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Abstract

The study addresses global energy challenges by proposing a hybrid biomass and solar energy system for power
generation and water desalination. A model is applied to two cities in Northeast Brazil (Natal-RN and Fortaleza-CE),
targeting urban centers with waste and sunny coastal regions. Key variables include residue composition, heating
value, and quantity, essential for energy efficiency assessment. Energy, exergy, and economic (3E) analyses using
Scilab software compare four configurations: the base Rankine cycle, Rankine with an external superheater (ESH),
Rankine with concentrated solar power (CSP), and Rankine with CSP integrated with desalination. Results show that
higher pressures and temperatures enhance efficiency, reducing solar field area by 16% when pressure and temperature
increase from 4.5 MPa/400°C to 6.5 MPa/500°C. Fortaleza-CE, with higher solar irradiation, requires smaller solar
fields than Natal-RN. Integrating desalination into CSP cycles increases Levelized Cost of Energy (LCOE) by up to
7.6% and solar field area due to higher energy demands but provides potable water, with water recovery rates around
10% of seawater input. The findings underscore the importance of optimizing operating conditions and leveraging
local solar resources to maximize socio-economic benefits.

Keywords: Hybrid system; biomass; solar energy; power generation; desalination.

1. Introduction

The increasing demand for energy highlights the need to
implement renewable sources as safe, reliable, and economical
alternatives while reducing greenhouse gas emissions and
ensuring system resilience to fluctuations [1].

Renewable energy systems are categorized as single-source
or hybrid systems. Single-source systems rely on one energy
source, like wind or solar, supported by storage and electrical
devices. Hybrid systems, however, combine two or more power
generation options, integrating renewable and non-renewable
sources along with storage and electrical components [2].

This paper explores renewable solutions for electricity
generation and desalination in Brazil, emphasizing solar
systems for fuel cost savings in regions with high solar potential.
However, intermittency and battery life challenges necessitate
integrating continuous energy sources such as geothermal,
biomass, or ocean thermal energy [3].

Studies on thermodynamic and economic analyses of hybrid
systems demonstrate their cost-effective and sustainable potential.
Combined heat and power (CHP) systems improve efficiency
through heat utilization for both power and heating. Advanced heat
transfer strategies, including hybrid nanofluids (e.g., AlLOs-
SiOz/water) and magnetite nanofluids, significantly enhance
convective heat transfer and reduce energy losses, showcasing
innovative approaches in renewable energy systems [4], [5], [6], [7]-

Table 1 highlights diverse applications of hybrid renewable
energy systems that integrate solar, wind, biomass, and fuel cell
technologies. These studies underline improvements in
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efficiency, cost reduction, carbon footprint minimization, and
innovative technological approaches to address energy demands
and environmental goals.

Desalination is a key focus of this research due to water
scarcity, with Earth’s water being 96.5% oceanic. The
Humidification-Dehumidification (HDH) process is chosen for
its simpler design, lower temperatures, and atmospheric
pressure operation, making it a cost-effective option for
decentralized applications. However, HDH has lower energy
efficiency and water recovery rates compared to advanced
technologies like Reverse Osmosis (RO) [28], [29].

Reverse Osmosis (RO) is the most widely used desalination
method due to its efficiency and scalability, with recovery rates
of 40-60%. However, its higher energy consumption (2-6
kWh/m? for seawater) and complex pre-treatment requirements
increase costs. In contrast, HDH offers lower energy demands,
making it suitable for regions with solar energy and limited
infrastructure [29], [30].

Alternative desalination methods include Membrane
Distillation (MD), which uses low-grade heat and achieves high
salt rejection rates, and Electrodialysis (ED), effective for
brackish water with lower energy consumption than RO.
However, MD’s higher costs and ED’s limitations with high-
salinity water make RO the preferred choice, while HDH
remains a practical solution for decentralized regions with high-
salinity water [31], [32].

Wind-powered desalination systems paired with RO or ED
offer renewable solutions but require energy storage due to wind
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intermittency, raising costs. HDH integrates seamlessly with
solar energy, aligning with natural solar cycles, making it more
cost-effective and sustainable for sun-rich, decentralized
communities [33].

Biomass is highlighted as a renewable energy source
capable of simultaneously producing energy, fuels, and bio-
based materials. In Brazil, 81.8 million tons of municipal solid
waste (MSW) were produced in 2022, with 61% disposed of in
landfills. Biomass conversion to energy can be achieved via
thermochemical and biochemical technologies, supporting the
food-energy-water nexus [34], [35], [36].

The paper shows a novel energy, exergy, and economic (3E)
approach of a hybrid biomass-solar system for electricity
generation and desalination. The methodology includes
literature review, technical analysis, and economic modeling to
evaluate energy efficiency, heat transfer rates, and cost-
effectiveness of the proposed system [37].

The study proposes a model applied to two cities in Brazil’s
Northeast, using Scilab software to compare hybrid and
conventional cycles. Results show reduced fuel consumption
and savings during peak sunlight hours. Solar integration in the
desalination unit using HDH technology achieves
approximately 10% efficiency, addressing energy challenges
and water scarcity through innovative solutions.

2. Materials and Methods

To provide a clear overview of the study's workflow,
Table 2 summarize the steps followed for the technical,
exergy, and economic analyses.

2.1 Characterization of the areas

The average daily global horizontal solar irradiation in
Brazil ranges from 3.5 to 6.25 kWh/m? per year [38]. Figure 1
illustrates a solar map of Brazil displaying the values of global
horizontal irradiance (GHI).

The study focuses on two Brazilian cities, Natal-RN
(5°47'42"S, 35°12'32"W) and Fortaleza-CE (3°43'06"S,
38°32'34"W), both located in the northeastern region of Brazil,
as shown in Figure 1.

Both cities (Fortaleza-CE and Natal-RN) benefit from high
solar irradiation, with annual Global Horizontal Irradiance
(GHI) values ranging between 5.5 to 6.5 kWh/m? per day
(Figure 2), making them suitable for solar energy integration.
Figure 2 shows that Fortaleza consistently exhibits slightly
higher GHI values compared to Natal, offering an advantage in
solar energy applications [39].

Regarding municipal solid waste (MSW) amount and
biogas potential, both cities generate significant amounts of
MSW. Natal produces 728.58 tons per day (tpd), with an
estimated lower heating value (LHV) of 7,725.7 kJ/kg, while
Fortaleza generates approximately 3,750.79 tpd with an LHV of
8,297.5 kJ/kg [40]. These waste streams are rich in organic
matter, plastics, and paper, as described in Table 3, which are
key contributors to biogas production. The average biogas
composition includes 60% methane, 30% carbon dioxide, and
minor components, yielding an LHV of 30 MJ/kg [41].

Table 3 shows the average gravimetric composition of
municipal solid waste in Natal-RN and Fortaleza-CE, along
with the results of the LHV value, which is calculated using
equation (1), according to Kumar and Samader [42].

LHV,= ) x; LHV, 1)

1
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Where: x; is the mass fraction of the residue and LHV; is
the lower heating value of each waste type.

Table 2. Summary of this work.
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Figure 1. Annual Average Global Horizontal Irradiation in
Brazil [38 adapted].
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Figure 2. Monthly Average Global Horizontal Irradiation
(GHI) in Natal-RN and Fortaleza-CE [39].
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Table 3. Average Gravimetric Composition of MSW in
Natal-RN, and Fortaleza-CE and Results of LHV.

Natal-RN Fortaleza-CE
Waste LHV LHV LHV
Type  [kikg] "™ kg ™' [kdikg]
Organic /o5 335 183974 349 191434
Matter
Paper /
Cordpooq 168741 52 87070 59 99557
Plastics/  yga634 172 453977 187  4929.95
Tetra Pack
Wood 105437 0.7 73.81 0.2 21.09
Textiles 145519 2.8  401.64 30 43656
Other NA 406 0 373 0
(recyclable)
Total 100 77257 100 82975
Reference [43] [44 adapted] [45 adapted]

2.2. Base Cycle, Hybrid Cycle, and Desalination Unit

The study is based on the Rankine cycle, analyzing four
configurations: (a) base Rankine cycle using municipal solid
waste (MSW) as the fuel (Figure 3), (b) a Rankine cycle with an
external superheater fueled by biogas from MSW (Figure 4), (c)
a hybrid cycle with boiler feedwater preheating using
concentrated solar power (CSP) (Figure 5), and (d) a hybrid
cycle using MSW as a fuel source with CSP-based boiler water
preheating and a desalination unit (Figure 6).

These cycles include the following components: (A)
condensing-extraction steam turbine coupled to an electrical
generator, (B) mass-burning boiler fueled by MSW, (C)
condensers, (D) heat exchangers, (E) cooling tower, (F) external
superheater, (G) solar field, and (P) pumps.

In the base Rankine cycle (Figure 3), the working fluid is
superheated in the boiler (B), expanded in the steam turbine (A),
and condensed in the condenser (C1), where it is cooled to the
saturated liquid state. It then passes through the pump (P2) and
the heat exchanger (D1), where it is preheated using steam
extracted from the turbine. After passing through pump (P1), the
fluid is pressurized before returning to the boiler (B).

In the Rankine cycle with an external superheater (Figure 4),
before entering the turbine, the working fluid is superheated in
an external unit powered by biogas generated from MSW. This
reduces the thermal load on the boiler, protecting its
components by shifting the superheating process to an external
device.

In the hybrid Rankine cycle (Figure 5), the boiler feedwater
(B) is preheated as it passes through a heat exchanger (D2),
which receives thermal energy from the solar field (G). The
fluid circulating in the solar collector is thermal oil, which
indirectly transfers heat to the boiler feedwater.

In the hybrid Rankine cycle with HDH desalination (Figure
6), the solar field (G) heats saline water, which can be either
seawater or brackish water. The water is initially preheated in
the heat exchanger (D3) using steam from the extraction-
condensing turbine (A). It is then further heated and used to
humidify dry air in the humidification chamber (D4). The
humidified air, now carrying steam, passes through the
dehumidification chamber (C2), where it meets cooled surfaces,
leading to condensation and freshwater collection, while the dry
air can be recirculated.

2.3. Technical Analysis

Energy and exergy analyses of cycles are accomplished for
each component or system involved. The analysis of these
cycles operates under the following assumptions [37], [46]: (i)
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all thermodynamic processes are considered to be adiabatic
(except solar collectors), and in steady state, (ii) kinetic and
potential energy effects are negligible, (iii) heat loss from the
pipes are negligible, (iv) at the inlet of the pumps, stream is
assumed to be a saturated liquid, (v) at the inlet of the
desalination process, stream from the turbine is a saturated
vapor and at the outlet it is a saturated liquid, (vi) stream 14 to
15 are carried out at a constant temperature, and (vii) the water
produced is pure water. The energy and exergy analyses for the
cycles in Figures 3 to 6, are carried out using Scilab software
and the equations provided in Table 4. Input data necessary for
computational simulations are detailed in Table 5.

Table 4. Equations for the components/processes in the cycles.
Equation

Extraction-condensing steam turbine (A) (* Rankine base /
Rankine+ESH / Rankine+ESH+CSP) (**Rankine+ESH+CSP+Desal)

min, Turb :mout, Turb~ Z mextr, Turb (2)
npol: (hin 'hout)/(hin 'hout,s) (3)
WTurb :’/hin, Turb (hin 'hlst ext) + Z mextr, Turb (hext'hout) (4)
Exin, Turb:mm’ Turb €Xin, Turb (*) (5)
EX out, 1urs=Wrury tigexstinzex; +EXp gy (%) (6)
Exin, Tllfb:min’ Turb €Xin, Turb (**) (7)

, . , ) ) . -
EX gy, 1ury=W iyt gexs+iinsex s+ gex +Exp gy () (8)

Mass-burning Boiler (B)

Oy =tiny(hs-hy) =rysy LHV yisy 15 g hr )

Exi,=myex +iysy LHV yis 5 @ e Mair€Xair (10)
Ex =it gcy€X oy Tiivsexs+Exp (11)
Condenser (C1)

O, =ting(hg-h)=rg(hg-hy) (12)
Ex;,=mgexg+iig exg (13)
Ex pp=riex;+ingexs+Exp ¢ (14)
Dehumidifier (C2)

ch =1y hy - hos iinyshys) =i, (hcw,out'hcw,in) (15)
EX;, =115 X5, 11,0, €X 0y (16)
ExX p=ri326x 55+ 1i135€X 55+ 1, X+ Exp o 17)
Heat Exchanger (D1)

Y PR p— (18)
Ex;, =1 ex,+1,ex; (19)
Exy=mzex;+Exp p; (20)
Heat Exchanger (D2)

O, =iy (hy-hy)=rn > (hyr-hys) (21)
Ex;y=rj ex; i ex;, (22)
Ex =t gex,+inzex s +Exp ) (23)
Heat Exchanger (D3)

QD3:’5114(h15'h14) =1in19(hz9-h19) (24)
Exy=th gex g+t 4€X 14 (25)
Ex =t s€x 151 30€X 29+ Exp, p3 (26)
Humidifier (D4)

Op,=mis(hys-hiz)=maghsg+iinsgh -y hop+rgshss) (27)
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Table 4. Equations for the components/processes in the cycles
(continue).

Equation
SeaWater Specific Enthalpy (%,,,):

hg,=h,, — [S(27062.623+S)+S(4835.675+8S).T] (28)
Validity [47]: h,,, and ,, in (kig) ;
10 < Temp (7) <120 °C; 0 < Salinity (S) <0.12 kg/kg
SeaWater Specific Entropy (s, :
Seyp= Sy - S(-423.1+1463OS - 988005°+309500
§3+25.62T - 0.14437°+5.879x10* 77+ 80.4
S’T+0.3035 ST> - 61.11 ST) (29)
Validity [47]: sy, and s,, in (kgLK) ;
10 < Temp (7) < 120 °C; 0 < Salinity (S) <0.12 kg/kg
EXjy =1t 166X 15+ 50X 20 103 4€X 54 (30)
EX =t 7€ 17+ 1015 €0 Fiinp3ex53+Exp g (31)
Cooling Tower (E)
titghs+ (g hair) in =110 10 (Painhgir) our (32)
EX i =1insexs 1 iy in€X ir in (33)
EX gyt =1110€X 10 Wi, 00X i, o+ EXp (34)
Pumps (P1/P2/P3/P4/P5)
WP:’hm Vin(Poue=Pin) =ty (Roy=hin) 1 P (35)
Ex;, =, ex;,+Wp (36)
Exout=’houtexout +ExD,P @37)
External Superheater (ESH)
O =115 (hsy=hs) =titgio LHV bip gyt Wi hir (38)
Exyy=tinsexs, iy, LHV yio Mgy @0 T iair€Xair (39)
EX gyt =M gy g€X oy i 5€X 53 FEXpy sy (40)
Dehumidifier (C2)
QD2=rh”(h4-h11)=n'112(h12-h13) (41)
Ex;, =i jex; i pex ) (42)
Ex,, =t ex,+im,zex;; +ExD_DZ (43)
Solar Field (G)
Qin,sun N eor 1 ASW’ (44)
Asp= Qcoz/[ﬂg DNI cos(@)] (45)
QHTF=mHTF CPHTF (TowrTin) (46)
System
D it Y it =0 4"
ex = ex?+ex=[(h-hy)-To(s-5) + Z mi(ht, ) (48)
Thermal Efficiency (Rankine Base - R)

_ WTurb -2 WP - Qexh (49)
nth,R Q

MSW
Thermal Efficiency (Rankine+ESH - RESH)
_ WTurb -2 WP 'Qexh (50)

i RESH 7 :
Q/\/[SW + Qbi/)
Thermal Efficiency (Rankine + CSP — RCSP):
n _ WT_ Z WP _Qexh (51)
th,RCSP ;
QMSW + Qin,sun
Thermal Efficiency (Rankine + CSP + Desal — RCSPD):
Wr-XWe _Qexh+QD3+QD4

QMSW + Qin,sgn

(52)

Nh,rCSPD

2.4. Economic Analysis
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The levelized cost of energy (LCOE) is a key metric for
evaluating and comparing energy generation methods. It represents
the average total cost of building and maintaining an energy-
producing system per unit of electricity generated over its expected
lifetime [48].

LCOE is fundamental in the initial assessment of energy
projects, helping determine feasibility and compare different
energy ventures. It is calculated by dividing the present value of
total project costs by the present value of electricity generated over
the system’s lifetime [49].

The significance of LCOE lies in its ability to assess project
profitability. If the LCOE indicates unprofitability, companies may
choose not to proceed with construction and consider alternative
options. As a fundamental step in energy sector analysis, LCOE
helps guide decision-making regarding investment and project
viability [48]. The LCOE can be calculated using equation (53).

LCOE= [z, 1o /| zn, 2]

(53)

Where I, are the investment costs in year t, comprising the
initial price of the components, fuel handling equipment and
installation cost, other equipment cost, balance of the plant and
contingencies, M, represents the operations and maintenance costs
in year t, F, are fuel costs in year t, E; is the energy generation in
year t, Epy is the energy used in the desalination unit, r is the
discount rate and n is the life of the system (25 years). In addition,
the parameters for the economic analysis of the power plants are
summarized in Table 6.

Table 5. Technical parameters of the system applied in the model.

Input Data Unit Natal / RN Fortaleza/ CE

Municipal Solid Waste (MSW)

Lower Heating Value (LHV) kilkg  7725.7 [44] 8297.5 [45]

Biogas Lower Heating Value

(LHV) MJ/kg 10 [51] 10 [51]

Cycle Power MW 1 1

Boiler efficiency () % 87 [52] 87 [52]

Amb. temperature (reference o

state) C 25[38], [39] 25[38], [39]

Amb. pressure (reference state) kPa 101.325[38],  101.325[38],
[39] [39]

Solar collector efficiency - 0.5 [37] 0.5 [37]

Global Horiz. Irrad. (GHI)
Higher value
Lower value day
Boiler feed water temperature
Without preheating
With preheating
Turbine Inlet Pressure and
Temperature (steam)

Wh/m? 6372 [38], [39]
4712 [38], [39]

6513 [38], [39]
4947 [38], [39]

50 [52] 50 [52]
200 [52] 200 [52]
4.5 MPa, 400°C 4.5 MPa, 400°C
MPa, °C 5.0 MPa, 450°C 5.0 MPa, 450°C
6.5 MPa, 500°C 6.5 MPa, 500°C

°oC

Turbine condens. pressure kPa 10 [53] 10 [53]
Turbine polytropic efficiency 0.85 [54] 0.85 [54]
Salt content (raw seawater) g/kg 35[37] 35[37]
Seawater inlet temperature °C 15 [37] 15 [37]

Table 6. Parameters for the economic analysis [37],[50].

Parameter Value
Analysis period 25 years

Site improvement 20 $/m?
Solar field 300 $/m?
Desalination unit 1500 $/m?/day
EPC and owner cost 10% of direct cost
Power plant (base) 1150 $/kWe
Power plant (base) + ESH 1200 $/kWe
Total land area 2.470 $/m?
EPC and owner cost [% direct cost] 10%

Operation and maintenance cost 55 $/kW-year

Int. Centre for Applied Thermodynamics (ICAT)
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Figure 3. Base Rankine Cycle using Municipal Solid
Waste (MSW) as a fuel source.
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(b) Rankine Cycle Base + External SH
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Figure 4. Rankine Cycle applying Municipal Solid Waste
(MSW) as a fuel source with an external superheater fueled
by biogas from MSW.

(c) Rankine Cycle + ESH + CSP
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Figure 5. Hybrid Cycle using Municipal Solid Waste (MSW) as a fuel source with boiler water preheating with
concentrated solar power (CSP).
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Figure 6. Hybrid Cycle using Municipal Solid Waste (MSW) as a fuel source with boiler water preheating with
concentrated solar power (CSP) and a desalination unit.
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2.5 Preliminary CO2 Emission Analysis

A preliminary assessment of CO: emissions avoided by the
hybrid biomass-solar system is conducted to evaluate its
environmental benefits. The analysis considers energy
contributions from the boiler and external superheater (ESH),
both powered by municipal solid waste (MSW) in its raw form
and as biogas. Since MSW is a renewable biomass resource,
its combustion is regarded as carbon-neutral, as the CO:
released equals the amount absorbed during biomass growth.

The avoided emissions are estimated by comparing the
energy supplied by the boiler and ESH to a coal-fired power
plant with an average emission factor of 0.9 kg CO- per kWh
[55]. The methodology involves calculating the total energy
produced and the corresponding CO: reductions achieved by
substituting fossil fuels. Key assumptions include: (i) biomass
energy content is based on its lower heating value (LHV), (ii)
solar energy contributions are considered emission-free, and
(iii) the energy consumption of auxiliary components is
factored into the calculations. Equation (54) calculates the
emissions avoided (E,,).

Ey=Ege, X EF (54)
Where: Eg,,, is the total energy generated (kWh) and EF
is the emission factor for fossil fuel systems (kg CO2 /kWh).

3. Results and Discussion

The results are divided in four sections: (i) solar
concentrator, (ii) power and exergy rate, (iii) LCOE, and (iv)
preliminary CO; emission analyses of each cycle. Figures 2
to 6, and Tables 3 to 6 are used as a base of the performed
analyses.

3.1. Solar Concentrator Results

The solar concentrator model used in the analysis is a full-
tracking type, with cos(6) assumed to be 1 [50], [56]. A heat
transfer fluid (HTF) is required to collect heat from the solar field.
It is a synthetic thermal oil selected for its high thermal stability
(up to 400°C) and low viscosity, ensuring efficient heat transfer
and pumping performance. The HTF inlet and outlet
temperatures are set at 250°C and 100°C, based on typical
operating ranges for synthetic thermal oils in CSP systems [58].
The thermodynamic properties of the HTF follow the
XCELTHERM® MKI1 catalog [59], which is chemically
equivalent to DOWTHERM® A and Therminol® VP-1. The
solar field area, determined according to the power requirements
of the CSP-integrated cycles, is showed in Table 7.

Table 7 compares different Concentrated Solar Power
(CSP) cycle configurations in Natal and Fortaleza, analyzing
their performance under varying Global Horizontal Irradiance
(GHI) conditions. The cities exhibit different maximum and
minimum GHI values, impacting CSP system efficiency.

For CSP cycles without desalination, results indicate that as
pressure and temperature increase (from 4.5 MPa/400°C to 6.5
MPa/500°C), the required solar field area decreases due to
improved thermodynamic efficiency. Fortaleza, with slightly
higher GHI, requires a smaller solar field than Natal,
demonstrating the impact of local solar insolation on field area
requirements.

In CSP cycles with desalination, the solar field area is
significantly larger due to the higher power demand of the
desalination process. However, similar to cycles without
desalination, increasing pressure and temperature reduces the
required solar field area. Fortaleza, benefiting from higher GH,
requires a smaller area than Natal.

022 / Vol. 28 (No. 1)

Table 7. Results of Solar Field Area based on Power
Requirements for the Cycles.
Natal-RN Fortaleza-CE
Solar Field Area Solar Field Area

@) @ @) @

Solar

Cycle Power

Rank+ESH
+CSP
(4.5 MPa;
400°C)
Rank+ESH
+CSP
(5.0 MPa;
450°C)
Rank+ESH
+CSP
(6.5 MPa;
500°C)
Rank+ESH
+CSP+Desal
(4.5 MPa;
400°C)
Rank+ESH
+CSP+Desal
(5.0 MPa;
450°C)
Rank+ESH
+CSP+Desal
(6.5 MPa;
500°C)
(1) using maximum GHI value (2) using minimum GHI value
Rank+ESH+CSP: Rankine Cycle with an External Superheater, and

Concentrated Solar Power
Rank+ESH+CSP+Desal: Rankine Cycle with an External Superheater,
Concentrated Solar Power, and a Desalination unit

113.57 kW 237.6m? 321.4m? 2325m? 306.1 m?

105.24 kW 2202m? 297.8m? 2154 m? 283.6 m?

96.28 kW 2015m? 272.4m? 197.1m? 259.5m?

130.70 kW 2735m? 369.8m? 267.6 m? 352.3 m?

123.07kW 257.5m? 3482m? 251.9m? 33L7m?

115.03kW 240.7m? 3255m? 2355m? 310.0 m?

Power input for cycles with desalination is substantially
higher, highlighting the energy-intensive nature of the process.
Although efficiency improves with increased pressure and
temperature, reductions in solar field area are less pronounced
due to the scale of energy requirements. Both Natal and
Fortaleza follow similar trends in how operating conditions
influence solar field needs, while differences in solar field areas
between maximum and minimum GHI values highlight the
sensitivity of CSP systems to variations in solar insolation.

3.2. Power and exergy rate analyses of the cycles

Figure 7 shows the results of power, exergy rate, energy, and
exergy efficiency analysis for each cycle. Figure 8 provides the
exergy balance for the equipment in the hybrid system,
including the desalination unit, detailing the input, output,
irreversibility, and second law efficiency for each component.

Figure 7 illustrates how energy and exergy efficiencies vary
with pressure, temperature, and cycle configurations. Higher
efficiencies occur at 6.5 MPa and 500°C, with the best results in
hybrid cycles combining ESH and CSP without desalination.
The inclusion of desalination slightly decreases efficiency due
to its added energy demand, but it provides the benefit of potable
water production.

Net power and exergy production remain stable, peaking at
986 kW in the most efficient cycles. However, desalination
cycles show lower net power output, especially at 4.5 MPa and
400°C, due to the higher energy requirements of the process.

Hybrid cycles with desalination demand higher energy and
exergy inputs, but these are reduced at higher pressures and
temperatures, improving energy utilization. Fortaleza-CE has a
slight efficiency advantage over Natal-RN due to higher solar
radiation levels, particularly in CSP-integrated cycles, where
solar insolation directly impacts performance. However, both
cities show similar efficiency trends, improving at higher
pressures and temperatures.
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Figure 7. Results of Power, Exergy Rate, Energy, and Exergy Efficiency across the analyzed cycles.
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Figure 8. Results of Exergy Balance and Efficiency of the Hybrid Cycle with HDH Desalination Unit.

To enhance system performance, targeting inefficient
components like the external superheater and desalination unit is
decisive. Implementing advanced desalination technologies such
as multi-effect distillation (MED) or reverse osmosis (RO) could
reduce energy consumption and improve economic feasibility.
Additionally, optimizing operating conditions and leveraging
local solar potential are key to maximizing energy and exergy
efficiency.

Figure 8 shows the hybrid cycle’s performance, where
second-law efficiency varies significantly among components.
The boiler (B) has a high exergy input (~1200 kW) but operates
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at a low efficiency (42.7%), indicating substantial irreversibilities
that could be mitigated through thermal design improvements.
Similarly, the external superheater (ESH), with an exergy input of
300 kW and an efficiency of 50%, also indicates opportunities for
reducing losses. In contrast, the turbine operates at 94%
efficiency, effectively converting exergy into useful work,
making it a key contributor to system performance. Overall,
improving the boiler and ESH would enhance the system’s
energy utilization.

Table 8 provides a detailed thermodynamic analysis of the
hybrid cycle with HDH desalination, corresponding to the pipe
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numbering in Figure 6. The variations in mass flow rate, pressure,
temperature, enthalpy, entropy, and exergy demonstrate the
system's complexity. High-energy points (e.g., pipes 5b, 7, and
14) indicate critical energy transformation zones, where
optimization could improve overall efficiency.

The desalination unit's performance (streams 19a to 25)
shows that the treated water (TW, stream 22) accounts for ~10%
of the total seawater input (SW, stream 19a), indicating
substantial water loss. While expected due to the technology's
inherent inefficiencies, this highlights the need for optimization to
improve water recovery rates.

Temperature, pressure, and enthalpy variations across streams
reveal heat and energy demands of the desalination process. The
brine output (stream 23) retains a significant amount of energy,
suggesting potential losses. The differences in entropy and exergy
between input (stream 19a) and output streams (22, 23)
emphasize irreversibilities in the desalination unit.

Treated water (stream 22) emerges with low exergy,
indicating a simple but inefficient process. This suggests
opportunities for improvement, such as alternative desalination
methods or heat integration strategies to recover energy from
brine (stream 23).

Table 8. Thermodynamic Properties of the Hybrid Cycle
with an HDH Desalination Unit (6.5 MPa/500°C).
Pipe m P T h S ex

number [kg/s] [kPa] [°C] [kJ/kg] [kI/kg.K] [kd/kg]
1 0.779 10 45.81 191.81 0.6492 2.80
2 0.779 1200 45.88 193.15 0.6496 4.02
3 0.998 1000 179.89  762.68 2.1384 129.67
4 0.998 6950 200 854.62 2.3223 166.78
5a 0.998 6500 300 2863.46 6.0018 1078.57
5b 0.998 6500 500 3417.12 6.8397 1382.41
6 0.793 1000 248.59  2940.1 6.9206 881.27
7 0.014 1000 24859  2940.1 6.9206 881.27
8 25586 195 30 125.92 0.4367 0.27
9 25,586 200 15.01 63.20 0.2245 0.82
10 25,586 100 15 63.08 0.2245 0.70
11 0.998 100 181 770.63 2.1401 137.11
12 (HTF) 0.378 150 250 738 1.0698 158.65
13 (HTF) 0378 130 100 515 0.7272 37.79
14 0.205 1050 254.14  2950.56 6.9189 892.24
15 0.205 1000 180 2777.43 6.5856 818.48
16 (HTF) 0.107 150 250 439.8 1.3646 290.86
17 (HTF) 0.107 130 100 153.1 1.0600 91.94
18 (HTF) 0.107 200 105 523 0.7657 34.33
19a(SW) 0.100 100  15.00 63.02 0.2244 0.72
19b (SW) 0.100 200 15.04 63.16 0.2250 0.68
20 (Sw) 0.100 180 21.58 90.54 0.3190 0.07
21 (Mix) 0.113 160 85.00 2299.0 1.2497 30.01
22 (TW) 0.010 100 85.00 355.90 1.1340 22.30
23(Br) 0090 100 8500  373.85 1.1697 38.45
24 (Air)  0.013 100 25.00 298.60 6.8630 0.00
25 (Air)  0.013 105 85.00 359.63 7.0480 5.87

By reducing exergy losses and improving water recovery
rates, the hybrid system could better integrate desalination,
contributing to both energy and water sustainability.

3.3. LCOE analyses of the cycles

The Levelized Cost of Energy (LCOE) analysis is showed
in Figure 9.
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Figure 9. LCOE Comparison for Cycle Configurations in
Natal and Fortaleza.

Figure 9 illustrates the Levelized Cost of Energy (LCOE) for
four cycle configurations in Natal-RN and Fortaleza-CE. For the
simplest cycle, Rankine Base, the LCOE is the same for both cities
at 0.1436 US$/kwh. As components are added, the LCOE
gradually increases. For example, in the Rank+ESH+CSP
configuration, Natal shows an LCOE of 0.1533 US$/kWh, while
Fortaleza is slightly higher at 0.1534 US$/kWh, a difference of
0.13%. In the most complex cycle, Rankine cycle with external
superheater, concentrated solar power and a desalination unit
(Rank+ESH+CSP+Desal), Natal reaches 0.1544 US$/kwh, and
Fortaleza increases to 0.1546 US$/kWh, showing a 0.10%
difference. These differences highlight the consistency in costs
between the two cities despite local variations in solar insolation
and operational conditions.

3.4. Environmental Benefits: CO2 Emission Reductions

The results highlight the hybrid system’s potential to
significantly reduce CO, emissions by utilizing municipal solid
waste (MSW) as the primary energy source for the boiler and the
external superheater (ESH). By using this biomass, which would
otherwise be disposed of and potentially release greenhouse gases,
the system avoids emissions correlated to conventional coal-fired
power plants.

For the cities studied, the avoided emissions re approximately
2561.54 kg of CO, per operational hour in Fortaleza-CE and
2556.05 kg of CO; per operational hour in Natal-RN. These values
account for the energy provided by the boiler and ESH, which
collectively generate 2216.99 kW and 629.16 kW in Fortaleza-CE,
and 2219.50 kW and 620.56 kW in Natal-RN, respectively. The
calculations assume an average emission factor of 0.9 kg CO.eq per
kWh for coal-based power plants.

This reduction demonstrates the environmental advantages of
the hybrid system, as it not only influences renewable energy
sources but also promotes waste valorization by converting MSW
into useful energy. Future studies could expand this analysis by
including emissions interrelated to the collection, transportation,
and processing of MSW, offering a more comprehensive
evaluation of the system’s life cycle environmental impact.

4. Conclusion

The 3E analysis highlights the potential of a hybrid biomass-
solar system for addressing energy and water challenges in regions
with high solar potential and agricultural residues. Higher operating
pressures and temperatures improve efficiency and reduce solar
field area, particularly benefiting cities with higher GHI, like
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Fortaleza. Integrating desalination increases energy demand and
costs but provides potable water, addressing water scarcity in arid
regions. Additionally, utilizing municipal solid waste and solar
energy significantly reduces CO, emissions compared to
conventional systems. Optimizing conditions can lower the LCOE,
making the system feasible for areas with limited water access.

This study provides a comprehensive evaluation of hybrid
systems combining biomass and solar energy, offering novel
insights into energy, exergy, and economic performance. It
demonstrates the feasibility of integrating desalination with CSP,
addressing dual challenges of energy production and water scarcity.
The research also highlights the environmental benefits of reducing
CO, emissions through renewable energy sources and waste
valorization.

Future research should explore advanced desalination
technologies, such as multi-effect distillation (MED) or reverse
osmosis (RO), to improve water production efficiency. Improved
thermal storage materials, including molten salts or supercritical
CO;, could enhance overall system performance. Additionally,
conducting comprehensive sensitivity analyses and life-cycle
assessments will help refine economic and environmental
sustainability, ensuring broader applicability and optimization of
hybrid systems.
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Nomenclature

A: area (m?)

GHI: Global Horizontal Irradiation (Wh.m2.day)
Ex: Exergy rate (kW)

Exp: Destroyed exergy rate (kW)
h: specific enthalpy (kJ.kg™)

LHV lower heating value (kJ.kg™?)
m: mass flow rate (kg.s?)

Nper: Polytropic efficiency (dimensionless)
P: Pressure (kPa)

Pol.: Polytropic

Q: heat transfer rate (kW)

s: specific entropy (kJ.kgt.K)

T: temperature (K)

v: specific volume (m3.kg?)

W Power (kW)

n: efficiency (dimensionless)

¢: Exergy factor (dimensionless)
Subscript

air: relative to air

amb: ambient conditions

B: boiler

bio: biogas fuel

col: solar collector

cond: condenser

cw: cooling water

des: destruction

desal: desalination unit

extr: extract

exh: exhaust gases

ESH: external superheater

gen: generator

HTF: heat transfer fluid (thermal oil)

Int. J. of Thermodynamics (IJoT)

H.Ex: heat exchanger

in:inlet

MSW : municipal solid wastes
oil: relative to the thermal oil (HTF)

out: outlet

P: pump

s: isentropic
sun: relative to
SW: seawater
SF: solar field
Turb: turbine
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Table 1. Literature review on hybrid systems with solar /

biomass and/or desalination.

Investigated

Software

System Findings used Ref.
Design and performance of a CSP-
biomass plant for combined heat
Concentrated .
and power with waste heat
solar power ilizati 6.6 MW boli
(CSP)-biomass utilization. 16.6 MW parabolic
hvbrid plant for trough collector field, 10 MW TRNSYS  [8]
ybric p biomass boilers, 4 MW ORC, 93.6%
combined heat ffici ful
and power efficiency. Successfu
demonstration of CSP-biomass
hybridization.
Techno-economic feasibility
Solar-biomass analysis of solar-biomass system.
- Utilization of hybrid systems to
hybrid power - A
- overcome discontinuity in solar and
plant in ind ial of th Homer [9]
Ludhiana wind power. Potential of the
district. Puniab available biomass is 62.73 MW.
- Funy Total connected load of the village
cluster under study is 97 MW.
Hybrid solar Development of electric power
photovoltaic-  generation system based on hybrid
biomass gasifier solar PV and biomass gasifier for
system for rural regions of Central and South Matlab [10]
electricity America. System includes rice and
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Biomass-solar
on-grid hybrid Optimum system: 5000 kW
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generation biomass generator, grid assistance RET
system for of 3000 kW. Net present cost of Screen [11]
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University fraction is 49.4%.
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plants
Stochastic techno-economic
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with biomass Operators' earnings improved

power trading

compared to actual operations
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