under such ideal assumptions of insulation, Working fluid - Isobutane
negligible pressure drops and steady operation, the siz- Pump inlet temperature K 298
ing calculations of the main performance of the overall (T“"), .
. . . . . Turbine inlet temperature K 423
system can be sized without being lost in minor sec- (Tis)
ondary 1('>ss.es or shorF term variations. By ?or’1$1der1ng Evaporator inlet K 973
solar radiation and wind speed as constant, it is merely temperature (Tzs)
a means of thinking about design conditions in the most Turbine isentropic efficiency % 80
favorable way, to gain a feel of how the system will per- (Ths,0RCtur )
form under perfect conditions. These assumptions are, Pump isentropic efficiency % 80
of course, very idealized, and can make results a bit (mis,orCP)
overly healthy as there will be real world variance that Wind Turbine
will not be prevalent in the results. The results here Dimeter of blade m 34
must therefore be considered purely a reference point, Alr density kg/m’ 1.225
and future simulations that represent the real situa- Efficiency (7wt ) % 90
tion with more dynamic conditions will be necessary Wind S,peed m/s 5:5
. . S eTes s Coefficient of power - 0.6
to provide a near representation of the possibility in a TEG
real S},,Stem' . . Figure of merit (ZT) - 1
With these assumptions a mathemat}cal model of PEM electrolyzer
the cycle was developed and solved numerically by soft- Current density A/m? 5100
ware known as Engineering Equation Solver (EES) [22] Membrane water content at 3 14
and has been used extensively by researchers to easily the anode (A,)
and conveniently model and run high fidelity simula- Membrane water content at - 10
tions of energy systems. the cathode (A:)
There are a number of requirements that must be Anode pre-exponential kA /m? 2000

met before there is numerical modeling of a multigen-
erational system as the current study demands. All

factor (Jyef,q)
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Table 1. (Continued)

Parameters Unit Value
Cathode pre-exponential kA /m? 4600
factor (Jref,c)

Membrane thickness (D) pm 50
Anode activation energy kJ/mol 76
(Eact,a)

Cathode activation energy kJ/mol 18
(Eact,c)

Reverse osmosis desalination unit
Recovery ratio - 0.3
Highest applied pressure MPa 6.89
Membrane area m? 35.
Highest permeate-flux L/mQS 47
Permeability of pure water ~ kg/msPa 2.5 x 107°
Efficiency (nro) % 80

3.2 Thermodynamic analysis

Under steady-state conditions, the mass balance equa-
tion exists in form shown by Equation (1) as [27]:

Zmin_zmout :% (1)

The energy balance equation in a general form can be
defined as Equation (2) [27]:

. V2
- i in hin - Zin)
Q—-W+ Z m ( + 5ty
. V2
- Z Mout (hout + ;‘u + gZout) =

out

dEcy

In this equation, W, @Q, E and ¢ represent the work
rate, heat transfer rate, energy and time. According to
the second law of thermodynamics, the exergy balance
can be expressed as:

EXQ +Z MipeXin = Z Mout€Xout + EXW +EXD . (3)

in out

In this equation, Exp is the exergy destruction rate,
EXQ is the heat exergy rate, Exw is the work exergy
rate, and ex is the specific exergy.

The other components of the above relationship are
calculated using the following relationships:

) )\ -
Exo=(1-22)0, 4

XQ < z‘;) Ql? ( )
EXW = W, (5)

€X = €Xph + €Xqh - (6)

The Table 2 summarizes the mass and energy rates and
gives the associated exergy destruction rate equations.

3.2.1 Solar tower heliostat

The total heat received by the compressed air can be
defined as [28]:

Qrec = Ap X Nj, x DNI X 7pec (7)

where Qrec is the total heat reaching the compressed air
through the solar collector, Ay, is the heliostat area, Ny,
is the number of heliostats, 7. is the efficiency of the
solar collector, and DNI represents the solar radiation
rate.

The exergy rate of heat transfer in the solar receiver
can also be calculated from the following equation:

. . 1 /To\* 4 /Ty
EXsolar — Qrec (1 + § (,TS) - g <E)> (8)

3.2.2 Combustion chamber

Combustion chambers are a key element in most ther-
mal power plants where combustion occurs and the en-
thalpy of the flow increases. In most of the studies,
complete combustion is assumed and the fuel-air ratio
is calculated. In this study, we consider actual com-
bustion in real power plants. Therefore, CO and NO
can be calculated using equilibrium constants. The re-
action in the combustion chamber can be represented
by the following equation [29]:

yeu, CH, + (0.2059yo, + 0.7748 yn, + 0.019yr, 0
4 0.0003yco,) — yco,COy + yn, Ny + 50,0,
+ yn,0H50 + yxnoNO + ycoCO  (9)

The reactions and their equilibrium constants are
written as the following equations:

2C0, +—2CO+ 0,
—816518253.317 + 244902.10T
1+23494.22T +0.3127T2
Ny + 0, +— 2NO
KNO _ —6635.17 4 0.89T
ed 14067 +6.5x10-672"

co _
Ko = , (10)

(11)

3.2.3 Wind turbine

The average power produced by a wind turbine is cal-
culated as follows [30]:

1
Pwt - inthwtOppairVS (12)

Here 7yt represents the efficiency of the wind tur-
bine, A is the area of the wind turbine (m?), Cp is the
power constant of the wind turbine, p is the air density
(kg/m?), and V is the average wind speed (m?/s).
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Table 2. Expression of the first law of thermodynamics and exergy destruction rate for system components

Components Energy balance equation

Exergy destruction rate

’Ih1h1 + W - m2h2
mahs + Qrec = Tshs

GT Compressor

Solar Tower

Combustion mshs + Mewel Afuel = Mahg + Qf&g
Chamber
GT Turbine maha = shs + War

SRC Evaporator mshs + mi2hi12 = mehg + mohg

SRC Turbine m1ohio + Wsrctar = mohg

TEG

SRC Pump mma1hin + Wsrep = mishiz

ORC Evaporator mehe + mirhi7 = mrhr + mighis

ORC Turbine mashis = miohig + Maohzo + Worctur
Preheater miehie + moi1hor = irhir + moshas
Pump mashis + Worep = 1michie
Condenser mhaghaa + aghaeg = mashas + maghag

Expansion Valve Maoshas = Mmashas

Evaporator mashas + maohso = M2ehas + 131h31
Ejector UEJE = @
20
. . 1 3
Wind Turbine Pyt = inmAWt 'pPair V.

PEM Electrolyzer

RO desalination
unit

miohio +mishiz = Mmiithir +mishis — Wrea

WpeEM = m33haz — m3ahzs — mhashas

Wro = misehss — marhsr — msghss

EXd,Comp = Mmiexi — moexa + Wcomp

Exa,st = moexz — rhzexs +

) 1 /To\* 4 /(T
rec 1 S\ 7= — S \ 7
e 145 (7) -5 (7)

Exq,cc = masexs + Meuel€Xtuel — M4a€Xa

EXd,GT = Th4eX4 — Th5eX5 — WGT

Exd,srceva =
M5€Xs — MeeXe + M12€X12 — M9eX9

Exq4,srRCtur = Moexg — mioexio + Wsrctur

Ex4,rEG = mhioexio — miiexi1 + migexis —
misexia — Wrea

Ex4,srep = miiexir — mizexiz + Wsrop

EXd,ORCcva =
eeXe — MrexXy + 1Mi7ex17 — 11118€X1s

EXd,ORCtur = .
M1s8ex18 — MigeX19 — Maoex20 + WoRrctur

EXd,ORCprch =
M16€X16 — T17€X17 + M21€X21 — 11122€X22

Exq4,0rcP = misexis — misexis + Worcp

Ex4,0rRCcon =
Th22€X22 — T23€X23 + M2geXag — 11120€X29

Exgq,Exv = masexaq — mhasexas
EXd,eva =

TM25€X25 — T26€X26 + 130€X30 — 11131€X31

Exq4,riE = mooexao + moeexXae — mMareXar

Exqpwn =
Mrexy — Mmgexg + 1M32eX32 — 133€X33
. 1 .
EXd’WT = — 1] x Wt
PWT
ExqpEM =

M33exs33 — Masex3q — Mm3sexss + Wpem

Exaqro = aeexss — marexar — 1mM3gexas

The exergy rate for the turbine can be written as:

1
§Awtpairv3 (13)

and the exergy efficiency is expressed as follows:

EXWt =

th
TNex =

EXWt

(14)

3.3 Thermoeconomic analysis

Thermoeconomics is a branch of engineering that
arises from the integration of thermodynamics and eco-

nomics. In the context of economic analysis, the overall
cost balance for the entire system is expressed as fol-
lows [31]:

Cp,tot = Crisor + Zoy + Zgoy (15)
The cost rate related to fuel and product can be related
to the cost rate related to the input and output flow
of materials from the system, heat transfer, and power,

and is expressed as follows:

C’i =C; = E.Xi 5 (16)
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C. = c.Ex., (17)
OW = wa, (18)
Cy = cEx, . (19)

In the above equations, ¢;, ce, ¢y, and ¢4 represent the
average unit exergy cost of the input flow, output flow,
power, and heat transfer, respectively, in dollars per
kilowatt.

The cost function for each component is used to
determine the cost associated with each system com-
ponent and the total cost rate. The total cost rate
is calculated by applying economic factors such as the
capital recovery factor and interest rate, allowing for a
more accurate assessment of the system cost. The cost
rate for each component is as follows:

where Zj, represents the cost of each component, ¢ rep-
resents the maintenance factor and its value is 1.06. 7

is the number of hours the system operates [32]. The
capital recovery factor is defined as follows:
(144, )"
CRF = ———— 21
(1+i)m—1 (21)

In this equation, i and n represent the interest rate and
the system lifetime, respectively, and are equal to 0.1
and 20.
The exergoeconomic factor is defined as follows:
f=Z (22)
Z+Cp

The functional relationships of the cost of purchased

oo Zy X o X CRF (20) equipment in terms of the design parameters of each
k T component are presented in Table 3.
Table 3. Investment costs of the proposed system components
Component Purchase cost function

GT Compressor Zcomp = T1.1 X 1y X (

Solar Tower Zs, = 150AL N,

Combustion Chamber
Py

GT Turbine
Evaporator Zova = 17500 x Aova
P eva = 100
) 75
Turbine Zour = 4750 x (er)
TEG Zree = 1500 x Wrea
. \0.65
Pump Zp = 200 x (Wp)
Preheater Zpren = 12000 x ( pre}')
0%
d Zcon — con
Condenser 8000 x ( 100 )

Expansion Valve Zrxv = 114.5 X moa

Ejector

DWH

Wind Turbine

PEM Electrolyzer
RO desalination unit

ZDWH =0.3 x m7
Zwt = 5000 x W"‘ft
ZpeMm = 1000 x WpeMm

ZEJE = 750 x mzo X ( )

ZRozcanvXne+CpVXnv+996X(’ﬁ’Lg7

__ X £ In i}
0.9 — Tis,comp P P

48
Zoe = [ ——22 ) in[1 + exp (0.018T; — 26.4
e <0995)m3[ xp ( ‘ )

. 1 Py
Zar = 479.34 S S 1 0.036Ty — 54.4
aT Xm4X<0'927m5GT>>< n(PS)[ +exp ( 4 )]
0.6

21)—0.75

)0.8

Table 4 shows the auxiliary equations of each sys-
tem component and the cost rate equilibrium.

4 Validation

To verify the accuracy of the proposed multigeneration
system modeling, it is important to compare the results

of the modeled subsystems with other studies that have
used the same input values for validation. For this pur-
pose, the results of the solar tower subsystem have been
compared with previous studies, and the findings are
presented in Table 5. In addition, the performance of
the gas Brayton cycle and the ejector refrigeration sub-
system has been benchmarked against published data,
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reference values reported in the literature, confirming
the accuracy of the proposed modeling approach.

with the comparative results shown in Tables 6 and 7.
As can be observed from these tables, the values ob-
tained in this study are in very close agreement with

Table 4. Cost rate equilibrium equations and auxiliary equations of the components of the proposed system.

Components

Cost rate balance

Auxiliary equation

GT Compressor
Solar Tower
Combustion Chamber
GT Turbine

SRC Evaporator
SRC Turbine

TEG

SRC Pump

ORC Evaporator
ORC Turbine
Preheater

Pump

Condenser
Expansion Valve
Evaporator

Ejector

DWH

PEM Electrolyzer
RO desalination unit

Ci + cal ,comp Weomp + Zcomp =y

C + Csun EXf st + Zst = Cs

C3 + Ctuel Extuel + Zee = Ci

Ci+ Zar = Cs + ca, GT Wer

Cs + C12 + Zsrceva = Cs + Oy '

Cm + Z.SRCtur. =Cy + ce1,sRCtur WsRGtur
G10+CIS+ZTEG = Cu.-ﬁ- Cia )

Ci1 + ce,srep Wsrep + Zsrop = Chz

Cs + C17 + ZoRCeva = C7 + C1s

Cis + Zorctur = Cig + Ca0 + o1, 0rRCtur X WORCtur
Co1 + Cie + ZORCpreh =Chi7 + Cao

C15 + ce1,0rcp Worep + Zorep = Che

Ca2 + Cos + Zorceon = Ca3 + Cag

Cas + Zrxv = Cas

Cas + C30 + Zeya = Cog + Cs1

C32 + C7 + Zpge = Car .

Cs2 + 07. + ZDWH = Cs3 +Cs

Cel,PEM WPEM + ZPEM = Cs4 + Css
cel,R0 WRO + Zro = C37

C1 = 0
Csun =0
Cfuel = 12
C4 = Cp
C5 = Cé
Cg = C10

cio =c11, c13 =0
Cel,SRCP = Cel,SRCtur
Ce = C7

c18 = C19, C18 = C20
Ci6 = C17

Cel,ORCP = Cel,ORCtur

C22 = C23, c28 = 0

cos = C26, c30 = 0

Cr = Cg, C32 = 0

Cel,PEM = Cel,ORCtur; €35 = 0
Cel,RO = Cel,GT, C36 = C38 = 0

Table 5. Solar tower system validation with source results [33]

Parameter ~ Current study Ref. [33] Error [%]
Tairﬁo,rec [K] 1101 1101 0
Quse,rec kW] 49922 49756 0.334

Nex (0] 26.77 26.73 0.18

Exp [kW] 87074 86659 0.48

Table 6. Validation of the Brayton gas cycle against reference results [34]

Point Current study Ref. [34] Error [%)]

P [bar] TK] P [bar] T[K] P T

1 1.013 298.15 1.013 298.15 0 0

2 8.634 595.51 8.6344  595.51 0.005 0

3 8.202 914.28 8.2028 914.28 0.01 0

4 7.792 1492.63 7.792 1492.63 0 0
5 1.099 987.9 1.099  987.988 0 0.009
6 1.066 718.76 1.066 718.846 0 0.012

Table 7. Validation of the ejector refrigeration cycle against reference results [35]

Error [%)]

Variable Current study  Ref. [35]
Pump power (kW) 0.02 0.0206
Vapor generator duty (kW) 9 9.115

Mass entrainment ratio 0.24 0.2436
Cooling capacity 1.75 1.7645
COP 0.19 0.1946

3.23
1.28
1.52
0.83
2.46
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5 Results and Discussion

Systematic summary of the multi-output energy system
under consideration is put forward in Table 8. The con-
figuration combines gas turbines, wind turbines, ORC
power plant, SRC and TEGs, to provide power, hydro-
gen, desalinated water, heating and cooling. The ther-
mal efficiency (25.22%) and exergy efficiency (50.7%)
of the system show the effectiveness of the system.
Power outputs of the systems are given as gas tur-
bine (20143 kW), turbine compressor (10778 kW), SRC
turbine (2416 kW), ORC turbine (1286 kW), TEG
(357.7kW), and wind turbine (197 kW). The rate of
destruction of the exergy is 92, 604kW, the produc-
tion of hydrogen is 0.008kg/s and the production of
desalinated water is19.37 kg/s. Its heating and cooling
capacities are 24,050 kW and 2,904 kW respectively.
Thermoelectric generator (TEG) helps to optimize the
efficiency of the complete system as it transforms the
waste heat into electricity. Even though it constitutes
a small proportion of total production that is 1.47%,
it increases power generation in the ORC by 27.81%
indicating that recovery of waste heat is a factor to
consider in increasing power output.

Table 8. Performance indicators and major out-
comes of the proposed energy system

Parameter Unit Value
Mth % 25.22

Tex % 50.7
War KW 20143

Weomp kW 10778
Wsrctwr kW 2416
WORCtur kW 1286

Wrea kW  357.7

Wt kW 1975
Weot kW 24399
EXD tot kW 92604
T, kg/s  0.008

mrw keg/s 19.37
Qheating kW 24050
Qcooling kW 2904

Table 9 shows the overall results of energy and ex-
ergy analysis of the analyzed system. The compressor,
with the destroyed exergy rate of 29,168 kJ/s and ef-
ficiency of 6.8%, exposes high exergy loss during the
process of compression, with most of this loss being at-
tributed to the inherent inefficiency of the unit itself-
energy entering into compressor is transformed into a
waste heat. Solar collector has the highest exergy ef-
ficiency of all components (97.83%) but contributes to
most exergy destruction in the entire entity (51.38%).

These finding highlights that the device has high capa-
bility of turning solar radiation into usable exergy. Gas
turbine with an output power of 20,143 kW is the main
generator of electricity as it indicates its role leading in
conversion of stored chemical energy of the natural gas
into work.

Table 9. Energy and exergy analysis results for sys-
tem components

Q or
Components  Exp (kW) yp (%) ¢ (%) 7%
kW)
Compressor 29168 31.5 93.84 10778
Gas turbine 849.7 0.917 95.95 20143
Combustion 9416 10.17 62.54 3390
chamber
Solar 47577 51.38 97.83 24050
collector
DWH 244.4 0.264 42.85 2226
SRC 1346 1.453 70.66 8098
Evaporator
SRC Turbine 575 0.621 80.77 2416
TEG 37.55 0.04 56.87 357.7
SRC Pump 2.48 0.002 90.35 25.7
PEM 717.5 0.774 49.15 1425
RO 34.19 0.036 36.49 1323
ORC Vapor 787.1 0.85 1.62 4989
Generator
ORC 243.2 0.262 84.09 1286
Turbine
ORC Pump 103.8 0.112 79.94 57.67
ORC 224.8 0.242 86.32 11592
Preheater
ORC 589.8 0.639 0.614 13386
Condenser
Ejector 220.4 0.238 21.89 -
ORC 286 0.309 11.96 2904
Evaporator
Expansion 45.85 0.049 90.91 -
Valve
Wind 135.6 0.146 54 197.5
Turbine

Exergoeconomic data of investigated system are
given in Table 10. The compressor has the cost factor
(cy) of 49.05 dollars per GJ, which is extremely ineffi-
cient as opposed to the cost factor (¢y) of solar collector
and wind turbine that have much lower ¢ values and
hence demonstrated efficiency. The RO unit has the
most exergy cost (cp) of 82.06 dollars per GJ imply-
ing that the increase in the performance of the system
by the RO unit does not correlate with the cost. The
gas turbine requires the highest investment (24,876.24
dollars). The exergy-economic factor (f) measures the
ratio of heat loss with the total amount that is spent
on the capital. In this case it is gas turbine that per-
forms the worst (f = 97.82%), most likely due to the
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capital investment and exergy loss, whereas solar col-
lector shows the perfect performance (f = 100%). On
the other hand, the local water heater gives a very low
exergy-economic factor (f = 0.16%) and therefore a
high cost-effectiveness. Combined ability to achieve a

certain level of economic efficiency is evident through
the findings, which suggest that these efforts are ur-
gently required to reduce exergy destruction inside the
gas turbine and other elements.

Table 10. Results of exergoeconomic analysis for system components

Components cr ($/GJ) ¢ (8/GI)  Cp (% x 10° ) A (%) Cp+ 7 (% x 106) (%)
Compressor 49.05 10.96 1.25 116050 1.36 7.503
Gas turbine 16.7 49.05 0.124 637393 0.762 97.82
Combustion chamber 48.21 27.89 24876 136750 24.870 0.0048
Solar collector 0 0 0 1095 0.001 100
DWH 16.7 38.97 0.036 0.6568 0.036 0.016
SRC Evaporator 16.7 11.04 1.474 632.5 1.474 2.738
SRC Turbine 11.27 35.49 0.343 119457 0.343 94.85
TEG 11.27 19.8 0.02 39163 0.020 98.93
SRC Pump 35.4 44.46 0.013 1204 0.013 57.78
PEM 32.42 51.34 3.779 28.9 3.779 0.124
RO 49.05 82.06 8.391 47984 8.391 96.62
ORC Vapor Generator 16.7 28.92 1.318 657.4 1.318 4.76
ORC Turbine 21.42 32.42 1.341 74428 1.341 93.46
ORC Pump 32.42 44.97 2.398 203.6 2.398 5.7
ORC Preheater 13.34 18.54 0.796 7467 0.796 71.35
ORC Condenser 3.99 17.71 1.245 2277 1.245 49.16
Ejector 7.44 16.06 1.708 6.179 1.708 0.375
ORC Evaporator 19.67 60.7 0.369 2698 0.369 32.41
Expansion Valve 17.71 19.67 0.558 84 0.558 9.373
Wind Turbine 25.2 50.4 0.029 72076 0.029 53.24

The Figure 2 presents the data concerning the
weighted exergy destruction rates of 20 major sources
of a multi-output energy system; these are listed in de-
creasing order. The solar collector comes up as the
most thermally unstable component whose exergy de-
struction rate stands at 47,577 kW because of the high-
temperature gradients as well as the dramatic changes
in incident solar radiation. The compressor is second
with 29,168 kW, exergy destruction is high in the com-
pressor; this is due to the fact that the compressor is
characterized by inherent inefficiencies in the mechan-
ical compression. A total of 9416 kW of exergy is de-
stroyed with the combustion chamber itself being the
cause of this exergy destruction, due to reaction irre-
versibilities, thermal losses, and exit of high tempera-
ture gas. Instead, exergy losses in the Organic Rankine
Cycle (ORC) pump, the desalination unit, and thermo-
electric (TE) generator, are low by comparison, with
only under 150 kW registered by each. These results
imply an unbalanced distribution of the exergy losses
and show that a comparatively small group of com-
ponents, namely solar collector, the compressor, and
the combustion chamber, contributes most of the irre-
versibility of the system, thus making optimization of
these entities of high priority.

In Figure 3, effective exergy of a system under com-
pressor pressure ratio (r,) is being represented at four
turbines isentropic efficiencies (0.8, 0.85, 0.9, and 0.95).
The findings reveal that increasing 7, increases exergy
efficiency of all performance levels of the turbine mostly
due to enhanced Brayton-cycle thermodynamics. With
r, increase expansion-work production becomes more
significant, reduces irreversibilities associated with en-
tropy production, and allows more energy to be con-
verted more efficiently. As an example, when the tur-
bine efficiency is 0.9, exergy efficiency increases by 21%
at exergy efficiency of 44.22% (r, = 8) to exergy effi-
ciency of 53.75 (r, = 15). Higher efficiencies of turbines
are continuously associated with better exergy perfor-
mance as it is important to focus on the turbine-design
and optimum compressor operation. These results in-
dicate the importance of accurate selection of the tur-
bine efficiency and pressure-ratio to ensure maximum
second-law efficiency depending on the multi output
renewable systems.

Figure 4 indicates the effect of increasing inlet tem-
perature in gas turbines (GT-TIT) in stages on sys-
tem performance. As GT-TIT increases in temper-
ature, say 1300 K to 2300 K, gas-turbine power in-
creases by a factor of 2.88 or 7,862 kW to 22,892 kW
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and net system power by a factor of 1.67 or 22,846 kW
to 38,367 kW. At the same time, the thermal efficiency
increases to 58.48% whereas the exergy efficiency ad-
vances to 50.71%. Incremental turbine growth activi-
ties are driven by an improved GT-TIT thus increasing
the rate of energy conversion and reducing the thermal
losses. The increased exhaust-gas temperature formed
by the extraction of waste heat in lower Rankine cycles
also enhances the work of lower Rankine processes, and
in so doing, it raises first- and second-law efficiencies
and raises the overall exergy use of the cycle. To con-
clude, raising the level of GT-TIT may increase power
generation levels but also thermodynamic efficiency.
The effects of inlet turbine temperature on con-
current production of hydrogen and desalinated water
have been outlined in Figure 5. When turbine inlet
temperatures are increased to 2300 K compared to the
original turbine inlet temperature of 1300 K the pro-
duction of hydrogen increases to 0.0888 kg/s as opposed
to 0.0797 kg/s whereas desalinated water production is
increased to 24.52 kg/s as opposed to 18.7 kg/s. This
will result in the increase in power production and su-
perior coupling of thermal recovery cycles (SRC and
ORC-ERQC) that are at the core of both heat-based and

power-driven desalination process, like reverse osmosis

desalination. Increased inlet temperatures also increase
the flexibility of the system since the system can pro-
duce hydrogen and water in addition to electricity with
minimal effect on electricity production.

Solar thermal energy storage systems being devel-
oped are generally mounted in a manner that they ab-
sorb solar radiation which is converted into thermal en-
ergy by being heated in a receiver mode. The relation-
ship between output temperature (73) and the thermal
energy applied to the storage tank with the solar irra-
diance within 200 to 1000 W/m? is shown in Figure 6.
Both the temperature of the recipient and energy ca-
pacity increases with increased radiation. The output
at 200 W/m? is 468.67 K and the input of useful heat
energy is 17 kW. With the irradiation of 1000 W /m?,
the temperature rises to 844.67 K and the amount of
thermal energy which can be stored rises to 85 kW.
Wider thermal gradients and enhanced radiative heat
transfer at higher temperatures are the sources of the
nonlinear increase of the temperature. On the other
hand, the thermal energy that was provided to the stor-
age tank increases proportionally to DNI, confirming
the scalability of the system and its effectiveness under
the conditions of greater solar availability.

Solar collector
Compressor
Combustion chamber|
SRC Evaporator|

Gas turbine |

ORC Vapor Generator [
PEM -

ORC Condenser|

SRC Turbine [

ORC Evaporator|
DWH

ORC Turbine

ORC Preheater|
Ejector [

Wind Turbine |

ORC Pump|
Expansion Valve [
TEG|
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SRC Pump |
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Fig. 2. Exergy destruction value for all system components.
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Fig. 3. Effect of compressor pressure ratio on the total system exergy efficiency at different levels of turbine
isentropic efficiency.
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Fig. 6. Changes in collector outlet temperature and the amount of useful energy absorbed by the collector

depending on the intensity of solar radiation.

Figure 7 shows the trend of the Direct Normal Ir-
radiance (DNI) impact on net output power, thermal
efficiency and the exergy efficiency in a multi-output
cycle setup. When DNI increases by two times, i.e.,
200 W/m? 1000 W /m? to, net power increases by a fac-
tor of 1.24 or 25,177 kW to 31,407 kW and both ther-

mal and exergy efficiencies increase by this ratio three
t0 26.56% to 37.48% and 51.7% to 56.78%, respectively.
These improvements are significant but still, these irre-
versibilities within the individual subsystems e.g., the
Organic Rankine Cycle (ORC) and Steam Rankine Cy-
cle (SRC) do not permit full utilization of exergy.
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Fig. 7. Effect of solar radiation intensity on net output power, thermal efficiency and exergy efficiency.

Figure 8 explains how the wind speed affects the
overall output of the net system and how wind turbines
contribute to it. When the velocity of wind increases by
4 m/s to 10 m/s, the power of the turbine increases sig-
nificantly in a cubic relationship, attaining the power
of 1187 kW at the velocity of 10 m/s. Concurrently,
net system output increases to 25,586 kW (on a com-

parison with 24,475 kW). Even though the input of the
wind turbine is relatively small, it offers renewable en-
ergy source, and is clean, especially when there is more
wind, abating the dependence on back-up combustion
and increasing the system stability. This fact shows
the benefit of using wind energy in conjunction with
the solar-based multi-output system.
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Fig. 8. The effect of wind speed on the net power of the entire system and the generated power of the wind

turbine.
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Figure 9 demonstrates how an increasing mass flow
rate of steam Rankine cycle influences the performance
of a system. As the mass flow rate of steam increases
(by a factor of two) 1.5-4 kg/s the improvements in the
thermal and exergy efficiency is considerable, the ex-
ergy destruction is reduced and the total output power
is proportionally increased. Such results are due to
increased heat recovery of gas-turbine exhaust, thus,

encouraging more effective use of energy and less ir-
reversibilities. Exergy and thermal efficiencies would
increase to 55.88% and 26.5%, respectively. As a re-
sult of the change, the total generation output power
increases to 26,746 kW out of 23,542 kW, which will
enable a production of electricity with greater efficiency
and thermal load control.
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Fig. 9. Effect of increasing the mass flow rate of the steam Rankine cycle on the thermal efficiency, exergy
efficiency, exergy destruction rate, and total system power.

In this section the effect of the working fluids is
examined on Organic Rankine Cycle (ORC) with an
ejector. The organic stipulated compounds isobutane,
R134a, propane, dimethyl ether (DME) and R152a are
chosen because of their good thermodynamic behavior,
low impact on the environment, and zero Ozone Deple-
tion Potential (ODP) making them viable in the renew-
able energy systems which are environmental-friendly.
The output power of the ORC and its cooling capac-
ity of these fluids are compared in Figure 10. DME
has the greatest power and cooling capacity whereas
isobutane the least. DME is suggested in cases where
performance maximization and sustainability are re-
garded as the main goals along with its high level of
energy production and low environmental impact.

In this study, we just considered some few param-
eters that included turbine inlet temperature and the
compressor pressure ratio. We must recognize though,
other elements such as the solar radiation, wind speed
and the efficiency of each of the components also influ-
ence greatly on the performance of the system. To get
a more clear idea of the system in different conditions
a general sensitivity analysis of those would be helpful.

This, we believe, would be a critical contribution to
future research as a step toward the study being more
realistic in terms of design and operation.
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Fig. 10. Comparison of output power and cool-

ing power for different working fluids in an organic
Rankine system with an ejector.
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6 Conclusions

In this study, a solar-wind multigeneration system has
been presented that can generate electricity and hydro-
gen, fresh water, heating and cooling of the same plat-
form. The system could obtain 38.37 MW of electric-
ity, 0.008 kg/s of hydrogen, 19.37 kg/s of desalinated
water, 24.05 MW of thermal energy, and 2.90 MW of
cooling. The total performance of 25.22% (thermal effi-
ciency) and 50.7% (exergy efficiency) could be achieved
thanks to the synergy of three recovery cycles (ORC,
SRC and TEG). The analysis showed that the largest
portion of exergy losses had been in the solar collec-
tor, compressor, and combustion chamber, and identi-
fying the component in which to make improvements
would have a significant positive effect. The economical
analysis revealed that, although the gas turbine is the
most capital-intensive component, the solar and wind
subsystems produce high cost-effectiveness, and perfor-
mance could be improved further by tailoring the tur-
bine speed parameter, the inlet temperature and com-
pressor pressure ratio. Practically, this kind of system
is the most promising where there is the high sun radi-
ation and constant wind.

The upfront costs are high, although decreasing re-
newable technology costs, in conjunction with policy in-
centives (hydrogen subsidies and carbon credits), may
make real-world application more enticing. The pro-
posed implementation of multigeneration is superior
to conventional trigeneration systems, and, besides the
electricity, heating, and cooling, it gives two more re-
sources: freshwater and hydrogen production. This not
only limits redundancy in energy services but also in-
creases resilience of regions that are prone to water
shortages or those who are in need of clean energy fu-
els. All these findings indicate combined that solar en-
ergy coming together with wind energy multigenera-
tion is not only technically possible and cost effective,
but also a viable step towards development of cleaner
multi-purpose energy systems.

Nomenclature
Symbol / Definition Unit
Acronym
T Temperature K
P Pressure kPa
w Work / Power kW
m Mass flow rate kg/s
n Efficiency -
P Density kg/m?
DNI Direct Normal Irradiance W/m?
LCOE Levelized Cost of Energy USD/kWh
ODP Ozone Depletion Potential -
PV Photovoltaic -
WT Wind Turbine -
ORC Organic Rankine Cycle -
SRC Steam Rankine Cycle -
ERC Ejector Refrigeration Cycle -
PEM Proton Exchange -
Membrane (electrolyzer)
RO Reverse Osmosis -
(desalination)
TES Thermal Energy Storage -
TEG Thermoelectric Generator -
TIT Turbine Inlet Temperature K
GT Gas Turbine -
HS Heat Sink / Heat Source -
EES Engineering Equation -
Solver (software)
USD United States Dollar -
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