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In recent years, renewable sources of energy have become an encouraging
solution to the environmental and availability problems arising from using fossil
fuels for power generation. In the present study, solar and biomass (sawdust) are
incorporated into large-scale gas and steam turbines to form a resourceful and
efficient system. Furthermore, two hybrid configurations (fuel economy and
energy boosting modes) of the proposed combined system are modelled using the
Cycle Tempo software. The system’s performances reveal that at 9 bar inlet
pressure, the net power, energy and exergy efficiencies generated in the fuel
economy mode (49 MWe, 61%, and 55%) and energy boosting mode (51 MWe,
64% and 57%) are significantly higher than those obtained in the standard
biomass combined cycle system without solar fields (28 MWe, 35% and 31%).
Moreover, the addition of solar energy brings about an increment of around 21
MWe in the fuel economy mode and 23 MWe in the energy boosting mode. The
exergy transmitted from the fuel economy and energy boosting modes also yields
greater GT combustor efficiency (89%) than the standard mode (79%). The
proposed hybrid system through the incorporated clean energy offers better

performance and could serve as an alternative to existing fossil fuel plants.

1. INTRODUCTION

Over the past years, the generation of power through
non-renewable energy resources such as fossil fuels
have contributed immensely to increased environmental
pollution [1], [2]. Aside from this, the major concern of
the energy sector is the increasing levels of carbon
dioxide (COy) emission in developing countries. Hence,
there is a need to find alternative and efficient
technologies for the conversion of existing conventional
and untapped renewable resources. A promising
approach is to combine renewable sources such as
biomass and solar with conventional power plants in a
hybrid system [3].

Biomass is available in several forms such as
eucalyptus, twigs, bamboo, rice straw, wood chips,
sawdust, animal waste and household waste [4]. The
conversion of biomass to gaseous fuel can be done using
either thermal, chemical, thermochemical and
biochemical methods [3], [5].

The thermochemical method, also known as
gasification, is a process in which biomass and moisture
contents undergo partial combustion at high temperature
to produce a syngas (producer gas) mixture [3], [6], [7]-
The syngas is composed of elements such as carbon
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monoxide (CO), water (H20), carbon (IV) oxide (COy),
hydrogen (H2), nitrogen (N2) and methane (CH.).
Furthermore, the syngas is often controlled by gasifying
agents such as enriched air, steam and oxygen. A typical
syngas has a low heating value (LHV) that ranged from
4 to 6 MJ/Nm?® when air is used. Whereas when either
steam or oxygen is used, the LHV ranged from 12 to 18
MJ/Nm3 [8], [9]. The biomass syngas can also be used
alongside a solar energy source and technology such as
gas turbine (GT) to produce high electric power. This
approach gives better performance and could reduce cost
compared to the fossil engine systems [10], [11].

Solar energy is a clean and cost-effective type of
renewable source [12]. This energy can be harnessed
through technologies such as photovoltaics (PV), solar
power tower (SPT), and heating systems.

The SPT is a concentrated solar power (CSP)
system that can be used for the generation of heat and
electricity [13]. The system consists of several
heliostats, which concentrate sun radiation energy to a
volumetric-type receiver (VTR) inside a fixed tower. In
the VTR, fluid such as liquid and gases are heated to
high temperatures and then injected to either GT or
steam turbine (ST) for power generation [14]-[18]. The
pressurised solar VTR can heat fluids to a temperature
of about 800 °C at 10 bar [14], [19]-[25].

Several literatures have been conducted in the past
to investigate the thermodynamic performance and cost
predictions regarding the coupling of solar and biomass
sources to combined cycle power plants [3], [26]-[37].

Camporeale et al. [30] conducted a study that
investigated the technical and economic performance of
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a mix system consisting of biomass gasifier, externally
fired GT cycle and ORC units. It was reported that a
higher electrical efficiency was achieved in the
combined cycle system compared to a single cycle
option (GT only). Moreover, the incorporation of the
ORCs makes power generation more profitable. It is
worth noting that a loss of efficiency was observed due
to superheating in the ORC subcritical cycles. Hence, it
was recommended that future cycles must be used with
steam temperature values close to the critical point
(saturation) regions.

In other research, Khanmohammadi et al. [38]
conducted a study that investigated a combined cycle
plant. The system comprises of a biomass gasifier, GT
and ORC. The power output generated from this system
was 1961.3 kWe, while the optimised exergy efficiency
of the plant was 17.9 %. The estimated cost was 75 $/h.

Mondal and Ghosh [32] also investigated a
combined cycle plant fuelled by a biomass gasifier unit.
The output power obtained from this system was 914
kWe, while the energy efficiency of the plant was 41%.
It was revealed that the electricity cost of the plant
reduced to 0.069 $/kWh when the ratio of the
compressor pressure, re, and inlet temperature of the
turbine were set to 6 and 850 °C, respectively.

In another study, Mondal and Ghosh [33]
performed a thermo-economic study on a 1-MW hybrid
plant consisting of a biomass gasification system, an
indirectly fired GT unit (inlet temperature of 1100 °C)
and an organic Rankine cycle (ORC). The unit and
production cost (UPC) of electricity from this system
were 0.11 $/kWh and 5.3 $/GJ, respectively.

Morrone et al. [36] analysed several cogenerate
ORC’s for residential applications in southern Italy. The
hybrid system was fuelled using in-series biomass
boilers and parabolic-trough collectors (PTCs). The
performance analysis results showed that the biomass
consumption rates (about 21.0%) in the hybrid system
was lower compared to heat engines that were fuelled by
biomass only. Moreover, the combination of the heat
sources within the system produces a higher net energy
efficiency (67%) and increased maximum operating
hours.

Chattopadhyay and Ghosh [3] performed a study
that investigated the feasibility of integrating a biomass-
based system (gasifier) to a cooling plant (combined
cycle) in a remote village that has no access to the grid.
The results showed that the plant capacity and daily
operation time needed to meet the village electricity
demand were 100 kWe and 10 hrs, respectively. The
efficiency of the system was 23%.

In another study, Chattopadhyay and Ghosh [37]
investigated a triple combined system that consists of a
wood gasifier, a GT unit and an array of solar flat-plate
collectors. The net energy efficiency of the combined
system ranged from 59 to 76%, while the net exergy
efficiency ranged from 19 to 26.5%. The efficiency of
the GT (inlet temperature of 1100 °C) is 27.5 %.

Pantaleo et al. [35] investigated a hybrid system
that consist of a wood chip gasifier, a GT, an ORC unit
and PTCs running on molten salts fluid. A thermal-
energy storage unit (TSU) was also placed between the
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GT, ORC, and PTCs to increase the solar input levels
and to minimise the Cost of Electricity (COE). Their
results revealed that about 1.3 MW was delivered by the
GT system. Whereas in the ORC system, a power of 0.7
MW (with solar) and 0.8 MW (without solar) were
achieved. The global efficiency of the system was 25%.

Liu et al. [39] performed another study on two
hybrid cogeneration systems coupled to a biomass
gasifier.

In the first system, a VTR was utilized in the
gasification process to produce a syngas, which was then
expanded in the Brayton cycle (BC). In the second
system, the VTR was directly used in the BC to preheat
the air exiting the GT compressor. This method helped
to reduce the fuel consumption rate in the system. The
exergy efficiency obtained from the first and second
systems were 34.92% and 33.30%, respectively.

The aforementioned literature reviews have
indicated that either a solar field or a biomass has been
incorporated to a combined cycle system. Through a
preliminary ~ comparison, each method taking
individually appeals with benefits such as energy loss
reduction (during intermediate energy conversion
process), generation of the required heat needed in the
Rankine cycle (RC), increased net power and high
efficiency.

Despite the knowledge gained from the previous
studies, systems harnessing both solar fields and
biomass energies simultaneously have not been
thoroughly investigated. Reports are also sparse on the
deep optimization of biomass combined cycle (BCC)
and SPT systems to achieve optimum power and high
efficiency. An attempt to reduce the gap through this
study, has been to investigate a hybrid system that
involves the combination of BCC and a solar field unit
(i.e., SBCC) using the Cycle-Tempo software. The
biomass considered for the proposed system is a
sawdust. This renewable energy source is selected
mainly because it is clean, abundant in nature and its
applications are enormous in regions where fossil fuel
resources are either limited or restricted.

2. SYSTEM CONFIGURATION

The BCC and SBCC systems consist of a biomass unit, a
gasifier unit, and a combined cycle (GT and ST) unit.
The main distinction between these two systems is the
addition of solar energy in the SBCC system. In this
study, the optimisation of the SBCC system is
performed using two different modes of operation: fuel
economy mode (FEM) and energy boosting mode
(EBM).

In the FEM, hot air from a VTR on top of an SPT
unit is employed to preheat air exiting the GT
compressor using a non-contact heat exchanger (NCHE
1) before reaching the combustor unit. Thereafter, the
compressed hot air is mixed with biomass syngas inside
the combustor, resulting to a high temperature flue gas.
Subsequently, the flue gas is expanded in the turbine for
power generation [17], [40]-[42].

In the EBM, the mode of operation is like that of
the FEM. The difference between the two modes is that
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in the EBM, the hot air from the solar VTR is also used
in the NCHE 2 to reheat the flue gas exiting the GT
exhaust, as shown in Figure 1. This approach helps to
achieve optimum net power, high efficiencies, and the
required steam for the ST cycle.
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To carry out this modelling, the performance of the
BCC system (standard mode, SM) is initially analysed
and thereafter, the FEM and EBM are modelled. Their
performances are then compared to that of the SM.
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Fig. 1. Schematic diagram showing the EBM structure of the SBCC system.

3. THERMAL PRINCIPLES OF THE SBCC
SYSTEM

3.1 Biomass Gasification System

The biomass gasifier system modelled in the present
study is primarily a downdraft type. Other subsystems

Table 1. Biomass composition and gasifier characteristics.

include a gas cooling unit, and a cleaning unit to remove
tar, ash, and dust contaminations. Table 1 presents the
characteristics of the applied sawdust and the stationary
bed gasifier. These parameters are similar to those found
experimentally in the literature [43]-[45].

Gasifier parameters Present model Fortunato Modelled Altafini Experimental
Gasifier Gasifier

Type Stationary-bed Stationary-bed Stationary-bed
Downdraft Downdraft Downdraft

Gasification agent Air Air Air

Operating pressure (bar) 25 1.013 0.93

Preheated air temperature (°C) 99 18 20

Oxidant / biomass ratio 1.67 2.07 1.83

Fuel specifications

Biomass Saw dust Saw dust Saw dust

Maximum consumption (kg h™) ~12.6 =12 ~12

Element composition

C (%) 52.00 52.00 52.00

H (%) 6.07 6.07 6.07

N (%) 0.28 0.28 0.28

O (%) 41.55 41.55 41.55

SiO2 (Ash) content (%) 0.10 0.10 0.10

Moisture (H20) content (%) 10 10 11

LHV (kJ/kg) 16935 16935 19087

Gasifier output

Outlet temperature (°C) 908.29 850 832

Pressure (bar) 25 1.013 0.92
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The pressure and temperature applied in the
gasifier are 25 bar and 800 °C, respectively. The
oxidant/biomass ratio, Xor, is 1.67. An air booster
compressor system of about 99 °C is applied at the
gasifier inlet to increase the gasification efficiency.

For the gasification process, all reactions and
pyrolysis products are presumed to be in chemical
equilibrium before leaving the gasifier. Moreover, these
products burn and achieves equilibrium reactions, as
given by [46], [47],

€ +C0, > 2C0 1)
€+ H,0 - CO + H, @)
C +2H, > CH, ?)

The coupling of Equations (1) and (2) produce the
water gas shift reaction, as given by,

CO + Hy,0 > CO, + H, )

The global equation of a biomass gasification reaction
is given by [46], [48].
CH,O,N. + wH,0
+ m(0, + 3.76N,)

- n.H, + n,CO ®)
+ n3C0, + nyH,0
+ nsCH, + ngN,

where CH,O0,N. denotes the generalized unified
chemical formula for a dry biomass fuel and m
represents the ratio of the kilomoles of air against the
kilomoles of biomass. The subscripts a, b, and ¢, denote
paper and wood chemical formulas for a single carbon
atom, and their values are CH; 4000765 Nooosez and
CH, 440, 66 , respectively [46], [49]. The coefficients n,
to ng represent the number of each gas specie in moles

T(°C)
Tys= 1289[

T;;=1190

Ty=15

(H,, CO, CO,, H,0, CH, and N,), while w denotes the
biomass moisture content, as given by [46],

_ MbiomassMC (6)

Y= 1801 - M)

where Mc represents the mass-based moisture content
per moles of wood.

After the gasification process, the bio-syngas is
separated from ash and then subsequently cleaned
through a cyclone at 500 °C to remove dust, hydrogen
sulphide (H,S), tar and other sulphuric compounds. The
gas cleaning process eliminates the contaminants
without affecting the composition of the syngas. The
expression used to determine the efficiency of the
biomass gasifier is given as [37],

Mp,gas * LHV gas )

Mpiomass * LHVpiomass

ngasification =

where m,, ;s (m,,4) represents the producer gas mass,
Mpiomass (Mg) 1S the rate of biomass consumption,
LHV, 445 represents the low heating value of syngas and
LHV);omass denotes the biomass low heating value.

3.2 Gas Turbine Cycle
= System description

The gas turbine system modelled in this study applies
the Brayton cycle principles. In this system, a GT
compressor is first employed to preheat ambient air.
Subsequently, the heat exchanger (NCHE 1) is
incorporated between the compressor and combustor to
further raise the fluid temperature. This approach often
ensures that the fuel consumption rate is reduced, while
increasing the flue gas temperature (Figure 1). The
schematic diagram of temperature, T, versus entropy, s,
in the GT system is depicted in Figure 2.

Fig. 2. Temperature versus entropy in the GT system.

The key processes in the GT system are given as
follows [50]:

i. The isentropic compression is performed in the
compressor from point 20 to 21.

ii. The preheated compressed air is performed
from point 21 to 35.

iii. The addition of heat into the combustion
chamber (CC) is performed from point 35 to
25.

www.rericjournal.ait.ac.th

iv. The intermediate cooling of the flue gas is
performed from point 25 to 37.

v. The isentropic expansion is performed in the
turbine from point 37 to 38.

vi. The heat rejection is performed from point 38
to 20.

The compressor exit temperature, T, (point 20 to

21) is given by [50],
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Ya—1
r.Ya —1
T21 = TZO . 1 + C— (8)
Ne
where 1, =T, ' —Ty0/To1 —To represents the

isentropic efficiency for the compressor, T, and T
denote the inlet and outlet temperatures for the
compressor, T,,' signifies the isentropic temperature at
the compressor outlet and y, = 1.4 denotes the air heat
capacity ratio.

The adiabatic temperature of the turbine, T5g', and
the discharge temperature of the turbine, Tsg, is given by
[50], [51],

/ T3,
Tso =51 ©)
r, Yo
T3g = T3; — N7 - (T37 — T3g") (10)

where T;, represents the temperature of combustion flue
gas, v, = 1.33 signifies the flue gas heat capacity ratio
and nr denotes the turbine isentropic efficiency.

The NCHE 1 temperature (point 28 to 35) is given
by,

Tss = Tog + Nncue (Tzg — Tag) (11)

The heat, Q;,,, supplied after isentropic expansion in the
turbine (point 37 to 38) is given by [52], [53],

Qin = Mg - Cpq - (T37 — Tpg) (12)

where m, represents the mass rate for air, cp,
1.0 kJ/(kgK) denotes the specific heat for air and
Nncre Signifies the NCHE efficiency.

The work performed in the compressor, We, (point
20 to 21) is given by,

219

The work performed in the gas turbine, Wer, (point
37 to 38) is given by [52], [53],
Wer = cpg (T37 — Tsg)

where cp, = 1.15k]/(kgK) denotes the specific heat

for flue gas.
The ratio of work in the turbine, Watio, is given as,

(14)

Wer-Wc¢
Wer

IWratio = (15)

The amount of work performed in the GT, Wy,o¢ 7,
is given by [53],

Wnet_GT = Wer — We) (16)

The total work or power in the Brayton cycle is
given by,

Wnet_GT = Npc X Qin (17)

The Brayton cycle thermal efficiency, ng., is given
by,

1 _ (T37 = T38") — (Ta1' — Tz0)
Yool (T37 — T21")

(rr) Yo

NBc = 1- (18)

3.3 Steam Turbine Cycle
= System description

The steam turbine system modelled in this study applies
the Rankine cycle principles. This system uses a heat
recuperation steam generator (HRSG) to produce a hot
steam. An advantage of using this approach is that it
significantly help in the reduction of CO, emission from
the GT exhaust. The HRSG unit is made up of a
superheater, an evaporator and an economiser (Figure
1). The schematic diagram of temperature versus
entropy in the ST system is depicted in Figure 3 [54].

We = cpg - (Tp1 — Tao) (13)
T (°C),
676.14 68
1
41
-, —FP—. N ’f’ H
, N A
’ \ / i
/
El/ . 70 bar 68/ i
\ i
\ I
I’ L 4 N\ :
15(, S o .i.
—_— - J
24.08 /,70 < 3 4 59’

S

Fig. 3. Temperature versus entropy in the ST system. Line 68-69-70-15-B-68 = saturated cycle. Line 68’-69°-70-15-B-68’ =
superheated cycle. CP = critical point.

The key processes in the ST system are given as
follows [55]:

i. The adiabatic reversible compression is
performed in the condenser (point 70 to 15). In
this process, the saturated liquid flowing from
the condenser (point 70) is pumped to
subcooled liquid at the HRSG (point 15).

Process 15 to 68 or 15 to 68’ is the constant-
pressure heat addition in the steam generator.
Line 15-B-68-68’ is a constant-pressure line
and B represents a boiler. Line 15-B in the
Rankine cycle is called an economizer. It
represents bringing the subcooled liquid at
point 15 to the saturated liquid at point B. Line

www.rericjournal.ait.ac.th
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B-68 in the cycle is the process involving the
boiler and evaporator under a constant pressure
of 70 bar. The process also signifies the heating
of the saturated liquid to saturated vapor.
Thereafter, the saturated vapor in the
evaporator flows back to the boiler. Line 68-68’
in the cycle is called a superheater. It represents
heating the saturated vapor at point 68 to point
68’.

iii. Process 68-69 or 68’-69° is the adiabatic
reversible expansion through the turbine. In this
process, the high temperature steam flows
through the rotating ST blades to produce
electric power. The exhaust vapor at point 69 or
point 69” is normally in the two-phase region
stage.

iv. Process 69-70 is a two-phase mixture
condensing stage, where heat rejection takes
place in the condenser at constant pressure and
temperature. The rejected vapor from the ST is
then converted back to a liquid form and reused
in the subsequent cycles.

The heat energy, Qgc, supplied to the Rankine

cycle is given by [55]-[57],

Qrc = Mpc(heg — hys) (19)
The work performed in the turbine, Wy, is given

by,
Wsr = mpc - (heg — heo) (20)

The rejected heat , q,, after the condenser stage is
given by,

qr = Mpc * (hgo — 7o) (21)
The work performed by the pump, Wp, is given by,
Wp = mpc - (hys — hyo) (22)

The total work, Wy, s, in the cycle is given by,

Whet st = Wsr — Wp (23)

Whet st = Mpc - [(heg — heo) — (hys — hyo)]

where mp is the mass rate in the cycle, h,, represents
the pump enthalpy, h;s is the preheater enthalpy, hgg

signifies the turbine enthalpy, and hgy denotes the
condenser enthalpy.

The Rankine cycle thermal efficiency, ng. , is
given by [55]-[57],

n — Wnet_ST — (h68 - h69) - (h15 - h70) (24)
ke QRC h68 - hlS

For the combined cycle (GT and ST), the net
power and efficiency are given by [58],

W™t = Wer + Wer — Wayy (25)
e = e BT 400 (26)
Q¢r + Qsr

where W represents the work performed in the gas
turbine, W, signifies the work performed in the steam
turbine, W,,x denotes the work consumed in the
auxiliary, Qg represents the heat delivered to the
Brayton cycle and Qg; denotes heat delivered to the
Rankine cycle.

4. RESULTS AND DISCUSSION

The performance analyses of the SBCC system under
the SM, FEM and EBM at nominal design points are
presented in this section.

4.1 Validation of the Stationary-bed Biomass Gasifier

The production of biomass syngas through an air
gasification technique is a vital part of the SBCC
system. In this system, the syngas obtained from the
downdraft gasifier is composed of sawdust, air and
water (moisture content). Table 2 presents the results of
the sawdust syngas (producer gas) produced in the
current and past studies [43], [44].

The results presented in Table 2 show that the
producer gas quality in the current model compared well
with the syngas results found in previous studies [43],
[44]. The Hz and CH4 contents are higher in the current
model, while the CO, N, and CO; contents are lower
compared to those obtained by Altafini et al. [43]. The
LHV of the sawdust syngas is 4.61 (MJ/kg), while the
high heating value (HHV) is 5.0 (MJ/kg). The efficiency
of the gasifier is 85%.

Table 2. Sawdust gasifier performance results: Present and previous models.

Present Model Gasifier

Fortunato Gasifier Altafini Experimental Gasifier

Sawdust syngas composition

H2 (%) 15.95
CHa (%) 2.92
CO (%) 17.98
N2 (%) 41.92
CO; (%) 11.41
Gasifier output

Outlet temperature (°C) 908.29
Pressure (bar) 25
Gasification efficiency (%) 85

14.95 14
2.60 231
19.45 20.14
50.23 50.79
12.16 12.06
850 832
1.013 0.92
73 63
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Table 3. The performance results of the SBCC system under SM, FEM, and EBM at 9 bar.
Standard mode (without solar fields)

Descriptions No Equipment Type Energy Totals Exergy Totals
Consumed 16 Source & Sink 10 79594.50 89130.62
power (kW) 79594.50 89130.62
1 GT Generator GT_G 18063.40 18063.40
2 ST Generator  ST_G 11282.73 11282.73
Gross power (kW) 29346.13 29346.13
Power consumed by 29 Compressor 29 1230.63 1230.63
auxiliaries (kW) 48 Pump-one 8 9.29 9.29
53 Pump-two 8 135.96 135.96
61 Pump-three 8 129.72 129.72
1505.61 1505.61
Net power (kW) 27840.53 27840.53
Efficiencies gross 36.870 % 32.925 %
net 34.978 % 31.236 %
FEM
Descriptions No Equipment Type Energy Totals Exergy Totals
Consumed 16 Source & Sink 10 79594.50 89130.62
power (kW) 79594.50 89130.62
1 GT Generator GT_G 30144.23 30144.23
2 ST Generator  ST_G 20073.46 20073.46
Gross power (KW) 50217.70 50217.70
Power consumed by 29 Compressor 29 1230.63 1230.63
auxiliaries (kW) 14 Pump-one 8 0.00 0.00
48 Pump-two 8 12.53 12.53
53 Pump-three 8 194.33 194.33
61 Pump-four 8 203.59 203.59
1641.09 1641.09
Net power (KW) 48576.61 48576.61
Efficiencies gross 63.092 % 56.342 %
net 61.030 % 54.500 %
EBM
Descriptions No Equipment Type Energy Totals Exergy Totals
Consumed 16 Source & Sink 10 79594.50 89130.62
power (kW) 79594.50 89130.62
1 GT Generator GT_G 30144.23 30144.23
2 ST Generator  ST_G 22349.00 22349.00
Gross power (kW) 52493.23 52493.23
Power consumed by 29 Compressor 29 1230.63 1230.63
auxiliaries (kW) 14 Pump-one 8 0.00 0.00
48 Pump-two 8 13.26 13.26
53 Pump-three 8 206.08 206.08
61 Pump-four 8 220.48 220.48
1670.45 1670.45
Net power (KW) 50822.78 50822.78
Efficiencies gross 65.951 % 58.895 %
net 63.852 % 57.021 %
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Fig. 4. The flow process of the SBCC system under the EBM at 9 bar.
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4.2 The SBCC System Modelling Results

The hybrid SBCC system considered in this study is
composed of a biomass gasifier, a solar field, an ST, and
a GT (Figure 1). In this system, two different modes
(FEM and EBM) are modelled and compared to a BCC
(SM) system with no solar fields. To configure the
SBCC system, a solar VTR data, with an outlet
temperature of 800 °C [59]-[60] is introduced directly
into the system through the heat exchangers (NCHE 1
and NCHE 2) in the Cycle Tempo software (Figure 4).

The inlet temperature and constant compressor
pressure of the SBCC GT in the FEM and EBM are
1187.87 °C and 9 bar, respectively. Whereas in the SM,
the GT inlet temperature is 879.92 °C at a pressure of 9
bar. Table 3 presents the performance results of all the
modes (SM, FEM and EBM). Figure 4 presents the flow
process of the SBCC system under the EBM.

From the thermodynamics standpoint, the EBM
(energy = 64% and exergy = 57%) produces a higher
efficiency compared to the FEM (energy = 61% and
exergy = 55%) and SM (energy = 35% and exergy =
31%). Similarly, the net efficiency delivered in the FEM
and EBM is greater than those obtained in the SM.
Moreover, the efficiency obtained under the FEM and
EBM is significantly higher than those (energy =
30.88% and exergy = 33.30%) found in Liu et al. [39],
which uses a GT turbine inlet temperature of 1287.85
°C.

The net power delivered under the EBM is
approximately 51 MWe (30.1 MWe GT power, 22.4
MWe ST power and 1.7 MWe auxiliary power), as

60

FEM

SM
| | I m Power
0
5 9 15 5 9 15 5 9 15

Power (MWe)
] w . u
o (=] [} (=]

[y
[=]

shown in Table 3. Whereas the net power delivered in
the FEM and SM is 49 MWe (30.1 MWe GT power,
20.1 MWe ST power and 1.6 MWe auxiliary power) and
28 MWe (18.1 MWe GT power, 11.3 MWe ST power
and 1.51 MWe auxiliary power), respectively. The
above results show that the net power produced in the
EBM and FEM is higher than those obtained in the SM.
Comparing these results to previous studies, the power
generated under the EBM (51 MWe) and FEM (49
MWe) compares well with the 49.3 MWe found in Liu
et al. [39].

Referring to Table 3, the elevated power delivered
by the ST under the EBM and FEM is due to the
incorporated solar energy and GT exhaust flue gas. In
the EBM, an inlet temperature of 688.18 °C is obtained
in the ST using a GT flue gas of 723.18 °C. Whereas in
the FEM and SM, the ST inlet temperatures of 638.18
°C and 425.21 °C are obtained using the GT flue gas of
673.18 °C and 460.21 °C, respectively.

The variation of the GT compressor pressure
between 5 bar and 15 bar contributes significantly to the
overall power generated from the different modes. When
the pressure is increased from 9 to 15 bar, the power
output decreases from 28 to 25 MWe in the SM.
Similarly, the power output decreases from 49 to 46
MWe in the FEM and from 51 to 48.4 MWe in the EBM
(Figure 5). When the pressure is decreased from 9 to 5
bar, the power output decreases from 28 to 26 MWe
(SM), from 49 to 45 MWe (FEM) and from 51 to 47
MWe (EBM), as shown in Figure 5.

EBM

Compressor Pressure (bar)

Fig. 5. Power generated under varying pressures in the SM, FEM, and EBM.

To make a broad comparison of the power
generated from each mode (Figure 5), an observation
worth noting is that irrespective of the applied pressure,
the hybrid SBCC (EBM and FEM) systems still produce
the best power performance compared to the BCC (SM)
system. This shows that a better solar share is utilised in
the EBM and FEM, which implies a lower COE. The
results also show that for a given biomass composition
and GT inlet temperature, the net power delivered at 9
bar is higher in all the modes compared to when 5 bar
and 15 bar are applied.

The variation of the compressor pressure (5 to 15
bar) also contributes to the exergy transmitted from the
combustor, GT and ST units (Figure 6).

The exergy transmitted from the combustor under
the FEM and EBM (5 bar: 12144.82 kW, 9 bar:
11399.01 kW, 15 bar: 10775.2 kW) is lesser than that of
the SM (5 bar: 18694.1 kW, 9 bar: 16689.66 kW, 15 bar:
15134.74 kW), as shown in Figure 6a. The exergy
transmitted from the combustor unit is higher due to
elevated temperature variation at the inlet and outlet of
the system [38]. Furthermore, the exergy transmitted
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under the FEM and EBM yields greater combustor
efficiencies (89%) compared to the SM (79%). This is
due to the minimal exergy destruction that occurs in
both modes.

The exergy transmitted from the GT under the
FEM and EBM (5 bar: 1082.86 kW, 9 bar: 1535.71 kW,
15 bar: 1532.6 kW) is lesser than that of the SM (5 bar:

Ayeleso A. and A. Raji / International Energy Journal 22 (September 2022) 215 — 230

1091.68 kW, 9 bar: 1552.09 kW, 15 bar: 1547.73 kW),
as shown in Figure 6b.

The exergy transmitted from the ST under the FEM
(5 bar: 5566.55 kW, 9 bar: 4964.41 kW, 15 bar: 5556.22
kW) and EBM (5 bar: 6143.85 kW, 9 bar: 5527.17 kW,
15 bar: 6134.16 kW) is higher than that of the SM (5
bar: 3127.72 kW, 9 bar: 2790.35 kW, 15 bar: 3268.58
kW), as shown in Figure 6c.

Exergy transmitted from the combustor

Exergy (kW)

SM
FEM EBM
| I | | | | m Combustor
5 9 15 5 9 15 5 9 15

Compressor Pressure (bar)

(@)

Exergy transmitted from the gas turbine (GT)
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8 &
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8 8

SM
5 9 15 5
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9 15 5 9 15
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Fig. 6. Exergy transmitted under varying pressures in SM, FEM, and EBM from: (a) The combustor unit, (b) The GT unit,
(c) The ST unit.
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The exergy analyses in Figure 6a and 6b show that
the combustor and GT units produce the best
performance under the EBM and FEM unlike in the SM.
Moreover, the incorporation of biomass (sawdust) and
solar energy in the SBCC system could contribute to
significant cost reduction unlike the conventional
systems [59]-[62]. The use of clean energy in the
conventional plants helps to reduce the rate of
consumption of fossil fuels and natural gases. This
approach also helps to minimize environmental
pollution such as high turbine exhaust fumes and CO;
emissions.

In future studies, more investigations would be
conducted to evaluate the performance of the optimised
SBCC system using sawdust and cow dung mixtures.
The outcomes could intensify the sustainability of
biomass for rural electrification, decrease the cutting
down of trees, and reduce the harmful effect of manure
decomposition in the environment.

5. CONCLUSION

An optimised hybrid SBCC system consisting of a solar

field, a biomass gasifier, an ST, and a GT have been

modelled in this study for large power generation. For

the SBCC system optimisation routine, two different

modes of operation (FEM and EBM) are investigated

under nominal conditions from the viewpoints of power,

efficiencies, and environmental terms. The performance

of the SBCC system under the FEM and EBM are

compared to the BCC (SM) system. This vyielded

insights into the system’s operation. The major findings

are summarised below:

=  The sawdust gasification produces a cold gas
efficiency of 85%, with LHV of 4.61 MJ/kg and
HHYV of 5.0 MJ/kg.

=  The energy and exergy efficiencies in the SBCC
system under the EBM and FEM are higher than
those obtained in the SM.

=  The net power generated in the SBCC system
under the FEM and EBM is higher compared to the
SM. Moreover, the high output power achieved in
the EBM signifies a better and suitable system.

=  The optimum exergy level is obtained in the
combustor. Moreover, the exergy efficiency
realised in the combustor at a pressure of 9 bar is
higher in both FEM and EBM (89%) than in the
SM (79%).

=  The net power delivered at a 9 bar compressor
pressure is higher in all the modes compared to
when 5 bar and 15 bar are applied.

= The exergy transmitted from the combustor when
the compressor pressure is varied between 5 bar
and 15 bar is lesser in the FEM and EBM than in
the SM. Likewise, the exergy transmitted from the
GT when the pressure is varied between 5 bar and
15 bar decreases in the FEM and EBM as
compared to the other mode. Conversely, in the
ST, higher exergy losses are recorded in the FEM
and EBM.

The above findings revealed the performance (benefits

and limitations) that should be taken into consideration

when designing an optimised SBCC system. The system
could offer enormous opportunities to utilise the
existing, reliable and sustainable energy. It could also
serve as an alternative to the conventional power plants,
especially in regions where fossil fuel resources are
either limited or restricted.
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NOMENCLATURE

Symbols

CH,OuN, Generalized formula for biomass fuel

[dimensionless]
m Kilomoles of air per kilomoles of
biomass [kmol/kmol]

ny - ng Number of moles [mol]

wy Moisture content of biomass [%]

M Mass based moisture content per mole
of wood [kg]

w Moisture content of biomass [%]

My gas Mass of producer gas [kg]

Mpiomass Biomass consumption rate [kg h™]

LHV, gas Low heating value for syngas [MJ/kg]

LHVpiomass  Low heating value for biomass
[MJ/kg]

Ne¢ Isentropic efficiency of the compressor
[%]

Tso Inlet temperatures of the compressor
[°C]

T Exit temperatures of the compressor
[°C]

Ty, Isentropic temperature at the
compressor outlet [°C]

re Pressure ratio of the compressor
[dimensionless]

Ya Aiir heat capacity ratio [dimensionless]

Tsg' Adiabatic temperature of the turbine
[°C]

Tsg Discharge temperature of the turbine
[°C]

T3 Temperature of combustion flue gas
[°C]

Yy Flue gas heat capacity ratio
[dimensionless]

nr Turbine isentropic efficiency [%]

T3s Temperature of heat exchanger [°C]

TINCHE Efficiency of the heat exchanger [%]

Qin Heat supplied to gas turbine
[Joule/sec.]

mg, Mass of the air medium [kg/s]
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CPa
We

Wer

Py

Tr
Wratio
Wnet_GT

Npr

Qre
Wsr

Wp

Wnet_ST

ar

QST

Abbreviations

LHV
GT
PV
CSP
SPT
VTR
ST
BCC
RC
UPC
PTCs
COE
BC
HRSG
TSU
RC
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Specify heat for air [k ] /(kgK)]
Work performed by compressor
[k]/(keK)]

Work performed by the GT
[k]/(kgK)]

Flue gas specific heat [k J/(kyK)]
Ratio of pressure in the turbine
[dimensionless]

Ratio of the work done
[dimensionless]

Net power delivered by the gas turbine
[kwW]

Brayton cycle efficiency [%)]

Heat energy flow input to RC [kKW]
Work performed by the steam turbine
[kw]

Work performed by the pump [kW]

Net power delivered by the steam
turbine [kW]

Rejected heat after the condenser stage
[kwW]

Thermal efficiency of RC [%]
Rankine cycle mass rate [kg/s]
Enthalpy in the pump [kJ/Kkg]
Enthalpy in the condenser [kJ/kg]
Preheaters enthalpy [kJ/kg]

Turbine enthalpy [kJ/kg]

Consumed work by the auxiliary [kW]
Net power of gas and steam turbines
[kW]

Net efficiency of gas and steam
turbines [%]

Heat delivered to the Brayton cycle
[kw]
Heat delivered to the Rankine cycle

[kw]

Low heating value

Gas turbine

Photovoltaics

Concentrated solar power
Solar power tower
Volumetric-type receiver
Steam turbine

Biomass combined cycle
Rankine cycle

Unit product cost
Parabolic-trough collectors
Cost of electricity

Brayton cycle

Heat recuperation steam generator
Thermal-energy storage unit
Rankine cycle
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SBCC Solar-biomass combined cycle

FEM Fuel economy mode

EBM Energy boosting mode

NCHE Non-contact heat exchanger

FB Fixed-bed

Xor Oxidant to biomass ratio

HS Hydrogen sulphide

T Temperature

S Entropy

MW Megawatt

cC Combustion chamber

HHV High heating value
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