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ABSTRACT The necessity of energy utilization using livestock manure has been proposed with the decrease in domestic agricultural
land. Livestock manure solid fuel has been investigated as a promising energy resource owing to its convenient storage and use in
agricultural and livestock fields. Additional electricity production is possible through the integration of a biomass combustion boiler
with the organic Rankine cycle (ORC).

In this study, a mathematical system model of the cattle manure solid fuel boiler integrated with the ORC was developed to analyze
the components' performance under variable operating conditions. A sensitivity analysis was conducted to confirm the electrical
efficiency of the ORC turbine and the applicability of this system. The minimum required waste heat recovery rate was derived
considering the system marginal price and levelized cost of electricity of the ORC. The simulation results showed that, in Korea, more
than 77.98% of waste heat recovery and utilization in ORC turbines is required to achieve economic feasibility through ORC
application.

Key words Livestock manure(7}2-5x), Solid fuel(Z24] ¢1&), Boiler(}2 & 2}), Organic Rankine cycle(5-7| 2§71 A}o]E), Numerical
analysis(5=%] 3 4)
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M, : maintenance cost of the k" year, $

: mass flow rate, kg/s

: power, kW

o v B.

: rate of heat transfer, KWy,

w1

: entropy, kl/kg-K
T :temperature, K
n :efficiency

Subscript
C :coldside
H :hot side

i :isentropic
in :inlet

m : mechanical

out : outlet
p :pump
t :turbine
th :thermal

w : working fluid
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Fig. 1. Schematic diagram of farm heating system using livestock manure solid fuel boiler integrated with the ORC
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Table 1. Properties of livestock manure solid fuel
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Parameters Unit Value 2 Table 22} Zt},
Water content % 15.7
Total solid % 8.3 Table 2. Reference operating conditions and constraints for
Volatile solid % 54,0 simulation of the cattle manure solid fuel com—
Fixed solid % 30.3 bustion boiler
Higher heating value kJ/kg 12,719.4 Parameters Unit Value
Lower heating value kJ/kg 11,338.6 Heating output kWin 2,000
Carbon % 39.4 Operating temperature °C 850
Hydrogen % 5.2 Operating pressure bar 1
Oxygen % 23.0 Air/Fuel ratio - 1.6
Nitrogen % 3.3 Hot water temperature °C 95
Sulfur % 0.61 Hot water temperature difference °C 20
Chloride % 1.35 Effectiveness - 0.88
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Fig. 3. ORC T—s diagram

Table 3. Reference operating conditions and constraints for
simulation of the ORC
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Parameters Unit Value
Heat source input kWi 450
Electric power output kW 40
Working fluid flow rate kg/s 1,70
Turbine inlet temperature °C 85
Turbine inlet pressure bar 4.77
Turbine outlet pressure bar 1
Turbine isentropic efficiency % 64,68
Heat source flow rate kg/s 13.40
Heat source inlet temperature °C 94
Heat source outlet temperature °C 86
Heat sink flow rate kg/s 18.65
Heat sink inlet temperature °C 26
Heat sink outlet temperature °C 31
Pump isentropic efficiency[34] % 70
Mechanical efficiency % 98
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Table 4, Description of aspen block models used in the system

simulation
Aspen Plus - .
block name Scheme Description of function

— Volatile matter combustion

RStoic of cow manure solid fuel
— Fuel NOx formation™
REquil — Thermal NOx formation™

— Heat exchanger (embedded
fortran coding)

Heater — heat transfer from combustion
gas to bottom ash, boiler,

27
evaporator, condenser)"™”

e
Pump e [38]
pressurization

Turbine — ORC turbine™
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Parameters Unit Value
ORC lifespan year 20
Capacity factor % 90
Common interest rate % 3
ORC temperature °C 85
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Table 6. Comparison between the Ref. 33 and simulation

Parameters Ref. [33] | Simulation | Deviation
Heat source input (kWip) 450 450.02 0.004%
Electric power output (kW) 40 40 0.00%
Working fluid flow rate 170 174 9 35%
(kg/s)
Heat source ouotlet 36 86,01 0.01%
temperature (°C)
Heat sink out(l)et a1 3126 0.84%
temperature (°C)
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