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SPPs
SSCV
SW-FGD
VSPPs
W-FGD

International Energy Agency
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Megawatt

Over fired air
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Pollution Control Department
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Selective catalytic reduction
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Seawater flue gas desulfurization

Very Small Power Producers

Wet flue gas desulfurization
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Executive Summary

Mercury (Hg) emission from anthropogenic sources is a global environmental pollution
problem and a global threat to human health. The United Nations Environment Programme
(UNEP) estimates that coal combustion contributes about 24% of global anthropogenic Hg
emissions, and coal-fired power plants are thought to be the largest mercury emission
source in the world. On an individual country basis, the largest emitters from this category
are China, India, and the United States of America. Meanwhile, the Arctic Council has
found that within the eight Arctic countries, the Russian Federation (Russia) and the U.S.
contribute the bulk of Hg emissions from power plants. According to the recent global
inventory, about 65% of emission came from stationary fuel combustion in 2000.
Geographically, Asia accounts for about 54% of the emission, and China is the largest Hg

emitting country.

As reported by the Energy Policy and Planning office (EPPO) of Thailand in 2016, around
64% of coal and lignite consumption was for electricity generation. Most of domestic
lignite (97%) was used in electricity generation, whereas only 35% of imported coal was
fed into independent power producers (IPPs) and small power producers (SPPs). Currently,
there are 23 coal-fired power plants in Thailand. These plants were equipped with various
types of the co-benefit air pollution control devices (APCDs) (i.e., electrostatic precipitator
(ESP), wet flue gas desulfurization (W-FGD), seawater flue gas desulfurization (SW-
FGD). At present, either the mercury inventory or the mercury emission standard has not
been comprehensively established. Although, in 2010, emission standards for new power
plants and existing power plants were announced by the Ministry of Natural Resources and
Environment under the authority of the Enhancement and Conservation of National
Environmental Act, B.E. 2535 (1992), these standards only impose limits on the quantity
and concentrations of sulfur dioxide, nitrogen oxides (as nitrogen dioxide) and particulate

matter.
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Methodology

As a part of the project supported by The UN environment and the PCD (Pollution Control
Department, Thailand), “Reducing mercury emissions from coal combustion in the energy
sector”, this study, focusing on emissions of mercury from coal combustion so as to
generate electricity, is a contribution to international efforts to reduce mercury pollution.
It aims to establish mercury emission factor and then to estimate future trend emission of
mercury from a coal-fired power plant sector in Thailand. The expected outcomes include
the action plan on reducing mercury emission from coal combustion and capacity building

for stakeholders.

In this study, the sampling protocol was conducted from May to June, 2017. There were
two steps of sample collection, one is for coal samples from coal stockpiles; and another is
for feed coal, combustion products and untreated flue gas at each electricity generation
unit. For step 1, fifty coal and lignite samples were collected from 10 coal stockpiles of the
four coal-fired power plants in three provinces. Of these samples, about 10 samples were
lignite and 40 samples were bituminous. For mercury measurement during combustion
process, feed coal, combustion products and untreated flue gas were obtained from two
selected coal-fired power plants as a representative for bituminous (named Plant 1) and
lignite (named Plant 2 with three operation units, which are Unit 6,10 and 13) power plants,
respectively. At each power plant, five sampling cycles were repeatedly conducted for five
consecutive days. Thus, the sample size for each sample type is five (i.e. 5 feed coal
samples, 5 fly ash-samples). Of each sampling cycle, feed coal, combustion products and
untreated flue gases were collected and analyzed following the Standard Practices for
Collection of Channel Samples of Coal in a Mine (ASTMD series). All analysis methods
and procedures complied with the project quality assurance and quality control (QA/QC)

criteria.

The mercury mass balance, emission factors and future trend of mercury emissions from
coal-fired power plants were then calculated. Recommendations for options on possible
control measures for reducing mercury emissions from the coal-fired power sector were
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proposed and presented in the workshop, which was held on 7" November 2017 at
Thammasat University, Thailand. In the workshop, Process Optimization Guidance (POG)
and Best Available Techniques (BAT)/Best Environmental Practices (BEP) were also
addressed by Dr. Wojciech Jozewicz and Lesley Sloss, respectively. In addition, the
research team openly shared and discussed with participants to obtain the opinions and
suggestions on the project. Finally, the draft action plan on reducing mercury emission

from coal-fired power plants was anticipated.
Results of the project

1. Coal characteristics
Bituminous had higher carbon and fixed carbon content, but lower content of sulfur,

chlorine, mercury and arsenic than lignite. Both bituminous and lignite had very low
concentrations of bromine.

2. Mercury concentrations and speciation in samples from coal combustion process
At combustion process, bituminous feed coal contained mercury content less than lignite

around 50%. Mercury content in fly ash was found to be higher than that in bottom ash,
except for the Plant 2/Unit 10. The oxidized mercury form (Hg?*) was most likely bound
to gypsum slurry with concentration about 140.69 + 8.79-168.92+38.92 pg/kg. However,
it was found in SW-FGD with very low concentration (0.09+0.02 ug/kg). The flue gases
at stack of the Plant 1 contained all three forms with a similar portion about 32-36%,
whereas in the Plant 2, the flue gases contained a significant quantity of Hg® over other two
forms, possessing 67-81% of the total mercury. It is to note that actually, approximate Hg
speciation could be estimated from samples directly measured as three forms (Hg°, Hg?*
and Hgp); however, in this study its speciation was assumed from the Hg behavior in flue

gas at downstream of APCDs.

3. Mercury mass balance
The Hg mass balances across the entire combustion process and across each of the air

pollution control devices were calculated in accordance with the Hg mass flow rates

entering and leaving the plants. The overall Hg balance for each plant was around 38.6%
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for the Plant 1, 82.2% for the Plant 2/Unit 6, 109% for Plant 2/Unit 10, and 64.8% for Plant
2/Unit 13. Only the result of the Plant 2 was within the acceptable error range of £30 as
proposed in Takahisa et al. (2000) and Yu et al. (2014).

4. Future mercury emission estimates from coal-fired power plants in Thailand:
Scenarios of estimation for 2025
To generate the most likely estimation of future trend of mercury emission, two approaches
were applied, which were (1) using the measured data from this study and (2) using the
existing Hg removal efficiency of relevant APCDs in literatures.
= In approach 1, the calculation was based on the emission factors, which were
considered by two scenarios. Scenario 1 assumed that the mercury mass balance
was within the acceptable error range. Therefore, the Hg emission factors were
estimated from the direct stack emissions of mercury (actual concentrations).
Scenario 2 assumed that the uncaptured fractions of a combustion process were
thought to be the emission. Therefore, Hg emission factors were estimated from the
uncaptured emissions.
= |n approach 2, the calculation was based on the existing Hg removal efficiency of
relevant APCDs in literatures. The selected Hg removal efficiencies were relevant
to the APCDs installed in 23 existing coal fired power plants in Thailand. Then the
mercury removal efficiencies for the pulverized coal in boiler (PC), selective
catalytic reduction (SCR), cold-side ESP (CS-ESP), and SW-FGD were
assumingly used to estimate the mercury emission for these 23 plants and other new
expected power plants in future. Due to lack of information about the types of
APCD installed in small and new expected coal-fired power plants, we assumed

that these plants will operate without APCDs (as uncontrolled system).

For the approach 1, it was found that emission factors of Hg from the scenario 2 were
higher than that from scenario 1. In addition, no matter what scenario applied, the Plant 2
emitted higher Hg concentrations than the Plant 1. In associated with scenarios, the

emission factors of Hg for the Plant 1 were 8.59+4.86 and 44.31+11.40 mg per ton coal

iv
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(mgft), respectively. Likewise, for the Plant 2, the emission factors of Hg were 69.67+30.07
and 85.76+9.91 mgl/t, respectively. Considering the future mercury emissions, in both

scenarios, the plant 2 showed higher emission rate than that estimated for the plant 1.

When using the existing mercury removal efficiencies of the co-benefit APCDs to predict
the future trend of mercury emission from 23 existing and new expected power plants from
2017 to 2025, a lignite power plant still plays the significant source of Hg emission.
However, by 2025 the total Hg emission is expected to decrease and collectively the Hg
emission from a lignite power plant will be reduced around 66 %. On the other hand, it is
expected that Hg emission from bituminous power plants may slightly increase after 2020.
Apparently, the new expected bituminous power plants will be the significant source of
increasing mercury emission, whereas the emissions from the existing bituminous power
plants remain steadily. It is to note that the estimation for new power plants, which are not
yet developed, was based on the worst-case assumption that these plants would be operated
without APCDs. The most important factors affecting mercury emissions are the mercury
content of coal and the mercury removal efficiency of APCDs (air pollutant control
devices).

5. Recommendation

The recommendations are proposed as follows:

1) Mercury emission inventory must be applied in both the existing and expected new
power plants; and must be regularly performed and reviewed. It is therefore the
emission factors appropriated for Thailand will be established;

2) promoting technology capacity building and research on the efficiency of power
plants and APCDs relevant to the system installed in Thailand,;

3) applying Best Available Techniques/Best Environmental Practices (BAT/BEP) for
all industries using coal and lignite as fuels. The implementation should consider
these conditions as follows:
= The actions include full range of options of BAT/BEP, where feasible and

applicable, to control the emission;
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= The performance and effectiveness of selective control technique options are

taken into account in order to ensure the high level of protection of human

health and the environment as a whole;

= Furthermore, cost and benefits of each control technique option need to be

assessed. The need should also be taken into account for sound maintenance

and operational control of the techniques, so as to maintain the achieved

performance over time.

4) establishing the emission standard imposed limits on the concentration of mercury

emitted from coal-fired power plant;

5) supporting a capacity building program for researchers, technicians and national
coordinators of the mercury inventory and monitoring.

Recognizing the need to allow both the existing and expected new coal-fired power plants

sufficient time to test, plan, and implement actions, including technology optimization as

well as the control policies, the action plan is necessary and should be implemented in

phases. Proposed action plan for reducing mercury emission from coal-fired power plant

is presented in table below:

Action plan for reducing mercury emission from coal-fired power plants

Task Action Time-frame  Responsible/Involvement*
1  Capacity building programs of 1 years PCD
mercury emission inventory
2 Mercury emission inventory 2-3 years PCD, EPPO,DIW, ERC and
power plants
3 Capacity building programs of 5 years PCD,EPPO,DIW,ERC and
mercury monitoring power plants
4 Review of law and regulation at 1 year PCD, DIW,ERC
national and international levels
5  Establishment of Hg emission 5 years PCD,EPPO,DIW,ERC and

standard applied for power
plants in Thailand

power plants

Vi
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Action plan for reducing mercury emission from coal-fired power plants

Task Action Time-frame  Responsible/Involvement*
6 Implementation of BAT/BEP, 5 years PCD,EPPO,DIW,ERC and
which are appropriated for power plants

power plants in Thailand
PCD: Pollution Control Department; EPPO: Energy Policy and Planning Office, Ministry of Energy; DIW:

Department of Industrial Works, Ministry of Industry; ERC: Energy Regulatory Commission; BAT/BEP:
Best available techniques /Best environmental practices.

*These organizations/departments are expected to be a focal point or to involve with each action
plan. However, in future, they can be changed according to appropriate situation.

6. Outcome of the workshop for capacity building
The participants proposed suggestions and recommendations as follows:

6.1) Participants made some questions and concerns related to the methodology and
results of this project. The key issues can be summarized as follows:

= Information from this project is little comparing to the whole situation of mercury
emission from coal-fired power plants in Thailand due to uncertainties and
limitations (see section 5.6 and 5.7). It is necessary to be careful about what may
be disseminated to public;

= Development of mercury emission factor which was based on the mass balance
and limitation;

= Uncertainty of scenarios for estimating mercury emission, which involved
projected coal consumption, emission factor and removal efficiency of co-benefit
APCDs;

= Impact of this project on the decision-making about the mercury emission standard
in Thailand

6.2) Participants proposed their opinions and recommendations related to the reduction

of mercury emission and establishment of mercury emission standard as follows:

= Government should organize the roadmap for reducing mercury emission from coal

fired-power plants in Thailand;

Vii
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Cost-benefit analysis should be taken into consideration for selecting the dedicated
APCDs for removing mercury;
It is necessary to expand this study to more coal-fired power plants. Further study
for other types of power plants that also contribute mercury emitted to environment
iS needed;
Mercury emission factor should be set specific to situation in Thailand rather than
that uses in other countries;
If the mass balance method would be recommended for establishing emission
factor, sample size and collection period should cover the full range of processes in
order to ensure the result with statistical significance;
The PCD (Pollution Control Department) should be the focal point for conducting
the meeting to inform stakeholders about the policy, procedure and clear direction
of how to follow the national plan.
Other suggestions include:

o controlling the mercury import;

o totally assessing all sources of mercury emission

viii
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1. Introduction
1.1. Background

Mercury occurs naturally in the earth's crust. It is released into the environment from
volcanic activity, weathering of rocks and as a result of human activity. Human activity is
the main cause of mercury releases, particularly artisanal and small-scale gold mining and
coal combustion (all uses). Coal-fired power plants are one of the main sources of mercury
emission to the environment. During combustion, the mercury in the coal is transformed
into three species: particle-bound mercury (Hgp), vapor-phase elemental mercury (Hgo),
and vapor-phase oxidized mercury (Hg?*). Vapor-phase elemental mercury is extremely
volatile and insoluble. Therefore, the conversion of mercury from one form to another is

important for selecting the appropriate mercury removal technology (UNEP, 2017).

Mercury is a dangerous heavy metal to both humans and animals. Since it is an element,
it cannot be degraded. It is highly toxic to the central nervous system and it has the ability
to both bioaccumulation and bio-magnification in food webs. Living organisms readily
take up mercury from their surroundings with levels generally increasing with each step up
the food chain (Dabrowski, et. al., 2008).

There are many sources of natural and anthropogenic mercury emissions, but coal
combustion is known to be the major anthropogenic source of mercury (Hg) emissions in
many countries Hsi, et.al, 2010). Pirrone et al. (2010) suggested that summing up the
contributions from anthropogenic sources, nearly 2320 Mg of mercury is released annually
to the global atmosphere (31% GEb). The emissions still increase in Asia because of
increased burning of coal and increased industrialization. Asia has the largest average
emission inventory compared to the other continents in the world. Wu, et.al, (2015)
summarized that the largest emissions occur from combustion of fossil fuels, mainly coal
in utility, industrial, and residential boilers. As much as two-thirds of the total emission of
ca. 2,190 ton of Hg came from combustion of fossil fuels. Asian countries contributed
about 54 % (1,179 tons) to the global Hg emission from all anthropogenic sources

worldwide in 2000. China contributes about 28 % to the global emissions of mercury, and

1
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is followed by other four Asian countries including India, Japan, Kazakhstan, Korea

Democratic Republic.

The Governing Council (GC) of the United Nations Environment Programme initiated a
global assessment of mercury in 2001. The report was presented to the GC in 2003, and
key findings of the Global Mercury Assessment were: (1) Mercury is present in various
environmental media and food all over the world; (2) mercury is persistent, (3) undergoes
long-range transport and cycles globally; and (4) Mercury is highly toxic and has caused
adverse impacts on human health and the environment (UNEP 2003). The findings were
acknowledged as sufficient evidence of adverse global impacts to warrant international
action and the GC endorsed the need for global action in 2003. This GC decision resulted
in formation of the UNEP Mercury Programme. At its twenty-fifth session, in 2009, the
GC decided on a number of matters that would influence the future path of global work on
mercury. It established an intergovernmental negotiating committee (INC) to develop the

globally binding instrument to control emissions and releases of mercury.

The project entitled “Reducing mercury emissions from coal combustion in the energy
sector” was conducted in China, India, Russia and South Africa. As part of this work, the
Process Optimization Guidance (POG) Document was developed. This guidance addresses
the process that can reduce mercury emissions from coal combustion, and improve mercury

emission inventories and related information.

Reduction in mercury emissions from the coal combustion can be addressed by pre-
combustion and/or post combustion techniques. The pre-combustion techniques include
coal cleaning, coal blending, thermal treatment of coal. Senoir et, al. (2000) explained that
the post-combustion region of the boiler is divided into three parts: (1) convective section
to air heater (AH), (2) ESPs, and (3) flue gas desulfurization unit (FGD).Post combustion
techniques involve the existing APCDs (Air pollution control devices) combinations,
which are designed to capture conventional pollutants such as sulfur dioxides (SO3),
nitrogen oxides (NOx) and particulate matters (PM). These APCDs can also remove

mercury from flue gases in two ways: removal of Hgp in particulate control devices and
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removal of Hg?* in FGD scrubbers. Thus, the mercury removed from the flue gas may be
found in fly ash and in the scrubber solids (gypsum for WFGD) or liquid effluent (sea water
for SW-FGD). Dedicated mercury control technologies can be applied to plants to increase
the efficiency of the existing APCDs combinations. The most widely applied mercury
control technology at coal-fired power plants is additional chemical injection at various
stages of the process, which is usually called co-benefit enhancement technologies
(Ancora, 2015). Chemical injections include halogen (HI) and activated carbon (ACI),
however, a better understanding of the oxidation of elemental mercury is needed; as well

as ACl is still expensive for developing countries including Thailand.

With a view to reduce mercury emission from coal based power plants, the essential pre-
requisite is to have a proper inventory structured data bank on the mercury content of the
coals from the major sources. In Thailand, there are few studies focusing on mercury
emissions from coal-fired power plants, which were estimated by using adopted mercury
removal efficiencies from literatures (Thao and Garivait, 2012; EGAT, 2017). Mercury
emission inventory has not yet systemically implemented. Although, in 2010, emission
standards for new power plants and existing power plants were announced by the Ministry
of Natural Resources and Environment under the authority of the Enhancement and
Conservation of National Environmental Act, B.E. 2535 (1992), these standards impose
limits on the quantity and concentrations of sulphur dioxide, nitrogen oxides (as nitrogen
dioxide) and particulate matter (IEA, 2016).

Hence, with the support from the UN environment and the PCD (Pollution Control
Department, Thailand), this study aims to conduct an inventory of mercury emissions from
selected coal-fired power plants in Thailand as a case study. To the extent estimation of
future mercury emissions, additional information on coal used; status of existing co-benefit

APCDs and statistic profile of coal and lignite will be taken into consideration.
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1.2 Objectives

1.

Assessment of mercury content of coals fed to coal fired power plants; this includes

in-country coals as well as imported coals;
Development of projections of coal consumption (2025);

Characterization of existing power plants with regard to capacity and air pollutants

control technologies installed;

Direct measurements of the emissions of mercury from selected power plants based
on their capacity, vintage, fuel types, emission control systems, including
speciation of mercury in flue gas and partitioning of mercury in the combustion

products; .

Estimation of the mercury emission factors based on the information gained during

this project and comparison with relevant published emission factors.

1.3 Major tasks

The major tasks of this project are as follows;

Task 1: Coal information

1.

3.

Information will be collected on the amount of coal consumed, (for electricity
production) by coal source; available information on coal analysis on dry basis
(including Hg, As, Se, CI, Br, Ca, Na content);

Information will be collected or estimated on the coal consumption (projected coal
use) for electricity generation for the target year 2025;

Analyses of untreated Thai coal samples following relevant International Accepted
Standards. Coal sample analysis will include proximate and ultimate analyses,

including determination of Hg, As, Se, CI, Br, Ca, Na content of coal;

Inter-calibration of Hg analysis will be carried out on 10 selected coal samples as a

quality control of analysis results.
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Task 2: Power plant information

1.

Available national and provincial information will be collected on installed power
plant capacity and electricity generation by coal combustion as of 2016, including
the approximate locations of power plants;

Available national and provincial information will be collected on the installed
configuration of any air-pollution control equipment and its typical operational
efficiency;

Available national and provincial information will be collected on any available
results of measurements of Hg emissions from coal-fired power plants;

Hg emission measurements at selected power plants. Direct Hg measurements in
minimum three coal based power plants adopting standard procedures for solid and
gaseous sampling according to international accredited methods (recommended
flue gas measurement method: US EPA Method 30B utilizing US EPA Mercury
Measurement Toolkit). However other international scientifically recognized
methods can be used. The selection of at least three power plants for measurements
will reflect the distribution of power plants by their size and age. The sample
collection and analysis can be adjusted for the most benefit of the project upon the
consultation between UN Environment Programme and Faculty of Public Health,

Thammasat University.

Task 3: Mercury emission inventories and future estimates

1.

3.

Develop mercury emission factors based on data sets from selected power plants
and the analysis of coals used in Thailand,;

The emission inventories will be shared by a network of experts and stakeholders
for comments;

Develop future mercury emission estimates (scenario for 2025).
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Task 4: Report preparation

A fully referenced and reviewed technical report presenting results will be prepared for

publication on UN Environment's website. Methods will be described in the report and raw

data will be attached in annexes.

