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Abstract: This paper presents the modeling of the energy conversion equations describing the total power generated by a
hybrid system of biomass-CHP (Combined Heat and Power) and Organic Rankine Cycle (ORC). A numerical model based
upon the aforementioned conservation equations was developed, coded and results were analyzed. The model is intended to be
used as an optimization and design tool for typical Biomass-CHP systems. The proposed model predicted results compared

fairly with data under various biomass loading conditions.
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1. Introduction

Renewable and nonconventional methods of power
generation such as wind, solar, hydraulic, biomass,
geothermal, thermal storage and waste heat recovery power
generations offer power supply solutions for remote areas
that are inaccessible to the grid power supply [1-4].

Mustafa [5] presented and discussed the electrification of
rural area and a review of power standalone system such as:
solar and hybrid, solar-wind, solar-hydro hybrid, solar-wind-
diesel hybrid, and solar-wind-diesel-hydro/biogas. In
addition, references [5-7] presented and analyzed the
viability and importance of solar energy use in global
electrification. Furthermore, Fargali et al. [8] presented a
biomass and geothermal space heating system that buses PV-
wind to feed the electrical load in different buildings in a
remote area. Their study included mathematical modeling
and MATLAB Simulink model. Mutafa [9], presented a
proposed algorithm for sizing and simulation of various
power systems including PV-Wind hybrid power system that
can simulate the annual performance of different kinds of
these systems structures.

Incineration is one the most effective biomass technologies
for municipal waste disposal, however, it involves pollution

that results from the combustion process. Combustion gas is
generated at the bed combustion where it passes through the
furnace combustion chamber to complete the combustion
process with all reactive gases. The gas in the drying and
pyrolysis zone is cold, however, flue gases from combustion
chamber zone are hot. These gases are mixed up in the
furnace chamber and induced radiative energy is mixed up
with the waste material and wall in the furnace. Therefore,
the main heat and mass transfer in the furnace combustion
chamber are radiation, convection, conduction and moist
content evaporation. All of these heat and mass transfer must
be considered in incinerator’s study.

Various studies have focused on emission reduction in
incinerators, Choi et al. [10, 11, 12]. A process simulation
model for 2 ton/hr incinerator (a combined bed combustion
and furnace heat transfer model) has been presented by Yang
et al. [11], however, the principal author [12], also presented
a useful study on the improvement of operating conditions in
waste incinerators using engineering tools. In their study, one
dimensional model for heat and mass balance, computational
fluid dynamics CFD and global prediction model and
observation model for dioxin are employed. Furthermore,
sophisticated solutions dealing with incinerators such as real-
time simulators for predictive performance of incinerators
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were presented by Gan et al [13]. On the other hand, several
mathematical model have been presented on the modeling of
Organic Rankine Cycle by Sami [14-16, 17, 18], where the
energy conversion process from waste heat to power have
been modeled using refrigerant mixtures.

The implementation of the ORC process into the overall
power plant results in efficient high production of electric
energy. In particular, an integrated ORC Biomass process
provides simultaneously secure supply of electrical energy
and steam-water and/or hot water feed to buildings and
district heating applications. Therefore, this paper is
concerned with the main heat and mass transfer mechanisms
in the furnace combustion chamber such as convection,
conduction and moist content evaporation as well as the
analysis of the biomass-CHP integrated ORC systems. A
numerical simulation using one dimensional model is
presented hereby to describe the biomass incineration-CHP
process and its performance

2. Mathematical Modeling

In the following sections, the energy conversion equations
for each source of renewable energy to an electrical energy
are presented.

3. Biomass Incinerator

The physical phenomena occurring in the incineration
chamber starts with the incineration process above the grate.
The waste is heated up and goes through pyrolysis, volatile
reactions, char and ash cooling. The combustion gas
generated from the bed combustion goes through the furnace
chamber to complete the combustion process. Furthermore,
the different gases from the combustion process are mixed up
in the furnace chamber and exchange radiative energy with
the waste material bed and furnace wall (C. F. Figure 1). The
heat transfer mechanisms taking place inside the combustion
chamber are radiation, convection, conduction and
evaporation [11, 12].

In the following the heat and mass transfer model is
presented for the incinerator furnace model. The flue gas is
released after the waste combustion bed. The radiation is the
major heat transfer by-product because of the high
temperature of the gas. However, other heat transfer
mechanisms are present in the furnace heat transfer such as
convective, evaporation and combustion and must be taken in
consideration in order to solve the energy conversion
equations of biomass incinerators [11-14];

Qadringas — Qadroutyqs = CeombTCraa = Qeonv — Cevap (1)

Where;
Quaringas — Quaroutyas = MgasCogas Tout = Ti) ()
Qaaa = 4.18CVyioMpioNneater (3)

Qconv = hwAwau (Tgas - Twell) )

Qraa = EgA(T4a - T4‘bed) Q)
Qevap = nwaterHevap (6)

Qadringas and Qadmutgas represent the energy in and out of
the furnace chamber, respectively.

The hot flue gas emitted from the incinerator combustion
chamber is coupled with a thermal oil loop and Organic
Rankine Cycle (ORC) to generate refrigerant vapor at the
waste heat boiler as shown in Figure 1. The Organic Rankine
Cycle, (ORC) is a Rankine Cycle that uses a heated chemical
instead of steam as found in the conventional Rankine Cycle.
Non organic and organic fluids are used in Organic Rankine
cycles. Theoretical performances as well as thermodynamic
and environmental properties of few fluids have been
comparatively assessed for use in low-temperature organic
Rankine cycle systems by Sami [16].
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Figure 1. Biomass integrated ORC/CHP system [16, 17].

Readers interested in further details of the efficient use of
ORC where a vapor turbine generator unit is used to generate
electricity as shown in Figure 1 are advised to consult
reference Sami [16]. The flue gas from the incinerator
combustion chamber heats up the thermal oil in the heat
exchanger heater and exits to the ambient at lower
temperature to reduce its impact on the environment since the
thermal oil heat exchanger tank acts as a scrubber. The heated
thermal oil is circulated to the waste heat boiler (WHB) of
the ORC where the refrigerant vapor is generated. The
saturated or slightly superheated vapor expands in the vapor
turbine of the ORC, where electricity is generated at the
generator end of the vapor turbine and supplied to the grid
through switch gear. The expanded low pressure is
condensed in the condenser and pumped to the WHB to
compete the ORC cycle [16]. It has been reported by Sami
[16] that the ORC performance can be enhanced significantly
by using refrigerant mixtures. This study employs refrigerant
mixtures in the analysis of the ORC. The following
thermodynamic equations can be written to evaluate the
performance of the ORC [16];

Wore = Nreu mref(h1 —hy) (7

Qwrs = NwHp Mref (hy — hy) (3
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Heat balance at the ORC is as follows;

moileDiZ(Td - TL):mref(hl - hz)'QC'WP )
w,
Nore = 4 — (10)
WHB

Equation (10) defines the net biomass ORC efficiency that
includes all losses and power consumed by accessories of the
biomass combined heat and power hybrid system. The
thermodynamic properties of the refrigerant circulating on
the ORC is determined by REFPROP [16].

The energy balance on the bio-mass flue gas thermal oil
heater [8, 15] can be used to estimate the thermal oil
temperature time-variation in the heater tank;

mgascpgas(Tinm-l_Touto”) _ mailcpoil(Td_TL)

dT/dtoil = (11)

Vtank80ilCp,y Vtank80iiCp,;;

Where,

Qcomp: Combustion heat added

Q,-qq: Radiative heat

Qconp: Convective heat

Qevap: Evaporative heat

Q.: Heat released by condenser

T: is the temperature thermal oil in heat exchanger tank

8,i1: Density of thermal oil

Viani: Volume of heater

Mgqs: Mass flow rate of flue gas

myp;,: Biomass waste mass material

Myer: Mass flow rate ORC cycle refrigerant

Wore: Work generated at ORC vapor turbine generator

Norc: ORC thermal efficiency

The Biomass-CHP energy conversion efficiency of the
hybrid system can be obtained by;

w,
NBiomass = QO_RC (12)
comb
Where Q.omp is defined as follows;
Qcomp = 4-18CVyioMpioNpio (13)

Where;

CVy;0: Calorific heat value of bio-gas

Npio: Biomass furnace efficiency

Numerical Procedure

The energy conversion and heat transfer mechanisms
taking place during various processes shown in Figure 1, are
described in Equations (1) through (13). These equations
have been solved as per the logical flow diagram presented in
Figure 2, where the input parameters of Biomass, as well as
the ORC and independent parameters are defined. Dependent
parameters were calculated and integrated in the system of
finite-difference formulations. Iterations were performed
until a solution is reached with acceptable iteration error.

The numerical procedure starts with using the biomass
loading to calculate the mass flow rate of flue gas, thermal
oil, and refrigerant circulating in various loops under
specified conditions. The thermodynamic and thermophysical
properties of flue gas, thermal oil, and refrigerant are

determined based upon the initial conditions of the biomass
incinerator loading, lower heating value, air flow rate, excess
air ratio, and combustion products. This follows by using the
finite-difference formulations to predict the time variation of
the oil tank temperature as well as other hybrid system power
outputs and efficiencies. Finally, hybrid system efficiency is
calculated at each input condition.

?
>

Figure 2. Flow diagram of Hybrid system, biomass and CHP calculation.

4. Results and Discussion

In order to solve the aforementioned equation (1) through
(13) and, taking into account that total power may not be
simultaneous, and for validation purposes, this simulation
model and the above mentioned equations were coded with
finite-difference formulations. In addition, for the purpose of
validation and tuning up the predicted output simulated results,
the data was used to validate the simulation program under
various conditions. In the following sections, we present
analysis and discussions of the numerical results predicted as
well as validations of the proposed simulation model.

4.1. Biomass Simulation

Equations (1) through (13) present the heat and mass
calculation balance at the combustion chamber where the
solid waste is fed and process of combustion releases heat
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which is converted to the gas and ash through chemical
reactions. Three loading of municipal solid waste (MSW)
incinerators were considered for this study; 100, 150 and 200
t/d with lower heating values (LHV) of 1000, 1700 and 2300
kcal/’kg for the simulation. The low quality waste
compositions for the simulation were 59% moisture, ash 8%
and combustible 33% [12]. The maximum excess air ratio
was 1.76-2 for the waste of high quality (LHV=2300 kcal/kg)
and the minimum excess air ratio was 1.05-1.26 for the waste
of low quality (LHV=1000 kcal/kg). This is necessary to
maintain the furnace temperature exit within the range of
850-950°C to ensure complete combustion [12]. Yang et al.
[12 reported that increasing the excess air results in
decreasing the combustion gas. It is also worth mentioning
that as reported by Yang et al. [12] carbon and hydrogen
contents contribute to increase the heating value of waste
material. In the waste material selected the carbon and
hydrogen contents were 14% and 2.24%, respectively.

The predicted results of the biomass simulation at different
conditions are presented in Figures 3 through 19. In
particular, Figures 3 and 6 depict the biomass output power at
the ORC generator end as a function of the lower heating
value (LHV) and flue gas flue rate for loading of 200 t/d. It is
quite evident that waste material with higher LHV increases
the output power and similarly higher flue gas flow rates
increases the biomass output power. Similar behavior was
observed at other waste material loadings.
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Figure 3. Biomass output power at 200 t/d biomass loading and different
LHV.
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Figure 4. Biomass output power at 200 t/d biomass loading and different
flue gas flows.

Furthermore, Figures 5 and 6 were constructed to show the
impact of heating values and flue gas flow rates on the
biomass energy conversion presented in the aforementioned
model for biomass loading 200 t/d. It is apparent from these
figures that increasing flue gas flow rate and using material
with higher heating values diminishes the biomass
conversion efficiency. Similar behavior was observed with
other biomass loadings. The results in figures show that the
higher biomass heat supplied the higher output power
generated at the ORC. Since higher and lower temperatures
of the ORC do not change, only increasing the heat input at
the incinerator increases the heat losses and consequently the
biomass energy conversion efficiency.
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Figure 5. Biomass output efficiency at 200 t/d biomass loading and different
LHV.
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Figure 6. Biomass output efficiency at 200 t/d biomass loading and different
flue gas flows.
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Figure 7. Biomass output power at 100 t/d biomass loading and different
flue gas flows.
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The output and efficiency of lower biomass loading
namely 100 t/d, have been presented in Figures 7 through 9.
It is quite evident from these figures that the biomass thermal
behavior is similar to the 200 t/d presented in the previous
figures. However, it appears from figures 7 and 8 that the
biomass output is significantly influenced by the flue gas
temperatures, flow rates and obviously the heating value of
the biomass material. Furthermore, the results displayed in
those figures show that the maximum biomass output is
achieved at higher flue gas flow rates and temperatures.
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Figure 8. Biomass output power at 100 t/d biomass loading and different
LHV.
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Figure 9. Biomass output efficiency at 100 t/d biomass loading and different
flue gas flows.

On the other hand, Figure 9 has been constructed to show
the major parameters that influence the biomass efficiency at
100 t/d. The results displayed in that figure clearly show that
the efficiency is maximized at efficient combustion that
results in flue gas with higher temperatures. However, the
results of this figure also show that integrated biomass
system with CHP i.e. ORC has an efficiency that is limited
by the thermodynamic and thermophysical properties of the
refrigerant used in the ORC.

Furthermore, it is worthwhile noting that Figures 10
through 13 constructed for 200 t/d, show that similar
behavior has been observed with other biomass loadings.
Furthermore, at each particular value of biomass loading,
lower heating value (LHV) as well as specific flue gas flow
rate, results show that the higher the flue gas temperature the
higher the biomass efficiency.
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Figure 10. Biomass power output at different flue gas flows.
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Figure 11. Biomass output power at different LHV.
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Figure 12. Biomass output efficiency at different flue gas flows.
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Figure 13. Biomass output efficiency at different LHV.



31 Samuel Sami and Edwin Marin: A Numerical Model for Predicting Dynamic Performance of Biomass-Integrated
Organic Rankine Cycle, ORC, System for Electricity Generation

Furthermore, in particular, Figure 14 has been presented to
show the biomass integrated CHP output in terms of the
biomass loadings at different flue gas temperatures. The
results show that the higher the loading the higher the output
power at the ORC generator end of the biomass integrated
CHP hybrid system. As previously discussed, the higher the
furnace gas exit temperature, around 2250 F, 2250 F results
in higher biomass output power.

2500
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1500 ././.
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~4—Biomass loading 100 t/d
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Figure 14. Biomass output power at different biomass loading.
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Figure 15. Biomass efficiency at different biomass loading.

Furthermore, in particular, Figure 15 has been presented to
show the efficiency of biomass integrated CHP output in
terms of the biomass loadings as well as different flue gas
temperatures. This figure clearly shows that the higher the
loading the higher the output efficiency of the biomass
integrated CHP hybrid system. As previously discussed, the
higher the furnace gas exit temperature, around 2250 F,
results in higher biomass efficiency since because of
complete combustion and the destruction of incomplete
combustion products (ICP) and full burning.
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Figure 16. Biomass efficiency at different biomass loading.

However, Figure 16 also shows that the biomass
conversion efficiency is impacted by the lower heating values
(LHVs). And the figure also illustrates that at a particular

lower heating value the higher the biomass loading the higher
the efficiency. However, at lower LHV, the impact of the
biomass loading is insignificant specially at 150 t/d.
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Figure 17. Dynamic behavior of thermal oil temperature at different
biomass loading.
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Figure 18. Dynamic behavior of thermal oil temperature at different LHV.
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Figure 19. Flue gas flow rate at different loading (t/d).

The dynamic behavior of the thermal oil medium used to
transfer the heat from the biomass flue gas to the ORC can be
predicted by equation (11). The time-variation of the thermal
oil temperature is shown in Figure 17 for 100 t/d biomass
loading. It is quite clear from this figure that the maximum
allowable temperature was achieved after 4 hours. This is
important since beyond this temperature the Dow thermal oil
considered in this simulation could disintegrate and
compromise the heat transfer process in the Waste heat boiler
as shown in Figure 1. Therefore, utmost attention should be
given to the time-variation of the thermal oil temperature in
the tank to avoid disintegration of the thermal oil. In addition,
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Figure 18 has been constructed to the behavior of the thermal
oil temperature time variation at different biomass loading
for LHV of 1700 kcal/kg. As shown in this figure similar
behavior has been observed, to results displayed in Figure 17,
where the time to reach the upper limit of the thermal oil
temperature before disintegration is between 3 to 4 hours
depending upon the biomass loading.

Finally, in order to demonstrate the impact of biomass
loading and flue gas temperatures on the flue gas mass flow
rate, Figures 18 and 19 were constructed. It is quite evident
that at a particular flue gas temperature, the higher the
biomass loading the higher the flue gas mass flow rate. This
is significant since the flue gas flow rate impacts the heat
balance across the incinerator furnace and eventually the
output power at the ORC turbine end and obviously the
biomass hybrid system efficiency.

4.2. Numerical Model Validation

In order to wvalidate our numerical model prediction
described in equations (1 through 13) and numerically solved
according to the Flow diagram displayed in Figure 2, we
have constructed Figure 20 to compare between our model
prediction and results presented by Yang [12]. Data on
incinerators were unavailable in our laboratory, therefore, the
data presented by Yang [12] were used for comparison
purposes.

The data presented by Yang [11, 12] have excess air for
waste low quality (LHV=1000 Kcal/kg) of 1.05-1.26. as
previously mentioned theoretically increased excess air ratios
decreases the temperature of the combustion gas. It is quite
apparent from these data presented in Figure 20 that our
numerical model fairly predicted the flue gas flow rate
(Cubic Feet per minutes) at the outlet of incinerators and that
heat up the thermal oil which drives the ORC to convert the
heat of combustion into electrical power at the ORC shaft
connected to the generator, switch gear and consequently the
grid.

25000
20000
15000
=
S
10000 —4—Present Model
5000 ——Yang et al.
0
100 150 200
Biomass Loadingt/d

Figure 20. Comparison of present model and data by Yang [11, 12] at same
excess air ratio of 1.05-1.26 and LHV 1700.

5. Conclusions

The energy conversion equations describing the heat and
mass transfer mechanisms of a biomass and combined heat
and power CHP/ORC hybrid system have been presented in
time-variation formulations, integrated, coded and solved

simultaneously for biomass incinerator type systems. The
results show that increasing flue gas flow rate and using
material with higher heating values diminishes the biomass
conversion efficiency. Furthermore, the biomass output
power is significantly influenced by the flue gas
temperatures, flow rates and obviously the heating value of
the biomass material. The model also shows that the dynamic
variation of the thermal oil coolant temperature should be
observed to avoid disintegration and compromise of the heat
transfer process. Finally, the proposed model predicted
results and compared fairly with data under various biomass
loading conditions.

Nomenclature

A: Radiation surface area.

Cp,u- Specific heat of thermal oil

Cp: Specific heat of Flue gas

CVpio: Calorific heat value of bio-gas

E,: Stefan Boltzmann Coefficient

h,,: Convection heat transfer coefficient

h,: Enthalpy of refrigerant at vapor turbine entrance
h,: Enthalpy at exit of vapor turbine

h,: Enthalpy at inlet of waste heat boiler

Mgqs: Mass flow rate of flue gas

mp;,: Biomass waste mass material

Myer: Mass flow rate ORC cycle refrigerant

Qcomp: Combustion heat added

Q,qq: Radiative heat

Q.onv: Convective heat

Qevap: Evaporative heat

Qwnp: Heat transferred from thermal oil to refrigerant at
the waste boiler heat exchanger

Q.: Heat released by condenser

T: Temperature thermal oil in heat exchanger tank

t: Time variation.

Viank: Volume of heater

Worc: Work generated at ORC vapor turbine generator
W,: Work consumed by ORC pumps

Greek alphabet

Norc: ORC thermal efficiency

Npio: Biomass furnace efficiency

8,;1: Density of thermal oil

Nrey: Efficiency of turbine generating unit
Nwayg: Efficiency of waste heat boiler

Subscripts:
comb-Combustion
conv-Convection
evap-Evaporation

gas-Flue gas

Oil-Thermal oil
ORC-Organic Rankine Cycle
ref-Refrigerant
rad-Radiation

W HB-Waste Heat Boiler
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