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Available online 27 September 2021 consumption data and generated electricity data of each power plant. In addition to

the data collection, observation on operational practices have also been carried out.
The energy conversion efficiency and the GHGs emission rate for all power plants are
recorded to be lower than the typical values proposed by the literature. The biomass

Keywords: power plant recorded the lowest energy conversion efficiency at 6.47 %. Meanwhile,
Energy conversion efficiency; GHGs; coal ~ the natural gas power plant utilizing the combined cycle gas turbine technology
power plant; natural gas power plant; recorded the highest overall energy conversion efficiency at 48.35 % and rated to emit
biomass power plant GHGs at 0.32 kg CO,e per kWh.

1. Introduction

The increasing demand for electricity in the modern world is now inevitable. The progress
achieved by a country can now be measured by the energy demand of the country. In a global scale,
there has been growing concern over the method of ‘low carbon and green growth’ which a question
on the possibility of achieving sustained economic growth without increasing energy consumption or
greenhouse gases has become an interesting topic [1-4]. While the world is now engaging in
renewable energy as an alternative to fossil-based energy, the cost of renewable energy-related
technologies is still too high [5-7], especially for developing countries. This has led to a developing of
country like Malaysia as an example still dependent on fossil-based energy in its electricity-generating
sector.

Based on statistics released by the Energy Commission of Malaysia, a total of 85.7% of the
electricity produced in Malaysia for the year 2016 is derived from fossil-based sources (coal & natural
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gas) [8]. The Malaysia’s 2007 level of GHG emissions intensity (as a ratio against country’s GDP) are
above the global average in the energy sector. [9] The use of fossil-based fuels is a major contributor
to greenhouse gas emissions that contributes to the global phenomena of climate change [10-13].
The primary greenhouse gases in the Earth's atmosphere are water vapour, carbon dioxide, methane,
nitrous oxide, and ozone. Greenhouse gases greatly affect the temperature of the Earth [14]. Hence,
measurement of the exclusive total amount of GHG emissions that are directly and indirectly caused
by an activity or is accumulated over the life stages of a product [15] is ultimately required to ensure
the sustainability of living creatures on earth.

According to records, there is a total of 7 coal-fired power stations and 19 gas stations in
Peninsular Malaysia with installed capacities totalling 21,390 GW [16]. In order to realize the
Malaysian government's desire to achieve greenhouse gas emissions intensity reduction targets by
45% in 2030 per GDP [17], systematic efforts need to be made. An energy scenario modeling for
Malaysia using LEAP was conducted in order to develop long-range and sustainable power sector
scenarios for Malaysia and to build emission and policy scenarios. In the model, four main scenarios
have been developed include one reference scenario (BAU) and other three alternative scenarios
(MRES, 50-50 Scenario and OES). Through this modelling, the GHG emissions shows reduction due to the
implementations of renewable energy along with energies efficiency and the prolong of fossil fuels
reserves is achievable. [18]

One of the key activities in the effort to reduce the emission of greenhouse gases is to assess and
measure greenhouse gas emissions from existing energy conversion systems. This activity will help in
identifying the steps that need to be taken in the future in reducing emissions of greenhouse gases.
For this purpose, this paper aims to assess and measure the efficiency of different energy conversion
systems and greenhouse gas emissions. The findings of the present paper will provide insight into the
present status of Malaysia energy conversion technology and its impacts on the global warming issue.

2. Methodology
2.1 Power Plant

Three power plants have been considered in the present study representing the coal, natural gas
and biomass energy conversion technologies. Table 1 shows details on the considered power plant.
Both the coal and natural gas power plants have been designed to serve the baseload demand to the
national grid while the biomass power plant is designed to serve during the peak load period. The
coal power plant makes use of pulverized coal firing technology while the natural gas power plant
utilized the combined cycle gas turbine technology with both power plants have been commissioned
in the year 2003 and 2005 respectively. On the other hand, the considered biomass power plant in
the present study makes use of biomass fuel technology and has only been commissioned in the year
2014. From all three power plants, only the biomass power plant makes use of the generated
electricity for its own consumption (2.5 MW from a total of 12.5 MW).

Table 1 also provides details on the generation unit configuration for each power plant. The coal
power plant is equipped with two units of steam turbine rated at 690 MW each. The unit is powered
by steam generated through the burning of the pulverized coal before converting the heat energy of
the steam to the electrical energy. The natural gas power plant is equipped with two units of gas
turbine rated at 235 MW each and one unit steam turbine rated at 244 MW. The gas turbine units
will act as primary in producing the electricity and the steam turbine will make use of the steam
generated from the heat recovery system; utilizing high pressure and temperature of the gas
turbine’s exhaust gas. The biomass power plant is equipped with single steam turbine units rated at
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12.5 MW. The power plant makes use of empty fruit branch (EFB) as their fuel to generate steam
before converting it to electrical energy via the steam turbine.

Table 1
Details on the power plants
Power Plant
Coal Natural Gas Biomass
Served Load Baseload Baseload Peak-load
Technology Pulverized Coal Firing Combine Cycle Gas Biomass Fuel Boiler
Turbine
Commissioning Year 2003 2005 2014
Fuel Type Pulverized Coal Natural Gas Empty Fruit Branch (EFB)
Installed Capacity 715 MW each unit 703 MW of Unit 1 12.5 MW
(full capacity to grid) (full capacity to grid) (10 MW to grid)
Unit Configuration ST-A (690 MW) GT-A (235 MW) ST (12.5 MW)
ST-B (690 MW) GT-B (235 MW)
ST (244 MW)

2.2 Energy Conversion Efficiency

One of the aims of the present study is to assess the energy conversion efficiency of present
different energy conversion system involving coal, natural gas and biomass conversion system. The
energy conversion efficiency, n generally defined as how well an energy conversion system
converting the fuel to produce useful energy, which in the case of the present study representing the
electrical energy. Eq. (1) shows the formulation for the energy conversion system efficiency, n.

_ Useful Energy Produced [kWh]

= x 1009 1
" Input Energy [kWh] % @

The useful energy is referring to the produced electrical energy by the power plant while the input
energy us referring to the amount of heat energy supplied to the power plant through the
combustion of its respective fuels.

2.3 Greenhouse Gas Emission

Another aim of the present study is to evaluate the greenhouse gas (GHG) emission of the
considered energy conversion system. For the purpose of the study, three GHG have been
considered, namely carbon dioxide (CO;), Methane (CH4) and Nitrous Oxide (N20O). The amount of
GHG emission released by the energy conversion system can be given by Eq. (2) with EF is the
emission factor with respect to fuel for each GHG species [17] and GWP representing the global
warming potential of the GHG species. The final value of GHG emission is given in tonne carbon
dioxide equivalent (tCOze).

k
GHG Emission [tCO,e] = Energy Consumption [G]] X EF [T—ﬂ X GWP (2)

Table 2 tabulates the considered values of EF and GWP utilized in the present study. The EF CO;
for biomass fuel has been registered as 0 [kg/TJ] due to its unique characteristics which categorized
as carbon-neutral fuel [19]. To enable comparison between different energy conversion
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technologies, the derive GHG emission in a kilogram of carbon dioxide equivalent, kgCOze is
normalized to the generated electricity, kWh of the respective units as shown in Eq. (3).

GHG Emission R kgCO,e GHG Emission [tCO,e] 1 3
mission Rate [ kWh Generated Electricity [kWh] X 100 3
Table 2
Details on emission factors of GHG species and GWP
Greenhouse Gas (GHG) Emission Factor, EF [kg/TJ] Global Warming
Species Coal Natural Biomass Potential (GWP)
Sub-Bituminous Bituminous Gas
Carbon dioxide, CO2 96.1 94.1 56.1 0 1
Methane, CHs 0.007 0.007 0.001 30 25
Nitrous Oxide, N2O 0.0014 0.0014 0.003 4 298

2.4 Data Collection

Three different energy conversion technology has been considered in the present study; coal
power plant, combined-cycle natural gas power plant and biomass power plant. All three power
plants have been managed by different operating companies thus have different data monitoring
approach. For the purpose of the study, the main required data are the total fuel consumption and
total electricity that has been supplied to the grid for each power plant. Table 3 shows details on data
collection involves in the present study. The largest data interval has been made available is for the
biomass power plant on a monthly basis. For uniformity purpose, all of the data (coal and natural gas
power plants) will be presented in the same monthly interval in the writing. Data for gas and coal
power plants have been collected for the period of one year while the data for biomass has only been
collected for nine months.

Table 3
Details on data collection interval

Power Plant
Collected Data Gas Coal Biomass
Fuel Consumption Hourly Daily Monthly
Electricity Generation Half-hourly Half-hourly Monthly

3. Results
3.1 Energy Conversion Efficiency

Figure lillustrates the energy conversion efficiency of a coal-fired power plant involving two units
of the steam turbines. The power plant utilizing coal in its sub-critical boilers and equipped with
pulverized coal technology. Both units (ST-A and ST-B) have recorded energy conversion efficiencies
of 35.20% and 38.77%, respectively. The figure also indicates the standard deviation recorded for
both units are at 3.89 % and 3.10 % respectively. In comparison with the recommended energy
conversion efficiency for the coal-fired steam turbine (Coal-Fired ST) reported by EURELECTRIC [20]
at 39.00 %, both of the units are operating at a considerably good level taking into account the plant
age which already at 16 years old. Based on the observation during the data collection, the good
operational condition of these two units is mainly contributed by the implementation of a systematic
maintenance program. This includes proactive and reactive monitoring with leading and lagging

148



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences Penerbit

Volume 87, Issue 2 (2021) 145-153 Akademia Baru

indicators through the plant operation. Additionally, the observation also shows that good energy
efficiency activities have also been conducted by the plant including performance tracking and energy
efficiency forum. The performance tracking activity involves monitoring of each station performance
during the plant operational period while the energy efficiency forum activities allow idea exchange
between the workers to improve the overall performance of the plant.

n (%) Coal Fired ST 39%

STA STB

Fig. 1. Energy Conversion Efficiency for Coal Power Plant

Figure 2 shows the energy conversion efficiency for natural gas power plant represented by two
units of gas turbines together with overall plant efficiency. The recorded efficiency for the gas
turbines; GTA and GTB are at 31.00 % and 30.35 % respectively, while the overall efficiency is at 48.35
%. Both of the gas turbine units are registering lower energy conversion efficiency in comparison with
the typical conversion efficiency proposed by EURELECTRIC [20] which are at 39 %. The low energy
conversion efficiency recorded by both, GTA and GTB can be associated with the ageing effect given
that the system was commissioned at 2005 (10 years). However, with the help from the steam
turbine, the overall energy conversion efficiency of the plant has been recorded to be at 48.35 %
which is relatively closer to the recommended typical value of 58.00 % [20]. In comparison with the
coal power plant which the steam turbine units were supplied with steam generated by its boiler, the
steam turbine in the combined gas turbine power plant is utilizing the excess heat through the heat
recovery system (heat exchanger). This allows a much higher overall conversion efficiency for
combined cycle gas turbine power plant in comparison to the coal power plant which needs to
consider the combustion efficiency of fuel in its overall efficiency evaluation.

149



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences Penerbit

Volume 87, Issue 2 (2021) 145-153 Akademia Baru

N (%) Large Gas Fired CCGT 58%

OVERALL GT1A GT1B

Fig. 2. Energy Conversion Efficiency for Natural Gas Power Plant

Figure 3 shows the recorded energy conversion efficiency for biomass power plant considered in
the present study at 6.47 % with 1.91 % standard deviation. The efficiency recorded for the biomass
power plant is the lowest in comparison with the other units considered in the present study. The
efficiency is also very low in comparison with the recommended value of 22.00 % [20]. The power
plant makes use of EFB as their fuel to generate the steam. During the data collection it is observed
that the EFB that is supplied to the boiler has not been properly treated; in a chunk and wet. The

supplied fuel condition resulting in very low combustion efficiency thus bring down its overall
efficiency.

n (%) Waste-to-Electricity 22%

BIOMASS

Fig. 3. Energy Conversion Efficiency for Biomass Power Plant
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3.2 GHG Emission

To enable comparison between the three different power plants, the GHG emission in a kilogram
of carbon dioxide equivalent, kgCO,e has been normalized to the generated electricity, kWh deriving
value for a kilogram of carbon dioxide equivalent per unit generated electricity also known as GHG
emission rate, kgCOze per kWh. Figure 4 shows the recorded GHG emission rate for two units of the
steam turbine for the coal power plant. Both of the units (STA and STB) registered GHG emission rate
at 0.74 kgCO.e per kWh and 0.68 kgCO,e per kWh respectively. The values are lower than the
proposed value of Steam Cycle Hardcoal of 0.83 kgCO,e per kWh [20]. The values reflecting the
efficiency values that have been discussed earlier in the previous section, whereby, higher efficiency
will register lower emission rate.

GHG Emissions
(kgCO.e/kWh)

STA STB

Fig. 4. GHG Emissions Rate for Coal Power Plant

Figure 5 shows the GHG emission rate for the combined cycle gas power plant. The registered
values for GTA and GTB are 0.51 kgCO;e per kWh and 0.50 kgCO;e per kWh respectively. Both of
these values are slightly lower than the proposed value at 0.58 kgCO.e per kWh of Gas Turbine Cycle
[20], despite both of the units are operating at lower efficiency has been discussed earlier in the
previous section. It indicates a good opportunity to further reduce the GHG emission rate by
improving the unit efficiency. Figure 5 also shows that the overall GHG emission rate for the power
is registered to be at 0.32 kgCO,e per kWh which is lower than the proposed value at 0.36 kgCO;e
per kWh of CCGT [20]. The GHG emission rate value for the biomass power plant taken to be at 0
kgCOze per kWh due to the fact that the plant is utilizing EFB as a fuel. The EFB which is produced by
the palm tree has been categorized as carbon-neutral fuel; in which the GHG emission from its
combustion is said to produce lower GHG is comparison with the CO; absorbed by biomass during its
growth.
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GHG Emissions
(kgCO.e/kWh)

OVERALL GT1A GT1B

Fig. 5. GHG Emissions Rate for Natural Gas Power Plant

4. Conclusions

The study aims to assess and measure the efficiency of different energy conversion systems and
its greenhouse gas emissions involving coal power plant, combine cycle natural gas power plant and
biomass power plant. Data including fuels consumption and generated electricity for each power
plant has been collected to derive two main performance criteria of the present study; energy
conversion efficiency, 1 and GHG emission rate. The conclusions for the present study are as follow

i.  All considered units in the study are operating at lower energy conversion efficiency in
comparison to the recommended typical values.

ii.  The overall energy conversion efficiency of the combined cycle power plant is the
highest in comparison with the other two power plants due to its capability to utilized
excess exhaust heat from the gas turbine system.

iii. The lowest energy conversion efficiency is recorded for the biomass power plant which
is contributed by poor fuel handling.

iv.  Retrofitting and increasing the efficiency in existing power plants is the current
measures in maintaining efficiency.
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