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Abstract

Rise in demand for energy and emission from fossil fuels has become a thing of
concern to researchers and Engineers. It is one thing to provide the energy
needed by the society, and another to produce a clean and eco-friendly power
supply. Inthis study, a thermodynamic and economic modelling of a solar-driven
multigeneration power plant (MGPP) integrated with a PEM Electrolyzer for
hydrogen production is examined. The performance indicators considered
include energy and exergy efficiencies, net work, energetic and exergetic COP,
cooling rate. Results of the thermodynamic analysis show that the energy and
exergy efficiencies excluding the fuel cell was 28.57% and 34.79% respectively;
when the fuel cell was incorporated, the energy and exergy efficiencies were
respectively 24.45% and 34.63%. The energetic and exegetic COP was 0.609
and 0.281 respectively. Additionally, net work, cooling rate, and hydrogen
production were respectively 52.75kW, 86.83kW, and 0.0114kg/s. The economic
analysis indicates a unit cost of electricity (UCOE) at $0.025/kWh, a life cycle
cost of $0.1097 and a payback period of 4years was achieved. The developed
multigeneration system is technically and economically viable with net zero CO;
emissions. It can also serve as an alternative option to fossil-powered plants and
sectors with less energy demand.

1.0 INTRODUCTION

One of the indicators of industrialization and
economic progress, and sustainable development is
energy accessibility. Following the global projection
to about seven billion, energy demand is expected to
increase [1]. The increasing energy demand as well as
the declining fossil fuels energy resources have
triggered researchers to evolving other proficient
energy transformation systems called multigeneration
systems (MGS) and likewise finding substitutes to
conventional fossil-fuels. Apart from monitoring the
environmental complications and cost, MGS have an
extraordinary capacity to improve environmental
sustainability and augment efficiency [2]. Several
academics have offered the application of MGS for
power generation. For example, [3] evaluated the
thermodynamic performance of an integrated solar-
biomass hybrid system for heating and power-cooling
production. The work shows a high prospective for the
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solar-biomass MGS. The thermal efficiency and the
economic valuation of a natural-gas-fired plant for
mutual energy production was examined by [4]. The
study showed an enhancement in energy efficiency
calculated at 82% with a decrease in CO, emissions of
nearly 51.5%. Also, a solar-geothermal multigenera-
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tion system and solar-driven tri-generation plants
were proposed by [5]. In the proposed plant, the
geothermal-solar plant was nominated for power
generation, hot water production, space heating,
cooling and heat. In contrast, the solar-driven
trigeneration plant was for electricity power
generation and space heating. The dual thermal plants
reached an exergy efficiency not greater than 36.6%
and 24. 66%, respectively.

Furthermore, hydrogen production in recent times has
been one of the products in several MGS. Hydrogen
(H2) is considered a future fuel to the global economy
because of its eco-friendly capacity and cheap
production method. For instance, several methods,
which include steam methane reforming, splitting
water via photocatalyst, biomass conversion process,
Electrolyzer and thermochemical cycles, have been
applied to produce H; [6]. Other studies on MGSs,
which comprise hydrogen production, are establish in
the study of [7]. Their system achieved 43% and 65%
for energy and exergy efficiencies respectively. The
maximum generated power was calculated at 48kW.
Also, the cooling capacity was sustained at 28kW,
heating 298.5kW and overall CO, savings were
estimated at 1614 tons of CO./year. The present study,
thus, is to provide a comprehensive review of current
research boundaries and developed a multigeneration
plant for power, cooling, heating and hydrogen
production with an extended fuel-cell at the bottoming
cycle for domestic energy resource. The developed
MGS is solar-driven using the localized solar
irradiance, followed by thermodynamic and economic
evaluation.

From the reviewed literature, conventional power
generating turbines can achieve efficiencies up to 60
and 70% for plant capacity of about 100kW. Also, the
reviewed studies show that multigeneration power
cycles and hydrogen production are promising
technology to tackle environmental complexities.
Nevertheless, adequate experimental studies are
needed to authenticate the investigative assumptions.
Thus, different cycle’s performance must be
compared based on reliable definitions of
performance indices. Secondly, a number of the
studies reviewed, show that waste heat recovered
emanates from a topping gas turbine plant, engine-
based or solar thermal plant have been employed to
produce heat, supplementary power, cooling and
hydrogen production in the bottoming cycles. The
components configurations are critical for satisfactory
utilization of the energy source, economics and
environmental sustainability. In this study, the
system’s components are reduced and an additionally
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fuel cell unit is integrated to sustain power supply due
to uncertainties that may exist from solar irradiance
fluctuation. Thirdly, studies regarding the solar
potential for Calabar in this respect is not common in
open literature. Specific data is generated for long
term energy projection aid and some policies for deep
decarbonization pathways and as a contribution to
Nigeria’s energy plan.

20 METHODOLOGY

2.1 Materials

Daily data on the solar irradiance in Calabar for a
period of ten years was obtained from Nigeria
Meteorological Centre, Calabar. The average data is
used as a basis for choosing simulation data for the
proposed MGS and the sub-system of the plant.
Additionally, the system modelling was done using
Engineering Equation Solver (EES), while secondary
data is obtained from open literature and scientific
documents made public. Other simulation parameters
that may be required based on assumptions include:
solar beam irradiation, collector aperture area,
volumetric flow rate on the parabolic trough solar
collector, receiver inner diameter, receiver outside
diameter, working fluid selection, isentropic efficien-
cy of turbine, and isentropic efficiency of pump.

Hydrogen storage

e |

|

Figure 1: Proposed solar-driven ORC and vapour
absorption integrated system

2.2 System Description

The proposed solar-driven combined system is shown
in Figure 1. It system encompasses four subsystems
which combine to offer the four products namely;
cooling, heating, power and hydrogen production. The
topping unit is a solar unit, which powers an ORC.
Heat from the sun is absorbed by the parabolic
collector. The fluid at high temperature flows to the
vapour generator (VG) causing the refrigerant
(R245fa) in the VG to boil and expand. The expanded
fluid enters the ORC turbine at state 1, producing shaft

Vol. 42, No. 3, September 2023

hitps://doi.org/10.4314/njt.v4213.5



https://doi.org/10.4314/njt.v42i3.5
http://creativecommons.org/licenses/by-nc-nd/4.0/

DEVELOPMENT OF A MULTIGENERATION SYSTEM WITH INTEGRATED HYD... | 332

work and electricity at state 13. Furthermore, the fluid
enters the condenser at state 2 and exit at state 3 as
saturated liquid. The liquid is pumped to the VG at
state 4 to repeat the ORC cycle. Similarly, part of the
heat from the VG is used to produce steam at state 10
while the hot fluid returns to the receiver to be
reheated. The steam produced is used to power the
generator in the VAS (vapour absorption system) to
produced refrigerating effect in the evaporator at state
16. The exiting steam from the generator at state 11
and the hot water from condenser 1 at state 32 enters
the hot water mixer to produce a single-phase
condition. The exiting hot water at state 12 mixed with
the hot water from the Oxygen separator entering as
hot water to the PEM at state 30 to enhance the
hydrogen production. The hydrogen produced is
further used to power a fuel cell for continuous
electricity production. The bottoming subsystem
which is the absorption cooling and heating system is
used to provide both cooling and heating loads. The
heat input to the absorption system is provided by the
steam generated from the water heater at state 10.

2.3 Thermodynamic Modelling

The mass and energy balance of the system is based
on the steady state process and conservation of mass
as assumed for this analysis. The steady state energy
and conservation equations are presented as in [8].
Xim; = Y;my 1)
YO0 - YW =Ymihj —YXm;h (2)

The energy balancing of the component system for the
integrated system is based on Equations (1) and (2).
The analysis of the parabolic solar collector (PSC) is
presented based on [9].

2.4 Energy of the Parabolic Collector
The useful energy, which is the amount of energy
gained by the solar collector can be evaluated from:

Qu:FRR[Scol X Aa - ArUL(Tin - Tamb)] (3)

The rate of solar energy delivered from the
concentrated solar collector is obtained as:

Qsot = AaScor(Coly) (4)
Where: A, Sco1, Ay, Col,, Fr, and U;, connotes the
aperture area (m?), Solar Absorptivity (W/m?), area of

removal factor, and overall heat loss coefficient
respectively.

2.5 Exergy Modelling of the Component System
Following the general exergy balance expression:

Z eij = Z €x,out + €p (5)
Where; e, = AR — T, (6)

The exergy balance efficiencies of components of the
system is presented in Table 1.

2.6 Performance Indicators

The following indicators have been considered in
order to examine the thermodynamic performance of
the proposed MGS.

2.6.1 Thermal efficiency

The Thermal efficiency (energy efficiency) of the
proposed MGS without fuel cell 1., is adopted from
that presented by [10] and is given as;

n Wnet+mszhsa ~Ma1ha1+1, x LHVy,+QEva + QwH + WpEM
th =

(7)
Where Whet, Qwn, My, , LHVy,, Qeva, Qprsc 1S the
network produced by the ORC sub system, heat
generated by water heater, mass flow rate, Lower
heating value of hydrogen, refrigerating effect and
overall heat input to the system respectively.

QpTsc

The overall energy efficiency of the proposed MGS
with fuel cell (I, ) is given as;

Wnet+ M3zhsz ~M31ha1 + QwHW fuelcelitQppa + Wpgpy

(8)

nthF € QpTSsc

where; Weyeicenn = Work done by fuel cell

2.6.2 Exergy efficiency

The exergy efficiency of the system without fuel cell
is given as;

__ Wnet + Eg,+EEyq +1M3ahzp =31 hg1+EXH, +EXWH + Wpgy

nex -
(9)

The exergy efficiency of the system including the fuel
cell is given as;

EXpTSC

n __ Wnet + En,+EEpa +M3z2haz —M31ha1+EXy, YEXWH + Wpgy
exgpc

Exprsc

receiver (m?), number of collectors in rows, heat (10)
Table 1: Exergy balances and Efficiencies of component of the proposed MGPP

Component Exergy balance Exergy of fuel Exergy of prod. Exergy efficiency

PTSC Exg = Exg + Egp10r Exg — E; Esorar Exg — E5

Esolar
ORC turbine Exl = Exz + WDRCTURB + Eprurs Exl - Ez WDRCTURB Worcrurs
Ex, —E,

)
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ORC condenser Ex, + Ex3; = Ex3 + Exs, + Epcont Exz - Ex3 Ex32 - Ex31 (Ex32 - Ex31)
(Ex, — Ex;)
ORC vapour generator Exy + Exs = Ex; + Exg + Epyg Exs — Exg Ex; — Ex, (Exl - Ex4)
(Exs — Fxg)
ORC Pump 1 Ex3 + WORCPUMP = Ex4 + Ep orcpump WORCPUMP Ex4 - Ex3 Ex, — Ex;
. . . . . . . . . . WORCPU{\/IP
VAS generator Exio+ Exz0 = Exqq + Exq4 + Exp1 + Ep ey Ex;g— Exqq + Exyq Exy4 + Exyq Exyy + Exyq
Exm — Exll + Exzo
VAS condenser 2 E'x14 + Ex24 = Exls + Exzs + Ep conz ExH — Exls Exzs — Ex24 (Exzs - Ex24)
(Exy4 — Exs5)
VAS Pump 2 Exyg + Wyaspump = Exyo + Epyasp Wy aspump Exyo — Ex;g Exi9 — Exig
i _ i _ i WVASPUMP
Pump 3 EX7 + Wrepump = Exg + Ep gep Wrcpump Exg — Ex; Exg — Ex;
Wrcpump
Water heater (WHT) Exg + Exo = Ex; + Exyo + Epywyr Exs — Ex, Ex;o — Exo (Exyo — Exo)
(Ex, — Ex,)
VAS Heat exchanger Exig + Exyy = Expq + EXpp + Ep ppx Exi9 — Exyq Ex,, + Exyq Exy, + Exyq
Exm - Exzn
Valve 1(Val 1) Exis + Wyai1 = Exy6 + Epyain Wyain Ex16 — Ex;s Exy6 — Exys
T - g - T - T WVM L
Valve 2(Val 2) Exyo + Wyaiz = Exo3 + Epyarz Wyai2 Exy3 — Exyy Exy3 — Exy
- - - - - - - - WV“‘Z.
Absorber Exi; + Exy3 + Exgs = Exig + Ex36 + Ep 4ps Exi7 + Exys Exig + Exzq Exy; + Exy3
— Exas Exg + Exsq — Exag
Evaporator Exy6 + Ex33 = Exq7 + Ex34 + Ep gyap Exi6 — Exyy Ex33 + Exz, Exs33 + Ex3,
Exm - Exw
2.7 PEM Energy Modelling Niyo0ut = Nityo,im _]/2F (14)

The duty of the PEM Electrolyzer in this MGPP is
hydrogen production. As shown in Figure 1,
electricity and heat are supplied to the Electrolyzer to
perform the electrochemical reactions needed. A
chemical reaction takes place and hydrogen is
separated from water. The remaining water is returned
back to the water supply stream for the next hydrogen
production cycle.

The total energy demand for PEM electrolysis is
obtained from the relationship in [11];

AH = AG + TAS (11)
Where TAS is the thermal energy demand (J/mol Hy),
and AG is the electrical energy demand which refers
to the change in Gibb’s free energy (J/mol. Hz), with
values obtained for hydrogen, oxygen and water in
[11].

The outlet flow rate of hydrogen is expressed as
follows [11];

Ny, = ]/ZF = Ny, 0,reacted (12)
Where J is the current density and F is Faraday’s
constant. NHZO reacted T€Tfer to the reacted water
during the electrolysis process.

The rate of water and oxygen at the PEM Electrolyzer
outlet are calculated as [12]:

Noz,out = ]/4F (13)

o
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2.8 Economic Analysis

The feasibility of developing and implementing any
power plant depends on the economic importance. In
this study the feasibility of implementing the proposed
multigeneration power plant is evaluated by
calculating the total cost rate of the proposed MGPP,
using the model equations developed by [13]; [14];
[15] and [16].

Table 2: Equipment Capital Cost

Component Cost function ($)
PTSC 4500
ORC Turbine A750(Wpreryrs)®®®
ORC Condenser 516.6(Aorcconp) >
0.65
ORC Pump 200(W0R6Pump)
ORC Vapour Generator 309.14(Appcrg)*®®
Water Heater 0.3mq
PEM Electrolyzer 1000Wpgy,
VAS Vapour Generator Avasv\*78
130( 0.093 )
VAS Condenser 177315
VAS Evaporator 130(AAsErayo.7s
0.093
VAS Absorber 130(/‘1VASABS)0'7B
0.093
VAS Pump 4OO(WVAS,,M,,)°'26
100
VAS Solution heat exchanger (AVASHEX)O,(,
A
VAS Throttle valves 37(Zmy068
Pout
Agr-100m?2 source: [17]; [18]; [19]

2.8.1 Equipment cost
Vol. 42, No. 3, September 2023
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The purchased equipment cost (PEC) of the system’s
component is summarized in Table 2. The total cost of
the equipment Ci is determined by adding the annual
capital cost (ANCC) and the total annual operation
cost (ANOC).

wot= ANCC + ANOC (15)
ANCC =TIC x CRF
_ IRX(1+IR)"
CRE = (1+IR)™-1 (16)

Where IR, n is interest rate and is set at 0.9% , and
life span of the plant and is set at 25years [17].

2.8.2 Operation and maintenance cost

The annual operating cost (ANOC) of the system is
gotten by summing up all the operation cost equation
@an.

ANOC = CLabour + Cins,M + Celect (17)
Where,  Crapours Cinsms Cetect cost of labour,
insurance and maintenance cost, and cost of electrical
work respectively.

The wunit cost of electricity,
calculated as;

UCOE = [Cror + Cprsc] X oo (18)

NX8760

UCOE($/KWh) is

3.0 RESULT AND DISCUSSION

In this study, thermodynamic and economic
assessment of a solar power multigeneration system
for production of hydrogen, electricity, heating, and
cooling was investigated based on energy and exergy
analyses. The Engineering Equation Solver (EES) was
used to write the codes for modeling the system with
respect to balance equations and performance
indicators. Parameters of the thermodynamic state
points are depicted in Table 3. From the result
obtained, the plant equipment cost is low ($0.1945)
with a unit cost of electricity at $0.025/kWh.as
compared to the current Nigeria electricity tariff
which is $0.10/kwWh. The hydrogen produced is not
used to generate electricity, but is used as an
alternative power supply when needed due to some
uncertainties in solar irradiation. So, the overall
energy and exergy efficiencies of the system
excluding the work of the fuel cell are 28.57% and
34.63% respectively. When the fuel cell is
incorporated, the energy and exergy efficiencies are
respectively 24.45% and 34.63%.

3.1 Variation in Thermodynamic Properties
3.1.1 Effect of turbine inlet pressure on energy
and exergy efficiencies

Figure 2(a) shows variation in turbine inlet pressure.
It is observed that by increasing the turbine inlet

)
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pressure from 500kpa to 800kpa, the overall energy
efficiency of the MGPP without fuel cell decreases
slightly from 28.29% to 28.16% This is because an
increase in pressure ratio requires high compression
work and high mechanical irreversibility, thereby
causing a reduction in energy efficiency. Similarly,
when the fuel cell is incorporated the energy
efficiency decreases from 25.6% to 25.47%.
However, the overall exergy efficiency increases by
12.5% without fuel cell and by 12.2% with fuel cell.
This is due to the fact that the exergy input into the
system increases as the pressure ratio increases thus
increasing the system’s exergy efficiency.

3.1.2 Effect of turbine inlet pressure on power
output and exergy destruction

The effect of turbine inlet pressure on power output
and the irreversibility in the multigeneration system
are shown in Figure 2(b). It was observed that increase
in turbine inlet pressure from 500kpa to 800kpa at a
constant inlet temperature of 423K leads to increase in
power output from 52.75kW to 70.98kW . This is due
to the fact that enthalpy drop across the turbine
increases as the pressure ratio increases, thereby
causing an increase in the power output. Additionally,
as the power output increases, the irreversibility in the
multigeneration system decreases by 9%.

(a)
0290 v T 0.51
I ~WYexF,C “TlenF,C' 1
— g T
& oasf Tos &
e =g
g I . B
s 7 1k
.g 027 " Joao &
- I . 1 8
5 g
Eﬁn.zs— """"" —0.48 Sﬁ
- -
é g
025ler o L L L 1L gy
500 520 540 560 580 600
Turbine inlet pressure (kpa)
62 306
—=—Expr —®~Wa 30.5 ?
2w e g
< ~ 7T s 8
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Figure 2:  Effect of turbine inlet pressure on (a)
energy and exergy efficiencies, (b) power output and
exergy destruction
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3.1.2 Effect of turbine inlet temperature on energy
and exergy efficiencies

Figure 3(a) shows the effect of turbine inlet
temperature on energy and exergy efficiencies. It was
observed that, as the source temperature increased,
there is a greater amount of heat exchange in the ORC
vapour generator leading to an increase in the turbine
inlet temperature at constant pressure of 500kpa. The
increase in temperature leads to an increase in the fluid
energy content (enthalpy) thereby increasing the
system’s efficiencies. The energy efficiency of the
MGPP without the fuel cell is increased from 28.57%
to 30.22% for turbine inlet temperature mass flow rate
of 1.8kg/s. Similarly, the increase in the trend of
energy efficiency with fuel cell is the same but the
energy values are small. The result indicate that the
system decreases in performance with addition of the
fuel cell. On the other hand, the exergy efficiency of
the system increases from 34.79% to 40.94% for
exergy efficiency without fuel cell and that with fuel
cell increases by 15%.

(a)
0.32 —— T T . - - N B . . - - - - . - . - -
/a E
g e B
%u.zs é
Eu.zs s - ?
0.24 x
420
(b)
64 0
T —=—Empr —®—Way el
62f "~ g e
- - -
é 60 \' 7 35%
5 \'\ 7 37 %
& 581 P
g e \_ 36 é
& s6f —~ - g
9 _,/’ '\ 35 =
E S4r /./’/ .\-34 g
5287 ‘ 33 é
420 440 460 480 500
Turbine inlet temperature (IK)
Figure 3:  Effect of turbine inlet temperature on (a)

energy and exergy efficiencies, (b) power output and
exergy destruction

3.1.3 Effect of turbine inlet temperature on power
output and exergy destruction

In Figure 3(b), as the turbine inlet temperature is
increased from 423K to 470K at a constant pressure of
500kpa and mass flow rate of 1.8kg/s the net power
output increases linearly from 52.75kW to 70.98kW.

o
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On the other hand, the total exergy destruction of the
overall system decreases by 9.4%. This is due to the
fact that increasing inlet steam temperature of turbine
increases power output nd as such exergy destruction
rate reduces leading to a high exergy performance of
the overall system.

(ag-ﬁ
- y
Z L E
'8 os .
- f
0.25 ';;" L -40.3
. Tua rbineAmass ﬁow rate: (kg/s)- -
(b) )
k\\\ -~ —=—Expp W Jas E
s el _"g
< \1“\ /'/ I g
E o N>=/’ 34 ;
2 6ol / \‘\.__ 32 ,Q
E _/ . 30 E
ECIS .// \\\
/ e 28 5
" l'f‘urbinz' mass Zt"iuw raztz (kg/sz)“‘ =
Figure 4:  Effect of turbine mass flow rate on (a)

energy and exergy efficiencies, (b) power output and
exergy destruction
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Figure 5:
cooling load

Effect of evaporator mass flow rate on

3.1.4 Effect of turbine mass flow rate on energy
and exergy efficiencies

Figure 4(a) presents the effect of turbine mass flow
rate on energy and exergy efficiencies of the overall
system without fuel cell and with fuel cell. The energy
efficiency without fuel cell increases linearly from
0.28 (28%) to 0.36 (36%) for mass flow rate between
1.8 and 2.4kg/s. the result also shows for 0.07kg/s
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mass flow rate increase. The energy efficiency without
fuel cell increases by 0.8%.

Similarly, the energy efficiency with fuel cell is the
same but the values are small. The increase in
efficiency is directly related to the relation between
mass flow rate and efficiency in equation 3.26 and
3.28. with constant enthalpy drop. It is important to
note that, at higher mass flow rates, temperature drop
across the turbine increases, thereby leading to higher
efficiency levels at constant pressure.

3.1.5 Effect of turbine mass flow rate on power
output and exergy destruction

In Figure 4(b), increasing the turbine mass flow rate
from 1.8kg/s to 2.4kg/s produces better rate of heat
generated. As a result, net power output increases
from 52.75kW at 1.8kg/s to 70.42kW at 2.4kg/s.
Increase in mass flow rate leads to increase in turbine
work at constant enthalpy triggering an increase in net
power production. On the other hand, when the mass
flow rate increases from 1.8kg/s to 2.4kg/s, the exergy
destruction in the overall system decreases from
39.53kW to 26.37kW due to increase in system’s
performance.

3.1.6 Effect of evaporator mass flow rate on
cooling load

Figure 5 present the effect of evaporator mass flow
rate on cooling rate. As can be seen, when the
evaporator mass flow rate is increased from 0.2kg/s to
1kg/s the cooling rate increases linearly by 60%. This
is due to the fact that increasing the evaporator mass
flow rate results in higher cooling generation.

3.2 Validation of Results

The multigeneration power plant was validated and
the result compared with that of biomass-based
integrated poly-generation power plant as presented in
Table 4. Base on energy and exergy efficiency,
validated result compared conveniently with that
presented in the literature though there were some
variations in the present study. This could be
attributed to fuel source, heating value of working
fluid, and difference in plant configuration.
Nevertheless, the energy efficiency of current study’s
performance is greater than previous study.

Table 3: Thermodynamic Properties of the state points for the combined multigeneration system

State point Temperature (K) Pressure Mass flow rate (kg/s)  Enthalpy (kJ/kg) Entropy Exergy (kJ/kg)
(kpa) (kJ/kg)K
1 423 500 1.8 544.5 2.019 87.48
2 392 150 1.8 515 2.019 34.46
3 298 150 1.8 232.3 1.113 11.85
4 298.1 500 1.8 232.5 1.113 12.32
5 453 151.3 2.334 505.9 1.425 200.3
6 403 101.3 2.334 356.9 1.077 94.9
7 348 101.3 2.334 206.3 0.6761 22
8 348 151.3 2.334 206.3 0.6761 22.09
9 293 101.3 1.119 83.3 0.294 0.1986
10 368 101.3 1.119 397.4 1.248 33.42
11 338 101.3 1.119 2715 0.8916 11.54
12 326.2 101.3 5.176 222.3 0.7435 27.26
13 - - - - - -
14 353 7.905 0.2 2649 8.451 27.03
15 3144 7.905 0.2 172.9 0.5895 0.3473
16 278 0.8635 0.2 172.9 0.6226 -1.626
17 278 0.8635 0.2 2509 9.027 -35.25
18 308 0.8635 7.265 85.03 0.2103 2.095
19 308 7.905 7.265 85.06 0.2103 2.324
20 337 7.905 7.265 144.1 0.3939 33.93
21 353 7.905 7.065 181.8 0.476 63.84
22 318 7.905 7.065 111.3 0.2657 2.072
23 308 0.8635 7.065 91.52 0.2024 8.386
24 298 101.3 3.383 104.2 0.3648 0
25 333 101.3 3.383 250.6 0.8293 26.99
26 326.2 101.3 0.02298 4335 54.67 0.4157
27 326.2 101.3 0.02298 222.3 0.7435 0.121
28 326.2 101.3 0.1824 25.58 0.0822 0.2109
29 326.2 101.3 0.1824 222.3 0.7435 0.9607
30 326.2 101.3 5.176 222.3 0.7435 27.26
31 293 101.3 4.056 83.3 0.294 0.7198
32 323 101.3 4.056 208.8 0.7018 16.85
33 298 101.3 27.37 298.4 5.695 0
34 281 101.3 27.37 281.3 5.636 13.86
35 293 101.3 3.77 83.3 0.294 0.669

)
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36 323 101.3 3.77 208.8 0.7018 15.66
Table 4: Result validation with integrated multigeneration system
Study References Energy Exergy Energetic ORC  Exegetic ORC
efficiency efficiency efficiency efficiency
Technoeconomic assessment of a solar- [6] 17.4 16.6 20.2 49.8
geothermal multigeneration system for
buildings, International journal of hydrogen
energy
Thermodynamic and Economic modelling of a Present study 18.42 37.62 32.75 91.2
solar-driven Multigeneration plant integrated
with PEM Electrolyzer for hydrogen production
4.0 CONCLUSION AND RECOMMENDAT- trigeneration”,  Energy  conversion and

ION

This research work highlights the potential of solar
energy in Calabar. It also provides solutions to clean
energy access, environmental sustainability and
economic development while attaining reduced GHG
emissions. From the study, the MGPP performs
optimally within the area of study - Calabar with an
average temperature of 29°C and a solar irradiation of
400W/m? and a unit cost of electricity (UCOE) of
$0.025/kWh as compared to the current tariff of
electricity in Nigeria which is $0.10/kWh. The
hydrogen production does not interfere with the
efficiency of the system, but serve as a fuel for the fuel
cell which serves as an alternative power supply
during peak periods. In our country like Nigeria and
other developing countries of the world with their vast
reserve of oil and gas, demand in electricity outweighs
power supply due to inadequate or low power
generating plants that depend on fossil fuels. The
proposed MGPP in this study depend solely on solar
energy to generate not just electricity but also produce
heating, cooling, hot water for domestic application,
and hydrogen gas as a fuel to power the fuel cell at
night or during low temperature whether. Also, with
the hike in electricity tariff due to high prices of fossil
fuels, the proposed MGPP offers a low cost of
operation due to availability of solar energy and net
zero carbondioxide (CO;) emission since its only by-
product is just water.

In this work, the performance of a MGPP was
investigated based on the thermodynamic and
economic perspectives considering Calabar area.
Further research could be done by considering solar
and biomass, or solar and geothermal for the same
region — Calabar. It could also be possible to reduce
the turbine temperature by choosing a low temperature
working fluid for the ORC in order to achieve a more
efficient ORC performance.
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