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Abstract: In the Republic of Korea, efficient biogas-fuelled power systems are needed to use the
excess biogas that is currently burned due to a lack of suitable power technology. We examined the
performance of a biogas-fuelled micro-gas turbine (MGT) system and a bottoming organic Rankine
cycle (ORC). The MGT provides robust operation with low-grade biogas, and the exhaust can be used
for heating the biodigester. Similarly, the bottoming ORC generates additional power output with
the exhaust gas. We selected a 1000-kW MGT for four co-digestion plants with 28,000-m? capacity.
A 150-kW ORC system was selected for the MGT exhaust gas. We analysed the effects of the system
size, methane concentration, and ORC operating conditions. Based on the system performance,
we analysed the annual performance of the MGT with a combined heat and power (CHP) system,
bottoming ORC, or both a bottoming ORC and CHP system. The annual net power outputs for each
system were 7.4, 8.5, and 9.0 MWh per year, respectively.

Keywords: biogas; micro gas turbine; organic Rankine cycle; sewage sludge; food waste

1. Introduction

Ocean dumping of food waste, sewage sludge, and animal manure was banned in 2012-2013
as the 1996 protocol to the London Convention took effect. As an alternative to dumping garbage
in the sea, the usage of both garbage incineration and recycling is increasing in the Republic of
Korea [1]. The Korean government is paying particular attention to recycling because it produces
profitable by-products. The main garbage recycling method is anaerobic digestion (AD) [2], where
waste is introduced to a digestion chamber, and anaerobic bacteria start cracking down the organic
waste matter after the oxygen is exhausted. The waste is reduced, and as a by-product biogas is
produced. The Korean government built 92 biogas plants in 2015, and 21 more plants are planned [3].
A sales network is also being built, and there are plans to supply the biogas to the national natural gas
pipeline network [4]. To achieve the required heating value, 2% of the biogas will be mixed with natural
gas. Nationwide introduction will take time due to the large costs involved. Unfortunately, Korea
lacks biogas-fuelled power technology, so much of the biogas is simply burned in incinerators [5].

Various systems have been discussed for use in a biogas-fuelled power systems, such as fuel
cells, internal combustion engines, and micro-gas turbines (MGTs) [6]. Among these, fuel cells show
unstable operating characteristics due to their high dependency on the partial pressure of the fuel
flow [7]. Internal combustion engines show decreased thermal efficiency due to delayed combustion
with a high CO, concentration fuel [8]. MGTs show a small performance degradation, but it can be
alleviated by decreasing the compressor surge margin [9]. MGTs are an ideal solution for current
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power generation needs because of their low emissions, high efficiency, small footprint, and low
maintenance requirements [10]. The Capstone Turbine Corporation offers many clean and green MGTs
that are scalable from 30 kW to 30 MW, which can operate using a variety of gaseous liquid fuels that
include natural gas, associated gas, propane, flare gas, landfill gas, digester gas, aviation fuel, and
kerosene [11].

There are many studies on MGTs and their use in combined heat and power (CHP)
systems [12-15]. Huang et al. evaluated the performance of a molten carbonate fuel-cell/micro-gas
turbine (MCFC/MGT) hybrid power system fuelled by both city gas and biogas [12]. Kang et al.
analyzed the economic feasibility of small CHP and combined cycle (CC) systems using a 5--MW gas
turbine fuelled with biogas [13]. Basrawi et al. investigated the optimal size of an MGT-absorption
cooling system based on the scale of sewage treatment plants as a biogas source under various ambient
temperature conditions [16].

The system performance can be improved by introducing an additional heat recovery system.
The organic Rankine cycle (ORC) is one good candidate for this purpose due to its high performance,
simple configuration, simple system control, adjustable system size, and robustness [17]. The ORC
is just like an ordinary Rankine cycle, except that it employs organic compounds as its working
fluid [18]. The normal boiling point of the organic compounds is less than that of water, so it can
be used to harness energy from various low-temperature heat sources, such as solar irradiation,
biomass combustion, geothermal reservoirs, and waste heat from various industrial processes or
electric generation methods [19].

Various system configurations and working fluids have been widely studied for ICE
applications [20]. R245fa has good thermo-physical characteristics as a working fluid when subjected
to various ranges of heat source temperatures [21]. In addition, it has little effect on ozone depletion
and low global warming potential, and it is non-toxic and non-flammable when used in an ORC
system [22]. Data were obtained experimentally for the heat source of a pure refrigerant ORC [23].
The ORC system uses a commercial magnetically coupled scroll expander, plate-type heat exchangers,
and a plunger-type feed pump for the working fluid [24].

Schuster et al. [25] proposed using an ORC system for a biogas plant, but they used a rough
model of an ICE and the ORC. Lee et al. studied the design and partial load performance of a power
generation system that combines an MGT and an ORC. The design performance was analyzed using
several different organic fluids and compared with the performance of a steam-based cycle [26].
Ebrahimi et al. proposed an integrated energy-exergy optimization method for a novel micro-CCHP
cycle based on an MGT-ORC and a steam ejector refrigerator [27]. Yagil et al. [28] analysed the exergy
performance of an MGT-ORC system for a biogas plant.

This study analyses the performance of an MGT/ORC system for utilizing biogas from sewage
sludge and food waste. The objective of this study is to clarify the relationship between the scale
of a plant and the optimal size of the MGT and ORC. The performance of the MGT is determined
based on a commercial Capstone C1000 unit, and a recuperator is considered to improve the system
performance. An ORC system with a turbine is used for efficient recovery of the waste heat produced
by the exhaust gas of the MGT. Cooling water from the condenser outlet is considered as a heat source
for the digesters. The proposed systems are modeled based on the mass and energy balances.

2. System Description

Figure 1 shows a schematic of the system. The Brayton cycle is the topping cycle, and the Rankine
cycle is the bottoming cycle. In the case of the Brayton cycle, ambient air enters the air compressor,
which raises the pressure and temperature. The air is heated up in the recuperator using exhaust gases
from the gas turbine and mixed with compressed fuel in the combustor. The combustor limits the
maximum temperature of the product gases, which occurs at the turbine inlet temperature. Next,
the hot gases expand in the gas turbine, which is coupled to a generator, and then they enter the
low-temperature heat recovery system. A single shaft mechanically connects the compressor and the
turbine to the electric generator.
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Figure 1. Schematic diagram of a biogas-fuelled micro-gas turbine with a bottoming organic Rankine
cycle power system.

The ORC system is composed of a pump, evaporator, turbine, condenser, and cooling water
pump. After the working fluid leaves the pump, it enters the evaporator and absorbs heat from
the heat source. The source fluid enters the evaporator and leaves after heating the working fluid.
The high-pressure working fluid vapor drives the turbine to generate the expansion work while
relieving the pressure with declining temperature. Low-pressure vapor is extracted from the turbine
and flows to the condenser, which reduces its temperature using cooling water and produces heating
water for the anaerobic digesters. The anaerobic digester temperature must be kept within a proper
range to produce biogas. The working fluid is R245fa.

3. System Modelling

The Brayton cycle is designed to maintain a temperature of 950 °C and a pressure ratio of 4.5 at
the gas turbine. The organic Rankine cycle is designed to have a constant specific evaporator pressure
with an exhaust gas temperature of 280 °C from the MGT.

3.1. Brayton Cycle

3.1.1. Combustor

The combustor is fed with air from the compressor-recuperator and fuel from the fuel feeder.
The fuel is completely consumed, and a pressure drop of 2% occurs. The mass flow rate of the fuel
entering the combustor is calculated as follows:

my =2

= THVom’ )

where Q. is the heat energy supplied to the combustor, and LHV cpyy is the low heating value of the
methane. The recuperator output temperature toward the combustor is calculated by:

Tr,a,o = (Tr,g,i - Tr,u,i) Nr + Tr,a,ir (2)

where T, ; is the temperature of the exhaust gas entering the recuperator, T, ; is the temperature of
compressed air entering the recuperator, and ¥, is the temperature effectiveness of the recuperator.
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3.1.2. Fuel Feeder and Air Compressor
The output temperature of the fuel feeder is calculated as follows [29]:

()
%) MW C, ¢/ 1
Tro = Tri-(1+ —2 7 ), 3)

where Tf; and Ty, are the fuel temperatures entering and leaving the fuel feeder, Ps; and Py, are the
fuel pressures before and after the fuel feeder process, Ryris the gas constant of the fuel, MWy is the
molecular weight of the fuel, C,  is its specific heat at constant pressure, and 7y is the fuel feeder’s
isentropic efficiency.

The power consumption by the fuel feeder is calculated by:

Wy =ms-Cp - (Tf,o - Tfﬂ')f )

where iy is the mass of fuel entering the fuel feeder. The air compressor output temperature and work
are calculated similarly to those of the fuel feeder.

3.1.3. Micro Gas Turbine (MGT)
The MGT output temperature is calculated as follows [29]:
Too = Tqi-(1— +¢) (5)
g0 = g g 3 /

g
<&)(ng-cp,g)
Pgo

where T, ; and T, are the temperature of the combustion gas entering and leaving the MGT, P, ; and
Py, are the combustion gas temperatures before and after the MGT process, R, is the gas constant of
the combustion gas, MW, is its molecular weight, C; ¢ is its specific heat at constant pressure, and 7 is
the gas turbine’s isentropic efficiency.

The power output generated by the MGT is calculated by:

Wg = mg‘Cp,g- (Tg,o - Tg,i)r (6)
where m, is the mass of the combustion gas entering the MGT.

3.1.4. Power and Electrical Efficiency

Considering miscellaneous losses such as mechanical loss and generator loss, the power of the
MGT is calculated as follows:

ngt = (Wg - Wc) R/ )

where 7 is the efficiency of the mechanical parts and generator of the MGT, and W, is the power
consumption by the cooling water pump. The electric efficiency is the ratio of useful energy produced
by the MGT system to the amount of energy supplied to it.

Wimngt

Nmgt = @/ (8)

3.2. Organic Rankine Cycle

3.2.1. Evaporator and Condenser

The amount of waste heat in the exhaust gas is calculated as follows:

Quw = ms'Cp,w'(Tw,i - Tw,i)/ )
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where T,; and Ty, are the temperature of the exhaust gas entering and leaving the evaporator, 1,
is the mass of the heat source entering the evaporator, and C; s is the specific heat source at constant
pressure. For a specified mass flow rate of exhaust gas fluid 1, the energy balances at the evaporator
and condenser can be used to determine the mass flow rate m; of the R245fa fluid in the ORC system
and the rate m, of the cooling water:

ms'Cs<Ts,i - Ts,o)

m, = , 10

' he,o - he,i ( )
mr'(heo - hei)

m. = é, 11

‘ hC,O - hc,i ( )

where T ; and T, are the temperature of the heat source entering and leaving the evaporator, k, ; and
he, are the enthalpy of the exhaust gas entering and leaving the evaporator, and k. ; and /i, are the
enthalpy of R245fa fluid entering and leaving the condenser.

3.2.2. Pump and Cooling Water Pump
The work done by the pump is calculated as follows:
Wy = Vi (Ppo = Pyi) -1, (12)

where P, ; and Py, are the pressure of R245fa fluid entering and leaving the pump, and Vp is the volume
of R245 fluid entering the pump. The power consumption by the cooling pump is calculated as follows:

W, = Vc'(Pc,o - Pc,i)'mc/ (13)

where P, ; and P, are the pressure of cooling water entering and leaving the cooling water pump, and
V. is the volume of R245fa entering the cooling water pump.

3.2.3. Turbine

The work generated by the turbine is calculated as follows:
Wy = Vt'(Pt,o - Pt,i)'mr/ (14)

where P, ; and P}, are the pressures of R245 fluid entering and leaving the turbine, and V; is the volume
of R245 entering the turbine.

3.2.4. Power, Thermal and Electrical Efficiencies

Considering miscellaneous losses such as mechanical loss and generator loss, the power of the
MGT is calculated as follows:
Wore = Weenpy, (15)

where 7 is the efficiency of the mechanical parts and generator of the MGT. The thermal efficiency is
the ratio of useful energy produced by the ORC system to the amount of energy supplied to it:

= (16)

The electrical efficiency is the ratio of useful energy produced by the MGT system to the amount
of energy supplied to the total system (MGT + ORC).

ngt + Wore

_ 17
Mol Q. ’ ( )
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Figure 2. Matlab/Simulink blocks for the MGT/ORC hybrid power system.
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3.3. Solution Methodology

Figure 2 shows the Matlab /Simulink blocks used for performance analysis of the system. The outputs
of the block for the MGT provide the mass flow rate and the outlet temperature. The obtained work
inputs required by the MGT are used as inputs for the ORC system. The thermophysical properties
were calculated using REFPROP 9.1.

Several assumptions and hypotheses were made:

(1) The systems are in steady state and heat losses are ignored.

(2) The isentropic efficiencies of the MGT and ORC turbines are assumed to be 85% and 80%. High
values are selected to analyze the potential of the system.

(3) The mass flow rate and heat in the exhaust gas are expressed as those of air to represent different
compositions of the exhaust gas. The ORC cooling water is assumed to be pure water for simplicity
of the system modelling.

(4) The components of the biogas are simply assumed to be CH4 and CO,.

4. Results and Discussion

4.1. Micro Gas Turbine (MGT)

Capstone micro turbines (Table 1) can cleanly and effectively run on methane gas obtained from
sewage sludge and food waste treatment plants using an anaerobic digester. Rather than simply
venting or flaring the methane gas, Capstone micro turbines can convert the free fuel to clean and
reliable electricity for use on site [11]. Our system has stable operating conditions for MGT due to
the gas bag. In the AD, the waste moves constantly, so the raw gas flow is also unsteady. However,
the produced gas is first stored in the gas bag and then supplied to the power system. The gas bag
holds 1-3 days” worth of gas, which is enough to suppress the temporal fluctuations caused by the AD.
The heat losses from the MGT are included in the calculation of the MGT thermal efficiency. The heat
losses from the ORC are relatively small due to the low operating temperature.

Table 1. Specifications of the commercial micro gas turbines manufactured by Capstone Turbine Corporation.

Products Power Output (kW)  Efficiency (%) Net Heat LHV (M]/Kw) Exh. Temp. (°C) Exh. Gas (kg/s)

C200 200 33 10.9 280 1.3
C600S 600 33 10.9 280 4.0
C800S 800 33 10.9 280 53

C1000S 1000 33 10.9 280 6.7

Figure 3 shows the effects of the MGT power output for sewage sludge and food waste treatment
plants. Table 2 shows the parameters used in the calculations. The CH4 and CO; concentrations
were set to 60% and 40%, respectively, and other substances were not considered because they have
no heating value. Depending on the degree of airtightness of the system, the nitrogen level can be
2%-5%. All other substances are present at less than 1%, but the heating value depends on only the
methane concentration.

As shown in Figure 3a, the biogas capacity increased in a straight line. These results came from
the difference in the moles of methane entering and leaving the combustor. Figure 3b shows that the
electric efficiencies of the MGTs are all the same when there is an increase in the MGT power output.
Also, the net heat rates of the MGTs are all the same. Figure 3c shows the calculations of the mass flow
rate of the fuel and the corresponding air. The rates increased considerably as the MGT power output
increased. This occurs because a higher MGT power output requires higher rates. All of the outlet
temperatures are constant within the MGT power output range of 200-1000 kW.
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Figure 3. The effect of different sizes of the micro gas turbines on the required operating conditions.

(a) The biogas capacity per day and the lower heating value of the biogas; (b) The electrical efficiency

and the net heat rate of the MGT; (c) The mass flow rate and the outlet temperature for the streams in

the MGT.
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Table 2. Parameters of the micro gas turbine for lumped analysis.

Parameters Unit Value

Air compressor efficiency % 78

Gas turbine inlet temperature °C 950

Gas turbine pressure ratio 45

Gas turbine efficiency % 85

Fuel feeder efficiency % 60
Recuperator efficiency % 88
Recuperator pressure drop (air side) Y% 1
Combustor pressure drop % 2
Recuperator pressure drop (gas side) % 1
Gas turbine pressure drop % 96
Ambient temperature °C 20

Ambient pressure kPa 101

4.2. Effect of Methane Concentration on MGT Operation

An actual sewage sludge and food waste treatment plant was used as a model plant, as shown in
Table 3.

Table 3. Characteristics and operating conditions of the sewage sludge and food waste treatment plant
in Busan, Republic of Korea.

Parameters Unit Value
Sewage sludge tons/day 100
Thickener m3 672 X 6
Anaerobic digester m?3 7000 x 6
Dehydrator m3/h 40 x 3
Gas tank m3 6000 x 1
Desulfurizer m3/h 800 x 2
Boiler tons/h 25 x4
Food waste tons/day 120
Hopper m3 70
Crusher m3/h 7.5
Settling tank m3 6
Grinder m3/h 9
Storage basin m> 100
Transfer pump m3/h 30
Population coverage People 1,094,000
Biogas production m3/month 105,954-718,748

The analysis period is January 2014 to December 2014. The plant produces a monthly average
of 473,364 m? of biogas from a population of 1,094,000 [30]. The 1000-kW MGT allows the plant’s
four anaerobic digesters to use the recovered biogas to produce electricity and help power its onsite
electrical grid.

Table 4. Biogas composition in sewage sludge and food waste treatment plants.

Components Unit Value

Methane (CHy) Y% 55-75

Carbon dioxide (CO,) Y% 25-45
Hydrogen sulphide (H,S) ppm <50
Nitrogen (N3) Yo <1
Hydrogen (Hy) % <1

Oxygen (O,) % <1
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As shown in Table 4, the CHy concentration of the product biogas changes between 55% and
75%. As mentioned, the concentration of hydrocarbon contents directly affects the heating value of the

product gas, as shown in Figure 4a. The rest of the biogas was assumed to be CO,.
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Figure 4. The effect of CH4 concentration on the performance of the micro gas turbine. (a) The required
biogas capacity per day and the lower heating value of the biogas; (b) The electrical efficiency and the

net heat rate of the MGT; (c) The mass rate and the outlet temperature for the streams in the MGT.
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To look at the effect of the CHy4 concentration on the MGT operation, we simulated the MGT
performance and operating conditions at different concentrations, and the results are shown in
Figure 4. Figure 4b shows that the electric efficiencies of the MGTs increased by 1% when the CHy4
concentration increased in the MGT, but the net heat rates of the MGTs also decreased by 3% because
the CHy4 concentration increases with the decreasing fuel flow rate, which leads to a drop in the CO,
concentration. Figure 4c shows the calculations of the mass flow rate of the fuel and corresponding air.
The rates are similar because of the 1000-kW MGT power output. All of the outlet temperatures are
constant because the parameters are the same for CHy concentrations in the range of 55%—75%.

4.3. Organic Rankine Cycle (ORC)

This study considers the 200-kW ORC system presented in Table 5, which consists of heat
exchangers for the evaporator and the condenser, a pump to feed R245fa to the evaporator, and a
turbine generator [31]. The parameters shown in Table 6 were used for further analysis.

Table 5. Design point operating conditions of 200-kW ORC system.

Parameters Unit Value
Working fluid R245fa
Evaporation pressure kPa 2090
Condensation pressure kPa 220
Working fluid mass flow rate kg/s 7.2
Degree of superheating °C 5

Table 6. Parameters of organic Rankine cycle for lumped analysis.

Parameters Unit Value
Power output kW 150
Evaporator outlet temperature (gas side) °C 150
Turbine inlet pressure kPa 2000
Condenser outlet temperature °C 50
Cooling water temperature °C 30
Turbine isentropic efficiency % 80
R245fa pump isentropic efficiency % 85
Cooling water pump isentropic efficiency % 85
Evaporator pressure drop % <1

Figure 5 shows the effects of the turbine inlet pressure for the ORC. When we use the ORC for
further heating, the biodigester is heated by the cooling water from the ORC system. The biodigester
is operated at 36.5 °C to maintain a mesophilic temperature that is optimal for active bacteria [32].
To achieve this, the cooling water temperature is increased to 50 °C. The pressure regulation makes the
evaporation temperature fixed for the R245fa. As shown in Figure 5a, the power output of the turbine
increased a little, and the power demand of the condenser decreased slightly with increasing turbine
inlet pressure. This occurs because of the difference in enthalpy of the R245fa entering and leaving the
turbine. The thermal efficiency is directly affected by the power output of the turbine.

Figure 5b shows that the electric efficiency of the MGT/ORC increased a little when the turbine
inlet pressure of the ORC increased. In contrast, the net heat rate decreased slightly. Figure 5c shows
that the R245fa flow rate and cooling water decreased slightly as the turbine inlet pressure increased.
This occurred because the higher turbine inlet pressure leads to more specific net work done and more
specific evaporator heat input. Most of the outlet temperatures except at the condenser increased
within the turbine inlet pressure range of 5-25 bar.
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Figure 5. The effect of the turbine inlet temperature to the performance and operating conditions
of organic Rankine cycle. (a) The power output and demand for the ORC components and thermal
efficiency of the ORC; (b) The electrical efficiency of the MGT and the MGT with the ORC. The net heat
rate of the MGT with the ORC; (c) The mass rate and the outlet temperature for the streams in the ORC.

Figure 6 shows the effects of the condenser outlet pressure for the ORC. In this case, the turbine
inlet pressure and cooling water temperature are 20 bar and 30 °C, respectively. The temperature
regulation results in fixed condensation pressure for the R245fa. As shown in Figure 6a, the power
output of the turbine decreased a little, but the power demand of condenser increased slightly with



Energies 2017, 10, 275

13 of 22

increasing condenser outlet temperature. This occurs because of the difference in enthalpy of the
R245fa entering and leaving the condenser. The thermal efficiency is directly affected by the power

demand of the condenser.

1200
1000
800
600
400

200

Power output & demand (kW)

50

= 40
>
o
f =
2 30
9
5
= 20
L
=
B
]
o 10
(]
15
12
w
o
B
(]
2
©
o
2
o
('8
3
0

; T T T —10
Turbine inlet pressure=20bar
SOOingwater temperature=30°C
FO g Z
48
g\
i ®
—(O—Evaporator power \ 1
| —{—Turbine power ®.
—/+—Condenser power \
—X<—Pump power @,
| —@=—Thermal efficiency (%)
42
O— — —
| ! Il | vl 0
50 60 70 80 90
Condenser outlet temperature (°C)
(a)
— 15
Turbine inlet pressure=20bar
Cooingwater temperature=30°C
3 114
v —7
F 113
—S7—Micro gas turbine electrical efficiency
—>¥—Total(MGT+ORC) electrical efficiency
r 112
r —MB—Net heat rate 111
.__/__——I
—_—
R
n . . . 10
50 60 70 80 90
Condenser outlet temperature (°C)
T — T 150
Turbine inlet pressure=20bar
L Cooingwater temperature=30°C
B - x x x X {120

—(=—=R245fa flow rate
—><—Cooling water flow rate

r —aA—Evaporator outlet temperature 130
—+—Turbine outlet temperature
—¥—Condenser outlet temperature
) ) —X—Pump outlet temperature o
50 60 70 80 90

Condenser outlet temperature (°C)

(©)

Net heat rate (MJlkWh) Thermal efficiency (%)

Outlet temperature (°C)

Figure 6. Effect of the condenser outlet temperature of the cooling water on the performance and

operating conditions of the organic Rankine cycle. (a) The power output and demand for the ORC
components and thermal efficiency of the ORC; (b) The electrical efficiency of the MGT and the MGT
with the ORC. The net heat rate of the MGT with the ORC; (c) The mass rate and the outlet temperature
for the streams in the ORC.
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Figure 6b shows that the electric efficiency decreased a little when the condenser outlet
temperature of the ORC increased, but the net heat rate increased slightly. Figure 6¢ shows that
the R245fa flow rate increased slightly, but the cooling water flow rate decreased considerably as
the condenser outlet temperature increases. The higher condenser outlet temperature decreases the
specific net work done but increases the specific condenser heat input. The turbine outlet temperature
increased within the condenser outlet temperature range of 50-90 °C.

The temperatures of sewage sludge and food waste in different seasons are presented in Table 7.
The temperature of cooling water entering the condenser is determined by the temperature of the
waste [32]. Figure 7 shows the effects of the cooling water temperature for the ORC. In this case, the
turbine inlet pressure and condenser outlet temperature are 20 bar and 50 °C, respectively. Only the
cooling water flow rate increased significantly as the cooling water temperature increased. The higher
cooling water temperature leads to a higher flow rate for the same condenser heat input. The rest of
the cooling water temperatures are constant.

Table 7. Tmperature of sewage sludge and food waste in Busan, Republic of Korea.

Season Spring Summer Fall Winter
Temperature (°C) 15 25 15 4
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Figure 7. The effect of the cooling water inlet temperature on the performance and operating conditions

of the organic Rankine cycle. (a) The power output and demand for the ORC components and thermal
efficiency of the ORC; (b) The electrical efficiency of the MGT and the MGT with the ORC. The net heat
rate of the MGT with the ORC; (c) The mass rate and the outlet temperature for the streams in the ORC.

Table 8 summarizes the thermodynamic simulation results. The system electrical efficiency ranges
between 33.0% and 35.6%, which means that the optimal ORC system provides a 2.6% efficiency
improvement for the parent MGT system.

Table 8. Thermodynamic simulation results for MGT-ORC power system.

Turbine Inlet Turbine Thermal Working Fluid Cooling Water Electrical
Pressure (bar) Power Output (kW) Efficiency Flow Rate (kg/s) Mass Flow (kg/s) Efficiency

5 30.5 2.3 54 11.6 33.0

10 78.3 5.9 49 11.0 343

15 102.5 7.7 4.7 10.8 35.0

20 118.0 8.8 4.6 10.6 35.4

25 128.9 9.5 4.5 10.5 35.6
Condenser Outlet Turbine Thermal Working Fluid Cooling Water Electrical
Temp. (°C) Power Output (kW) Efficiency Mass Flow (kg/s) Mass Flow (kg/s) Efficiency

50 118.0 8.8 4.6 10.6 354

60 103.7 7.6 49 8.0 349

70 89.4 6.5 5.2 54 345

80 74.3 53 5.7 44 34.1

90 59.2 4.1 6.2 3.7 33.7
Cooling Water Turbine Thermal Working Fluid Cooling Water Electrical
Temp. (°C) Power Output (kW) Efficiency Mass Flow (kg/s) Mass Flow (kg/s) Efficiency

25 118.0 8.8 4.6 8.5 35.4

30 118.0 8.8 4.6 10.6 35.4

35 118.0 8.8 4.6 14.1 35.3

40 118.0 8.8 4.6 21.2 35.2

45 118.0 8.8 4.6 425 35.0

4.4. Case Study

4.4.1. Case 1: MGT + Biogas Boiler

The base case is used for reference and corresponds to the current situation. In this situation,
biogas is partially burned in a boiler to heat the first digester, which is enough to supply the heat
required during all four seasons (Table 7). The rest of the biogas production can be consumed in a
1000-kW MGT that would run continuously at full load or partial load. The MGT is sensitive to the

ambient temperature, which can influence the net power and thermal efficiency.
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Figure 8 shows the effects of the biogas production and air/biogas inlet temperature shown in
Table 9. Table 10 shows the parameters used to calculate the thermal load of the biodigesters. Figure 8a
shows that the power output of the 1000-kW MGT is mostly driven at full load except during spring.
This occurs because of the lower biogas production. The power demand of the biogas boiler is directly
affected by the seasons. Figure 8b shows that the electrical efficiency declines when the ambient
temperature rises, but the heat rate shows an opposite tendency. This occurs because of the air/biogas
inlet temperature. Figure 8c shows that the air flow rate increased slightly during the summer at

full load.
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Figure 8. Annual operating results for MGT with biogas boiler system. (a) The power output of the
MGT and the amount of the biogas used in the biogas boiler; (b) The electrical efficiency and the net
heat rate of the MGT; (c) The mass rate and the outlet temperature for the streams in the MGT.
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Table 9. Operating data of sewage sludge and food waste treatment plant.

2014. Biogas Production Biogas Boiler Air/Biogas
Month (Nm?/Day) (Nm?/Day) Temperature (°C)
1 19,230 5539 5.0
2 13,909 2604 5.8
3 5290 3868 9.8
4 10,199 4902 14.6
5 14,861 4087 18.7
6 14,505 2269 214
7 15,763 1996 24.8
8 17,487 2433 24.2
9 15,647 2797 22.7
10 19,542 3872 17.9
11 19,435 5206 12.7
12 20,645 7516 3.5

Table 10. Parameters for calculation of the thermal load in the biogas digesters.

Parameters Units 1st Digester 2nd Digester
Volume m? 7000 x 2 7000 x 2
Area m?2 P 22.8 x 29.5 $22.8 x 295
Wall area Wm?2-K 1.53 1.53
Roof area Wm?2-K 3.31 3.31
Base area Wm?2-K 0.63 0.63
Sludge specific heat kJ/kg-K 1.0 1.0

4.4.2. Case 2: MGT + ORC + Biogas Boiler

We analysed the annual performance of the MGT system with the bottoming ORC for the biogas
plant. Similar to case 1, the biogas boiler burned the biogas to heat the biodigester, and the MGT used
the remaining biogas until reaching its maximum capacity. The ORC system used the exhaust gas from
the MGT, so the temperature of the exhaust gas was cooled from 280 to 125 °C. The transferred heat is
used to evaporate the ORC working fluid from 35 to 125 °C.

Figure 9 shows the annual operating results of the MGT with the bottoming ORC. Figure 9a
shows that the ORC system produced the highest power output during summer due to the high mass
flow rate of the exhaust gas (Figure 9¢c) and the low required heat for the biodigester. Figure 9b shows
the electrical efficiencies for the MGT and MGT/ORC systems. The MGT/ORC system has 3% higher
efficiency throughout the year due to the additional heat recovery. The performance of MGT was
decreased in summer due to increased compression work, and the combined system also showed a
similar tendency. Figure 9c shows that the operating parameters of the ORC system did not change
because the mass flow rate of the ORC cooling water changed instead.
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Figure 9. Annual operating results for MGT with bottoming ORC and biogas boiler system. (a) The
power output of the MGT and the ORC and the amount of the biogas used in the biogas boiler; (b) The
electrical efficiency of the MGT and the MGT with the ORC. The net heat rate of the MGT with the

ORGC; (c) The mass rate and the outlet temperature for the streams in the MGT and the ORC.

4.4.3. Case 3: MGT + ORC with Heating Digesters + Biogas Boiler

In this case, the MGT is fuelled with biogas, and its waste heat is used to drive an ORC.
The digester’s heating demand could partly be covered by the ORC condenser coolant. The biogas
boiler is used to supply heat to the digesters. The monthly average thermal power demand is shown
in Table 11. Figure 10 shows the effects of the ORC condenser outlet temperature and digester
inlet temperature. As shown in Figure 10a, the digester heating demand of the ORC condenser
is continuously 200 kW during all four seasons. The ORC power system is not directly affected by

the seasons.
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Figure 10b shows that the electrical efficiency and net heat rate are equal to those in Figure 9b.
These results occur because parameters are the same. Figure 9c shows that the exhaust gas flow rate
varied according to the MGT power output. The ORC system outlet temperature did not change at all.
The condenser outlet temperature is fixed at 50 °C for the digester heating demand.
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Figure 10. Annual operating results for MGT with bottoming ORC. (a) The power output of the MGT
and the ORC, the amount of the biogas used in the biogas boiler and the amount of the heat transferred
from the ORC condenser; (b) The electrical efficiency of the MGT and the MGT with the ORC. The net
heat rate of the MGT with the ORC; (c) The mass rate and the outlet temperature for the streams in the
MGT and the ORC.



Energies 2017, 10, 275 20 of 22

Table 11. Thermal power demands for the MGT system with the ORC and heating digester.

2014. Air/Soil/Sludge Digester Thermal Biogas Boiler ORC Condenser
Month Temperature (°C) Power Demand (kW) (kW) (kW)
1 5.0 400 200 200
2 5.8 200 0 200
3 9.8 300 100 200
4 14.6 400 200 200
5 18.7 300 100 200
6 214 180 0 200
7 24.8 150 0 200
8 24.2 200 0 200
9 22.7 220 0 200
10 17.9 300 100 200
11 12.7 400 200 200
12 3.5 600 400 200

The annual amount of generated gross electricity for the three case studies is shown in Figure 11.
In the case of the hybrid power plant, the effect of ORC on total power output is clearly appeared.
The generated electricity of the MGT is equal between the hybrid concept and the separate use cases.
The highest amount of generated electricity per year is obtained in case study 3. This difference
occurs because the condenser water is needed to obtain the required digester heating demand in the
MGT/ORC hybrid concept.

10
*§8 77 %
H
§4 %i
;'2 .
S /

. )

=]
(@]

Case study

Figure 11. Annual amount of generated electricity for case study.

5. Conclusions

This study analysed the thermodynamic performance of biogas-fuelled power systems based
on an MGT with a CHP, bottoming ORC, or both a bottoming ORC and CHP. We analysed the
effects of system size, methane concentration, and ORC operating conditions. The analysis led to the
following conclusions:

(1)  We analysed the performance of different sizes of MGTs and selected a 1000-kW MGT for the AD
with 28,000-m? capacity. The AD plant produced a monthly average volume of 473,364 m3 of
biogas with 60% methane concentration. Different methane concentrations directly change the
required biogas volume because the MGT has good fuel flexibility.

(2) We analysed the performance of ORC systems with different operating conditions, and the
150-kW ORC system was selected for the MGT exhaust.



Energies 2017, 10, 275 21 of 22

®)

4)

The CHP-ORC system provides heat for the biodigester, and the net power output was decreased
to 128.9 kW due to the lower ORC turbine expansion ratio.

The annual operating characteristics of each system were evaluated, and the MGT with both the
bottoming ORC and CHP provides the highest annual net power output. Each system produced
7.4, 8.5, and 9.0 MWh per year. However, a complete thermoeconomic analysis is required to
evaluate the feasibility of the system.
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