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Abstract

Among green energy sources, biomass has significant advantages over fossil fuels in terms of cost and environmental impact.
However, the presence of a high moisture content in biomass negatively affects its combustion energy, resulting in a lower
flame temperature and an increase in the production of undesirable gaseous compounds, which can lead to operational and
environmental problems. The biomass must therefore be dehydrated before it can be burnt to produce electricity. To optimise
energy efficiency and minimise the costs associated with drying, it is essential to design an efficient thermal integration
between the steam power plant and the biomass dehydration stage. In this study, enthalpy analyses are carried out on a biomass
power plant that uses agricultural waste (dried banana peel) as fuel, with a view to assessing the energy efficiency, exergy and
CO; emissions produced. The Rankine-Hirn cycle was used to model the biomass power plant through exergy and
environmental analysis. A custom code was designed in Matlab to obtain our results. The results of this study show that the
optimal output enthalpy of the pump is 450 KJ.Kg* for a maximum value of the exergy efficiency of the biomass plant of
41%; the optimum enthalpy at the turbine outlet is 200 KJ/Kg for an energy efficiency of 95%; the maximum energy efficiency
is 88%, when the enthalpy at the turbine inlet reaches its optimal value at 3400 kJ.Kg™. This system can be used to generate
electricity in areas where access is limited.
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1. Introduction

Biomass is organic matter that can be converted into en- namic and kinetic properties of chemical reactions, such as
ergy using conversion techniques that exploit the thermody- anaerobic/aerobic digestion, combustion, pyrolysis and gasi-
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fication, which are governed by the principles of thermo-
chemistry and biochemistry. Biomass encompasses a diverse
range of organic materials, including specific energy crops
and wastes such as forestry residues (cotton stalks, paddy
straw, rice husks, sawdust), as well as various agricultural
and industrial by-products that can be recovered for energy
production. Direct combustion is an exothermic thermo-
chemical step that converts solid fuels into heat and steam. It
is well suited to biomass because of its low cost and reliabil-
ity, and is essential for producing electricity in biomass
power plants [1]. The steam produced can be used for indus-
trial applications or to generate electricity. The design of a
biomass combustion plant depends on the properties of the
fuel, environmental regulations, costs and energy and pro-
duction capacity requirements for efficient, environmental-
ly-friendly operation [2]. The physico-chemical properties of
the fuel have a significant impact on the selection and design
parameters of the combustion system. In particular, the
moisture content of the fuel is a critical factor that signifi-
cantly influences combustion efficiency and stability. The
physico-chemical properties of the fuel, in particular the
moisture content, have a considerable influence on combus-
tion efficiency and stability, thus affecting system selection
and design parameters. Modern biomass combustion systems
require a specific moisture content range for the fuel to en-
sure emissions and efficiency meet standards. Using fuel
outside this range can cause the system to shut down auto-
matically to prevent malfunctions [3]. Biomass has a wide
range of moisture content, from 10% for cereal straw to
50-70% for forestry waste, depending on its origin and
composition [4]. Industrial sludge and fresh microalgae have
a high moisture content, in excess of 90% respectively [5].
The use of dried fuels in combustion plants optimises ther-
mal efficiency, intensifies steam generation, minimises en-
ergy expenditure, reduces atmospheric emissions and im-
proves the performance of steam generators [6]. Research is
exploring the synergy between a wood processing unit, a
pellet manufacturing plant and a hybrid energy installation
using organic residues in a specialised thermal system [7].
The analyses reveal that up to 18% of the organic residues
generated by the wood processing unit can be recovered
using a synergistic production approach. The study presents
an energy and economic assessment of various biomass co-
generation plants, comparing the performance of different
technologies: organic Rankine cycle (ORC), Stirling engine,
steam engine, steam turbine and gas engine, as described in
[8]. The assessment reveals that, in the Serbian context, the
implementation of cogeneration systems in small-scale wood
processing units (around 10,000 m3/year) is not financially
viable. Diversified organic resources, particularly forest
residues, can be used to power decentralised hybrid energy
systems. One study proposes an innovative hybrid energy
plant combining a variety of biomass (wood waste, wood
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chips) and concentrated solar energy via parabolic trough
collectors, as described in [9]. A hybrid energy plant com-
bining photovoltaic solar energy and bioenergy resources is
analysed in [10].

A similar principle should be applied to optimise the yield
of a biomass energy plant. Using steam to dry the biomass
minimises energy losses in the boiler and condenser, im-
proving the overall efficiency of the system. In what follows,
the use of dried banana peels to study the impact of enthalpy
on improving the energy efficiency of a biomass power plant
is carried out. After drying, banana peels have a moderate
moisture content of 10% to 12%.

The important and current contributions of the present
study to biomass power plant research are:

1) Integrated Energy + Exergy + Environment approach:
This enables us to better identify the major sources of
useful energy wastage and optimize cycle design (Ran-
kine, ORC, etc.).

2) Environmental assessment based on lost exergy: Re-
duce biomass consumption for the same production.

3) Support for energy transition and decarbonization: A
better understanding of exergo-environmental perfor-
mance helps to reduce the ecological impact and im-
prove the competitiveness of these power plants.

2. Materials and Methods

2.1. Description of the Plant

The fundamental concept of a cogeneration plant is based
on the recovery and use of the thermal waste generated by
the electricity production equipment, which requires a suffi-
ciently high discharge temperature to enable this residual
energy to be used efficiently. Many cogeneration plants
generally use gas turbines, steam turbines or internal com-
bustion engines to generate electricity. New technologies,
such as fuel cells, are also being developed and can be inte-
grated into cogeneration systems. The diagram in Figure 1
illustrates the main energy flows and highlights three key
areas of energy conversion in a steam turbine cogeneration
plant.

1. Recovery of the high-temperature heat contained in the
exhaust gases at boiler level, which will make steam
available at the end of the process.

Transformation of the thermal energy of superheated
steam into mechanical energy at the turbine, thanks to
the steam which undergoes expansion through the tur-
bine wheels available on the rotor.

The conversion of mechanical energy from the turbine
rotor into electrical energy at the generator, which is
then transmitted to the grid or to an isolated load.
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Figure 1. Energy transformation chains in a cogeneration plant.

2.2. Mathematical Modelling

2.2.1. Energo-exergetic Analysis

1). Rankine Cycle or Ideal Rankine Cycle

The theoretical Rankine cycle, named after the Scottish
physicist William J. Rankine, serves as a fundamental model
for thermal and nuclear energy installations, where water is
used as a transfer agent to convert thermal energy into me-

Temperature T

chanical work. In a theoretical framework, turbines are
treated as operating in an isentropic cycle, which means a
reversible adiabatic transformation. In practice, machines can
never achieve perfection, and efficiency coefficients will be
built in later to take account of this. The thermodynamic
cycle represented in the (T-S) diagram, known as the Ran-
kine cycle, is illustrated in Figure 2. The 4 stages of the cycle
are as follows:

'Y
T2 - : P2 = constant
Critical point
Saturation line —___
S — - Water zone
Liquid zone Water zone
(water) o
Liquid-vapour zone
1 (water-vapour)
Tl
—_—
T4 P3 = constant
4 3
h -
S1 g2 Entropy S

Figure 2. Ideal Rankine cycle with superheating of the steam produced.

Process (1-2): Heat transfer to the fluid. Heat is produced
by a fuel. Water enters the boiler, absorbs the heat produced
and exits as superheated steam.

Process (2 -3): Expansion. The steam passes through the
turbine, losing its pressure. The enthalpy lost by the steam is

transformed into work by the rotating turbine.

Process (3 - 4): Rejection of the heat of condensation into
the ambient environment when steam is transformed into
water in a condenser. This energy can also be extracted to
meet cogeneration thermal loads.
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Process (4-1): Isentropic increase in the pressure of water
supplied to the steam boiler by means of a pump. The water
enters the pump as a saturated liquid and leaves as a
sub-cooled liquid. The work required by this change of state,
i.e. the work supplied by the pump, is generally a fraction of
the work produced by the turbine (typically 5%).

The work produced by the turbine per unit mass of steam
it uses, or work produced in the Rankine cycle, is symbolised
by equation (1) [11, 12, 13].

Wideal =Mz ~N3 (1)

Where Wigea is the work produced by the Rankine cycle,
i.e. the theoretical specific steam consumption, h; is the en-
thalpy of the steam feeding the turbine and hs is that of the
steam leaving the turbine. The enthalpies h, and hs corre-
spond to the same points 2 and 3 as in the diagram in Figure
2, which have the same entropy.

The unit work W actually produced by the steam turbine
(which gives the actual specific steam consumption), takes
into account the fact that the turbine does not operate ac-
cording to the ideal cycle. It is calculated by equation (2)
[13]:

W= @

s Wideal

Where s is the isentropic efficiency of the turbine.

Expression (1) requires information on the enthalpy of the
steam both entering and leaving the turbine.

The enthalpy h, and entropy s, of the steam entering the
turbine can be determined from the pressure at point 2, P>,
and the temperature T of the superheated steam, two param-
eters defined by the user. The enthalpy hs at the outlet of the
extraction point can be determined as a function of the tur-
bine outlet pressure Ps, also specified by the user, and the
entropy at the extraction point ss (equal to s, on the assump-
tion of an isentropic transformation).

In reality, the device does not behave like a theoretical
model, and additional efficiency losses must be considered.
The energy actually produced by the turbine for each unit
mass of steam (or the effective specific steam consumption)
can be established as a function of the total isentropic effi-
ciency of the turbine-generator system, as shown by rela-
tionship (3) [13]:

W =g Wideal 3)

In practice, efficiency is influenced by various elements
along the steam path, including the diameter of the nozzle
opening.

The electrical power produced by the turbine can now be
obtained by multiplying the unit work produced by the mass
flow rate of steam supplied to the turbine. This is represented
by equation (4) [14, 15]:
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Pelec =MW 4)

Where W is the work actually produced per unit mass of
steam entering the steam turbine-generator unit.

The thermal capacity of the turbine is then symbolised by
formula (5) [14]:

Qe =m( )

Steam quality index

The quality index of the steam leaving the turbine is ob-
tained from the entropy of the water which may begin to
appear at the turbine outlet and the entropy of the steam
leaving the turbine, according to the following formula (6)
which applies to the two-phase mixture [13]:

537%
Sy ™9

X3 (6)

where X3 indicates the quality coefficient of the steam emit-
ted by the turbine, sz corresponds to the entropy of this steam,
s1 refers to the entropy of the water introduced into the steam
boiler at the turbine outlet pressure, and sy symbolises the
entropy of the steam in the saturated state at this pressure.
When the steam quality coefficient is below 1, this means
that the steam is damp.

If the water vapour quality coefficient is below 1, this
means that the vapour contains water in the form of small
drops (this vapour is then referred to as humid).

In general, a steam turbine requires a minimum quality
coefficient of between 0.90 and 0.95. If this coefficient is too
low, it can lead to wear of the turbine blades, caused by the
impact of water droplets on them, thus increasing the
maintenance costs of the electricity generation system. When
the pressure of the extracted steam is higher, the quality
coefficient of the steam circulating in the turbine increases. If
it is not possible to extract the steam at a higher pressure, it
will be necessary to use several steam turbines and possibly a
reheater or moisture separator. This will help to reduce
maintenance costs, but will increase the initial outlay on the
equipment.

2). Hirn Rankine Cycle

The Hirn Rankine cycle is an adaptation of the Rankine
cycle that incorporates pressure losses and system inefficien-
cies. It is used to simulate the actual operation of steam tur-
bines. This cycle comprises the same phases as the Rankine
cycle, but takes into account the following elements [16]:

(a) Modelling pressure losses in heat exchangers

(b) Losses due to turbine inefficiency

(c) Heat loss in pipes

Back-pressure cycle

To generate both mechanical power and a significant
amount of heat, it is preferable to allow all the steam from
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the generator to expand in a prime mover, so that when it
leaves, it is in a suitable state for subsequent use for heating.
The condenser is therefore replaced by a heat exchanger,
which recovers the thermal energy generally lost to the cold
source. Since this heat exchanger operates at a higher pres-
sure than the conventional condenser, it is referred to as a

Chimney

Boiler

Fuel input

Entry

Pump

back-pressure cycle. The process diagram is shown in Figure
3, while the associated thermodynamic cycle is illustrated in
Figure 4. In this scenario, it is essential that the state at the
turbine outlet corresponds to that at point (1) in Figure 4. As
the turbine exhaust pressure is greater than atmospheric
pressure, it is indicated that it is operating at back pressure.

Stream turbine

&

Exhaust vapours

Proceedings

Condensate retrned
to the bodler

Figure 3. Schematic diagram of the installation.
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Figure 4. Thermodynamic diagram of the process.

Heat balance in the turbine
The steam turbine efficiency is expressed by formula (7)
[17, 18]. The power of the steam turbine and that of the

pump are calculated using relations (8) and (9) respectively
[14, 15, 18].
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Indirect method for calculating boiler efficiency

Heat losses can be assessed according to the ASME
(American Society of Mechanical Engineers) test code. This
strict code covers all types of fuel, but in Algeria boilers
mainly use natural gas or fuel oil, making some of the losses
mentioned in the code irrelevant. A simplified method for
calculating the efficiency of a boiler is described by equation
(12) [15, 18, 19, 20]:

input —loss N
ouput

efficiency = 100 (12)

The exergy efficiency of the Rankine-Hirn cycle can fluc-
tuate according to various parameters of the cycle, such as:

1) The temperature and pressure of the steam at the tur-

bine inlet

2) Condenser temperature and pressure

3) Type of working fluid (water, ammonia, etc.)

4) Pump and turbine efficiency

It is calculated by relationship (13) [21, 22]:
Yy Wy

Mex = (13)

Q0
2.2.2. Environmental Analysis

Emissions from the biomass power plant are calculated
using equation (14) [23].

Q3_g ="M, (h—P3) (10)

W, =, (hy—hy (11)

Heat balance in the boiler

To ensure that a boiler is working properly, it is necessary
to carry out a heat balance and identify any faults in its
components, as shown in Figure 5 below.

Loss due to smoke

Losses per shell

Loss by purping

Figure 5. Boiler energy balance.
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m-%C -F
v

EmCO, = (14)

Where m is the mass of biomass burnt per year (t/yr),%C
is generally between 0.45 and 55 tC/t biomass, F is the CO;
emission factor per tonne of carbon burnt (generally it is 3.6
7tCO/tC).

Table 1. Characteristics of the power plant [24].

(0): Turbine input and reading of steam characteristics from
thermodynamic data:

Vo =0, 0611323 m?/kg

ho = 3381,902 kl/kg

So =6, 87382 ki/kg.k

Po=5, 4 MPa
To=480T

1): Turbine output and reading of steam characteristics from
thermodynamic data
V1=0, 68763 m3 /kg
h1=2742,043 kJ/kg
S1=7,0799 kd/kg.k

P1=0, 27 MPa
T1=140T

(1s) Isentropic output and reading of steam characteristics from
thermodynamic data

V1s =0, 649753 m3 /kg
his = 2658, 696 kJ/kg
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X1$=0,972

(2): saturated liquid and reading of vapour characteristics from
thermodynamic data

V2 =0, 001047 m3 /kg

h2 = 440, 239 J/kg

S2 =1, 3628 kJ/kg.k

T2=105<T
P2=0, 27 MPa

(3): pump outlet
P3=5,4 MPa
S3=S2=1, 3628 kJ /kg.k

hs = 445, 608 kJ/kg
V3= 0, 001045 m3/kg

The boundary conditions for this model are as follows:

2800 < h0 < 3400 KJ/Kg (15)
2700 < h1 < 2900 KJ/Kg (16)
1000 < hs < 2500 KJ/Kg (17)
450 < h3 < 500 KJ/Kg (18)
0 < mCO2 < 2000 Kg (19)

3. Results and Discussion

Criteria are used in this analysis to measure system per-
formance, with electrical power and Biomass energy and
exergy yields as the main output indicators. In order to ana-
lyse the impacts of biomass plant enthalpies, various factors
have been considered and are presented in Table 1. The gen-
eral assessment and optimisation was carried out using agri-
cultural residues (dried banana peels) as the fuel source. In
this analysis, the simulation results, in particular the effects
of enthalpies on the performance of the Biomass power plant,
are analysed and the optimal values are presented. The nu-
merical code is written in MATLAB for numerical pro-
gramming.

System performance

Figure 6 shows the effects of isentropic enthalpy on the
energy Yyield of the biomass plant. Thus the increase in isen-
tropic enthalpy from 1000 to 2500 KJ.Kg™? implies a slow
rate of growth in the exergy efficiency of the biomass plant
from 27% to 53%, then increasing significantly to around
73%. This could be attributed to improvements in heat flow
management and optimisations in the biomass-to-energy
conversion process.
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The effects of enthalpy at the turbine inlet on the energy
efficiency of the biomass plant are shown in Figure 7. It can
be seen that varying the enthalpy at the turbine inlet from
2800 to 3400 kJ.Kg* leads to a significant increase in energy
efficiency from 40 to 77%, then increases at a slow rate to an
optimum value for the energy efficiency of the biomass plant
at around 88%. This improvement in efficiency can be at-
tributed to better management of thermal exergy and opti-
mised combustion processes. Achieving maximum efficiency
suggests that the biomass plant is capable of exploiting the
resource very efficiently under certain conditions, such as the
quality of the biomass, which must have a moisture content of
less than 20% in order to improve combustion and reduce losses.

Figure 8 shows that the increase in enthalpy at the turbine
outlet from 2700 to 2900 kJ.Kg™ has a negative impact on
the energy efficiency of the biomass power plant, dropping
from 94.7% to around 68%. This means that much of the
energy that could be used to produce work is lost, affecting
the overall efficiency of the plant. This could indicate a
problem with the turbine design or operating conditions, such as
poorly adjusted fluid flow or sub-optimal pressure conditions.

n
=

[
—

(]
(=]

9
—

ju—,
(=]

Exergetic efficiency (%)

0
450

470 480 490
Enthalpy (kJ/kg)
Figure 9. Effect of the pump hs output enthalpy on exergetic effi-

ciency.

460 500

Figure 9 shows the impact of the pump's output enthalpy
on the exergy efficiency of the biomass plant. It can be ob-
served that the increase in output enthalpy in the Biomass
power plant pump from 450 to 500 kJ.Kg?, leads to a de-
crease in the exergy efficiency of the machine from 41 to 18%
at a rapid rate, then decreases insignificantly to around 8%.
This can be attributed to friction losses, inefficiencies in
energy transfer or non-optimum operation of the pump.

The impact of the enthalpy at the turbine inlet on the pow-
er plant's electrical output can be seen in Figure 10, where it
can be seen that increasing the enthalpy at the turbine inlet
from 2800 kJ.Kg™? to 3400 kJ.Kg? leads to a significant
increase in the Biomass power plant's electrical output from 3 to
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27 MW. That's an increase of 88%. This could be attributed to
optimisations in the combustion and conversion process, ena-
bling the turbine to operate under more favourable conditions.
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Figure 10. Effect of enthalpy at the turbine inlet on the electrical
power produced.
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Figure 11. Effect of biomass mass on CO2 emissions.

The effects of biomass on CO; emissions are shown in
Figure 11. It can be seen that increasing the mass of biomass
from 50 to 2000 Kg leads to a significant increase in CO;
emissions into the atmosphere from 2 to 38 Kg CO». This
may be due to the fact that biomass combustion generates
CO,, and a greater mass of biomass burnt leads to propor-
tionally higher emissions.

The trade-offs between CO, emissions and energy effi-
ciency in a biomass power plant comes down to analyzing
the tensions between environmental and technical perfor-
mance: biomass power plants offer a renewable alternative,
but their high energy efficiency can increase CO, emissions
if combustion is poorly controlled. Optimizing efficiency
while limiting emissions requires advanced technologies and
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sustainable management, illustrating the trade-off between
technical performance and environmental impact.

4. Validation

In this section, the comparison of the results of this study
with those from the literature is established.

In 2022, Ref [25] studied the thermodynamic, economic
and environmental aspects of an integrated system for cooling,
heating and electricity production powered by biomass and
natural gas. The Eco-Indictor 99 method is used to quantify
the environmental impact. The results indicate that the effi-
ciency of the system’s exhaust is 39.45% however in this
study it is 41%, which is a relative error of 3%.

Comparison of this study with that of Ref [26]. The energy
efficiency obtained by Ref [26] is 35.54% using coal as fuel.
In contrast, the efficiency obtained in this study is 40%. The
model presented in this study therefore outperforms that of
Ref [26] using dry banana peels.

5. Conclusion

In the present study, a material, energy and exer-
go-environmental balance model taking into account the
effects of enthalpies was developed to study the performance
of a biomass power plant. The biomass power plant uses
dried banana peels as fuel. The main optimal parameters of
the biomass power plant to achieve higher energy efficiency,
power output and energy yield were determined. The main
results are presented below:

1) Increasing the enthalpy at the turbine inlet increases the
energy efficiency of the biomass power plant to its
maximum value of 88% for an optimum enthalpy value
of 3400 kJ.Kg™.

2) The increase in enthalpy at the pump outlet reduces the
exergy efficiency of the machine.

3) The increase in the mass of dry banana peelings in-
creases the amount of CO> emissions released by the
biomass power plant.

4) The increase in enthalpy at the turbine inlet increases
the machine's electrical power.

Abbreviations
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