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1. Abstract
The power sector of Pakistan suffers from a serious shortfall of up to 5000MW (USAID Pakistan: Energy Efficiency and Capacity, 2012). The situation has led to frequent power outages, resulting in industrial plants shutting down and leading to an overall decreased productivity and retardation of economic growth. The long term solution to the energy crisis depends on many factors including good governance, cutting down on inefficiencies, devising conservation mechanisms and above all investing in renewable as well as cost effective and environment friendly non-renewable energy resources. Amongst the later, coal is going to remain an indispensable source of energy for at least another two centuries, primarily because of the economics and security of the supply and the usage is projected to increase worldwide (Ansolabhere, Beer, Deutch, & Ellerman, 2007).Pakistan is also home to a total estimated of 175 billion tons of coal in the Thar desert; these reserves are being considered as a potential solution to Pakistan’s energy crisis. However, in a world pressed for reducing carbon emissions in order to mitigate climate change, as well keeping in view the external costs that a thermal energy generation project incurs, any attempt at exploiting the Thar coal has to place environmental considerations at the forefront. At the moment in Pakistan, the Thar coal project also has its share of critics on account of the technology used for exploitation as well as its long-term environmental and economic costs.  This senior year project carried out a study of the possible environmental effects of the exploitation of Thar coal. The work involved gathering geophysical information about the reserves, and employing mathematical modeling to predict the dispersal of pollutants through the atmosphere, the carbon footprint and the effect on surrounding land and water resources as a result of generating electricity from these reserves.











2. An overview of Pakistan’s energy crisis and the option of Coal
The energy sector
Energy use refers to use of primary energy before transformation to other end-use fuels, which is equal to indigenous production plus imports and stock changes, minus exports and fuels supplied to ships and aircraft engaged in international transport (TheWorldBank, 2012). The total primary energy supply in 2009-10 was 63.1 million Tons of Oil Equivalent (TOE) ( HydrocarbonDevelopmentInstitute, 2010)with the distribution by source depicted as follows. 

[image: ]
[bookmark: _Toc326025646]Figure 1: Primary Energy Supplies by source
Source: Pakistan Energy Yearbook 2010
In terms of per capita consumption Pakistan ranks relatively low – 164 out of 217 countries (CIAWorldFactbook, 2003-2011) – with an annual rate of 501.6kg OE in 2009. In comparison, the U.S. stood at 7093 kg whereas the World average was 1802.57 kg OE. The following figure from the World Bank data provides a comparison
[image: ]
[bookmark: _Toc326025647]Figure 2: Per Capita Energy Consumption in kilograms of OE
Source: World Bank

Energy uses and national income per capita are positively correlated (Hussain, 2010), because energy consumption is vital to the development of an industrial economy. In spite of being at the lower end of the word-wide energy consuming spectrum, Pakistan faces serious difficulties in fulfilling its energy needs. 
Gap between demand and supply of energy
According to the Pakistan energy yearbook 2010, the total net supply of energy rose from 6,725,004 TOE in 2004-05 to 7,638,000 in 2009-10, recording an annual compound growth rate (ACGR) of 2.6 percent. On the other hand, the consumption increased from 4,994,56 TOE to 6,054,921 TOE in 2009-10 recording an ACGR of 3.9%. This shows that the supply growth rate is failing to keep in sync with the increasing demand rate owing to industrialization, growth in agriculture and services sectors, urbanization, rising per capita income and rural electrification (Khan & Ahmed, 2007). The projected energy demand and supply rates predict a serious deficit that will have adverse effects on the economy. Assuming a GDP growth of 6.5%, and extrapolating on recent trends in long-term plans for power generation, the Planning Commission projected an overall increase in the demand of electricity by a factor of 3.5. Electricity demand touched the record of 20,058 MW in last August in the country whereas total installed capacity for power generation is 21,021 MW out of which 18,987 MW is dependable capacity. But presently dependable capacity is about 13,920 MW due to lack of water releases by IRSA to dams owing to canal closure (Mahboob, 2012)



	
	2005
	2010
	2025

	Oil
	16
	29
	47

	Gas
	28
	56
	93

	Coal
	4
	9
	17

	Hydel
	7
	13
	29

	Nuclear
	1
	2
	7

	Renewable
	-
	1
	5

	Total
	56
	110
	198


Table 1: Projected Energy Demand MTOE
 Source: Medium-Term Development Framework: 2005–10, Planning Commission


The expected energy deficit is summarized in the following table

	Source
	2005
	2010
	2025

	Oil
	3
	4
	2

	Gas
	26
	34
	19

	Coal
	2
	5
	13

	Hydel
	7
	13
	29

	Nuclear and Renhewable
	1
	3
	12

	Total Indigenous Supply
	39
	61
	75

	Total Energy Requirement
	54
	110
	198

	Deficit
	15
	50
	122

	Deficit as % of energy requirement
	28
	45
	62


Table 2: Expected Energy Deficit by Source
Source: Medium-Term Development Framework: 2005–10, Planning Commission

Possible solutions

In order to make up for the deficit and get the country out of a serious energy crisis that it presently faces, both short-term and long-term policy initiative are needed that encompass not only increasing energy efficiency to cut down on wastages but also significantly enhance the country’s capacity to meet its demands. The possible solutions to the energy shortage can be grouped into three main areas:


1. Conservation
2. Importing more energy
3. Investing in renewable and clean non-renewable resources

Conservation
This includes better energy practices that focus reducing excessive consumption of electricity and therefore bringing down the demand for energy. This is short term measure that can significantly cut down on the load during peak demand periods by saving electricity. Conservation calls for pragmatic changes in lifestyle as well installation of energy efficient devices, building practices and electricity distribution and management plans that optimize the supply when the demand is at its peak. An example is demonstrated in the following table that gives a comparison of three different light bulbs from which the impact of an energy efficient practice can be gauged.

	
	LED’s
	Incandescent bulbs
	CFL’s

	Life-span(average) hours
	50,000
	1200
	8000

	Watts of electricity used equivalent of 60-watt bulb
	6-8
	60
	13-15

	kWh of electricity per year
	329
	3285
	767

	Luminous efficacy (Lumens/Watt)
	100
	11
	50.8

	Color Temperature (K)
	3000
	2700
	2700

	Purchase price
	$20
	$2
	$4

	Annual operating cost
	$32.85
	$328.59
	$76.65


Table 3: Comparison of LED's, Incandescent bulbs and CFL's
Source: Design Recycleinc; (Elert)

There are some inherent problems associated with some practices that make their implementation a problem. For instance, as shown above not only are LED’s more expensive in terms of initial cost, but also have operational disadvantages such as their sensitivity to high ambient temperature and the potential exceeding blue-light hazard which is a concern for eye-safety.

2. Importing more energy

Another option to help increase the energy base of the country is relying on more imported fuel. At present Pakistan meets 75% of its energy needs by domestic resources including gas, oil and hydroelectricity production. Only 25% energy needs were managed through imports and Oil
taken major share alone and imported oil may likely maintain important share in the future energy mix (Khan & Ahmed, 2007)The share of energy imports recorded an increase from 26,050 TOE in 2004-05 to 59,537 TOE in 2009-10 with an ACGR of 18%. Currently, plans are underway for importing for importing gas from central Asia as well as coal to transfer existing furnace oil plants to coal in light of the increasing oil prices. However, this scenario is also sure to have a negative impact on Pakistan’s balance of payments. The economic cost of imported fuels under the current projections is illustrated in the following figure. Fuel imports under the base are projected to increase from the current level of $7.5 billion to $38.2 billion in 2025, with oil accounting for 65 percent of the energy imports, followed by gas at 30 percent (Ahmed, 2007)

[image: ]
[bookmark: _Toc326025648]Figure 3: Economic cost of imported fuels
Source: Meeting Pakistan’s Energy Needs, Mukhtar Ahmed, 2007


Investment in indigenous renewable and non renewable energy sources

The third and a highly viable option for Pakistan is developing its indigenous capacity to utilize the untapped potential of its fuel reserves. The indigenous resource potential is summarized in the following table that indicates that there is significant room for exploitation in all resources including oil, gas, coal and hydel – provided that the technical and commercial constraints associated with these resources’ utility are overcome. 







	Energy Source
	Potential
	Annual Production
	Reserve to production ratio. (Potential realized)

	Oil
	309 million bbl
	24.12 million bbl
	13

	Gas
	29 tcf @ 900Btu/scf
	1.34tcf
	22

	Coal
	3,303 million tons
	4.59
	720

	Hydel
	41,700MW
	6600 MW
	16% (Potential realized)


Table 4: Energy sources, utility and potential
Source: Meeting Pakistan’s Energy Needs, Mukhtar Ahmed, 2007


Why Coal
Despite being a non-renewable energy source, studies indicate that coal is going to play a very significant role in the global energy scenario during the next two centuries. According to an IEA report, coal use is likely to grow from 41% to 44%, as a source for power generation, by 2030 due to energy security and price volatility. On the other hand, the share of coal as a source of electricity generating fuel in Pakistan stands at a meager 0.1% in comparison to the world average of 41%. As indicated in the previous section, the reserve to production ratio for coal is the highest (720) amongst all three types of sources. Given the sharp rise in the oil prices in the international market as well as the fast depletion of Pakistan’s gas reserves due to increased demand, it is imperative that Pakistan look towards alternative sources of energy including coal.

There are a number of advantages pointed out in favor of this exploitation. These include:

· Availability and security of supply.  (See section 3)
· Energy density comparable to other sources of thermal power.
· Relatively easier to develop. The mining and power production technologies exist and only require infrastructural development prior to their implementation
· Availability of clean coal technologies. A lot of R&D work is devoted world-wide to come up with solutions that cut down on the environmental hazard coal production. While, some of these solutions such as Carbon capture and Sequestration are expensive, there is room for financial incentives and trade-offs in international conventions.

The aforementioned reasons warrant that Pakistan look towards devising a viable strategy for the exploitation of its coal reserves at Thar.





















3.  Thar Coal reserves

Location and distribution

The Thar coalfield is approximately located between Latitudes 24º15’N and 25º45’N and Longitudes 69º 45’E and 70º 45’E in the southern part of Sindh Province in the Survey of Pakistan topo-sheet Nos. 40 L/2,5 and 6. The coal fields cover a total area of over 9000 sq.km in the Tharparkar desert and the deposits have been divided into six different blocks with their distribution shown in the figure below.
[image: ]
[bookmark: _Toc326025649]Figure 4: Distribution of blocks
Source: (Sind Coal and Energy Department, 2010)




[bookmark: _GoBack]Geology

The stratigraphic studies of the area demonstrate that the field is covered by sand dunes that extend to an average depth of 80 metres. Below that is an alluvial layer of sandstone and siltstone which extends from 11m to 127m in thickness. Further underneath are variable deposits of claystone resting on the Bara formation in which coal is embedded. The beds of coal range in thickness from 0.20m to 22.81m; the maximum thickness extending upto 36m in certain places (Thomas et al 1994). The formation rests on a relatively shallow basement composed of granitic rocks of the Pre-Cambrian age. The coal seam itself is present at a depth of between 114-203m. 

[image: ]
[bookmark: _Toc326025650]Figure 5: Cross-section through blocks
Source: (Sind Coal and Energy Department, 2010)



Water Resources


The main source of water in Thar is groundwater which is consumed by the local inhabitants by digging tube wells in the region. The quality of the water is brackish to saline; with an unfittingly high concentration of fluoride amongst other trace minerals ( (Rafique & Naseem, 2008). The groundwater is present in three main aquifers at varying depths. The average depths are 50m, 120m and more than 200m which means that at least one aquifer is located in the coal bearing zone and will have consequences for the mining/extraction processes (GovernmentofSind, 2008).

[image: ]
[bookmark: _Toc326025651]Figure 6: Cross-section through aquifers
Source: (Sind Coal and Energy Department, 2010)



Quality of Coal
 Coal quality and its contents have a serious bearing on the efficiency of the power plants in which it is used and also on the degree of pollution that is created as a consequence of electrcity generation. The coal found in Thar is liginite, which is generally considered to be poor in comparison to other types such as bituminous which has higher heating value. The stripping ratio is 6:1. This combined with the average heating value of the coal, makes the coal found at Thar reasonably suitable for electricity generation. It is comparable with the kind of lignite that is found in other places in the world. For instance, the Rhineland lignite found in Germany has a heating value of 4514 – 11054 Btu/lb and a stripping ratio of 4.9:1( (Khan A. A., 2008). It’s power generation capacity is 10,289 MW. The lignite at Thar has a heating value of 6200 – 11,000Btu/lb. Other important components of the coal and their proportion is shown in the table below


	Component
	Percentage

	Carbon
	19.35 – 22.00

	Ash
	5.18 – 6.56

	Moisture
	43.24 – 49.01

	Volatile matter
	26.5 – 33.04

	Sulphur
	0.92 – 1.34


Table 5: Composition of Thar Coal
Source: Thar Coal Resources – White Paper, Govt. of Sind 2008
Quantity of reserves and their potential


The total estimated reserves in Thar field including measured and hypothetical are about 175 billion tonnes. The actual measured reserves are 2.7 billion tones, the oil equivalent of which is 6.59 billion barrels. The oil equivalent of 175 billion tonnes of coal is approximately 427 billion barrels. This is more than the total proven reserves of Saudi Arabia and Iran as shown below.



[bookmark: _Toc326025652]Figure 7: Comparison of Thar resources with S.Arabia and Iran


The block-wise distribution of the reserves in Thar is indicated in the figure below from GSP.

[image: ]
[bookmark: _Toc326025653]Figure 8: Block wise distribution of reserves
Source: Pakistan Energy Yearbook 2010


Mineable Reserves: 60% of Measured Reserves.
Measured Reserves: Having a high degree of geological assurance, coal lies within a radius of 0.4 km from a point of coal measurement.
Indicated Reserves: Having a moderate degree of geological assurance, coal lies within a radius of 0.4 to 1.2 km from a point of coal measurement.
Inferred Reserves: Having a low degree of geological assurance, coal lies within a radius of 1.2 to 4.8 km from a point of coal measurement.
Hypothetical Resources: Undiscovered coal resources, generally extension of inferred reserves in which coal lies beyond 4.8 km from a point of coal measurement.


Estimated electricity generation capacity

Knowing the heating value of coal and making some realistic assumptions about power plant efficiencies, we can arrive at a number to gauge how much potential power can be generated from these reserves and how long will they last.

Average heating value of coal =  6200 – 11,000Btu
                                      1 Btu/lb  = 2324 J/kg
Average heating value of coal  = 14408800 – 25564000J/kg

Efficiency of conversion of thermal energy to electricity is about 0.3

Electricity that can be generated from 1 kg of coal = 0.3 X heating value of coal = 1.2 – 2.13 kWh

Electricity that can be generated from 1 ton of coal = 1200 – 2130 kWh

Electricity that can be generated from the mineable reserves at Thar = 0.6 *2.7 X 10^9 * energy/ton
 
                                                                                                                           = 1.944 – 3.45 GWh

A 1000 MW plant (working at 60% efficiency) produces 1000x10^3x0.6x365x24 kWh/year
 = 5.3x10^9 kWh/year
Hence, the number of years Thar coal is expected last can be calculated as follows = Total energy potential/ Annual capacity of power plant,
Which gives, 366.7 – 650.9 years or almost 366 – 650 years

In comparison to other energy resources that Pakistan has utilized, this number is significant. For example, the Tarbela dam generated 13.9 billion KWh in 2009-10 whereas the total energy potential of Thar’s 3.7 billion tons of coal stands at 1.944 – 3.45 GWh. This number amounts to about 139.8 – 248.2 years of Tarbela.



Exploitation
At present the government has allotted the various blocks to different groups of investors. The following table sheds light on each of these allocations, expenditure and promised output.

	Block
	Organization/IPP
	Annual coal extraction (million tons)
	Development Methodology
	Power plant capacity
	Estimated time of completion

	1
	Sino-Sind Resources
	10
	Open-pit / Underground mine
	900 MW
	2015

	2
	Sindh -Engro
	6.5
	Open-pit / Underground mine
	1200 MW
	2013

	5
	Planning Commission
	
	UCG
	 2 x 5 MW
	2011

	6
	Oracle Coalfields UK
	5
	Open-pit / Underground mine
	300 MW
	2013


Table 6: Allocation of Coal blocks
Methods of Producing Electricity from Coal
There are two routes to converting the thermal energy of coal into electricity.
1. Pulverized Coal Combustion
2. Gasification
i. Post-mining gasification
ii. Underground gasification

I. Coal-fired power stations employing Pulverized Coal Combustion

This method involves direct burning of the coal to produce heat that is used to generate steam from water to turn conventional steam turbines. While the route is relatively straightforward, direct burning of coal increases the external costs of energy by releasing greenhouse gases and other toxic oxides and polluting particulate matter into the atmosphere in large amounts.

Coal is first milled to a fine powder, which increases the surface area and allows it to burn more quickly. In these pulverised coal combustion (PCC) systems, the powdered coal is blown into the combustion chamber of a boiler where it is burnt at high temperature. The hot gases and heat energy produced converts water – in tubes lining the boiler – into steam. The efficiency of such a system is only about 33%.

II. Gasification
In a process employing gasification, coal is first converted into a synthesis gas (syngas) by injecting the feedstock with oxygen and steam in a high temperature pressurized reactor. It is a partial oxidation process that produces syngas which is a mixture comprised of primarily hydrogen and carbon monoxide. It is essentially a clean coal technology and the process is described in detail in chapter 4 when looking at emission from power plants. Syngas, after clean up, is basically used to turn a gas turbine to generate electricity. Additionally, the heat from the gasification process is captured to produce steam to turn steam turbines. This combined cycle ends up enhancing the power plant’s efficiency up to 60%. 

Gasification is the technology that most PCC power plants are shifting towards world-wide and Thar Coal exploitation is also expected to build IGCC plants for an environmental friendly process of generation of electricity.

While, conventionally the process of gasification is carried out over-ground in large gasifiers (see chapter 4), an emerging technology is that of in-situ or underground coal gasification in which the oxidants are injected directly into the coal seam and extracting the product gas out of another well and using it in an ordinary IGCC power plant. The R&D pilot project lead by Dr. Samar Mubarakmand of the Planning Commission is focused on utilizing UCG in Thar to produce syngas for power plants.

The following chapters will look at how the dynamics of the above-mentioned processes are directly related to the consequences for the environment that the utility of Thar coal holds.











4.  Approach to the Environmental Analysis

In order to look at how the physical processes involved in extracting energy out of the coal (mining and gasification) and the products of the electricity generation cycles in power plants have an effect on the surrounding atmosphere and the local population, the study was done for three separate components of the environment.

1. Air
2. Water resources
3. Land and soil

For each of the above mentioned components the research was divided into three main modules namely:

a) Emissions
b) Spread 
c) Effects

Air pollution

The sources of air pollution from coal based power plants fall into three categories

· Carbon emissions
· Particulate matter
· Other greenhouse gases and toxic oxides

Carbon emissions and other green house gases such as methane and nitrogen oxides are important from the climate change perspective whereas toxic oxides and volatile particulate matter pose serious health hazards if the human population is exposed to certain levels.

· The emission details were obtained by studying gasification and power production in IGCC plants in detail and quantifying the links between production of various pollutant gases, the amount of coal consumed and the kWh of electricity generated.

· The spread of these pollutants was mapped by applying dispersion models to the emission data and seeing how the concentrations of the pollutants evolve over time and space following electricity production.

· The effects of the spread were demonstrated by analyzing the dispersion results and comparing them to standard safe limits set by international expert agencies such as the WHO. A comparison of the results with other forms of electricity generation is also provided where possible.

Water Pollution

The main source of groundwater pollution is from the underground processes that are carried out in the vicinity of aquifers in order to extract coal and/or syngas. 

· Again the emission/seepage details were obtained by studying basics of groundwater hydrology, what harmful chemicals can be released into the aquifers and how the expansion of the UCG cavity results into seepage of these chemicals into the aquifers. 

· The spread of these harmful chemicals was mapped by applying appropriate Mathematical models of fluid flow to see how their concentrations evolve over time in groundwater

· The effects were seen by comparing the predicted concentrations to safety limits and whether or not the water was fit for human consumption after coal exploitation has taken place

Soil and Land Pollution

This kind of pollution is a result of the mining process itself as it may leave the land unfit for agricultural or occupation by life because of drastic changes in the surface or deposition of harmful matter in the soil.

· The ‘emission’ details come from looking at the particular changes that the mining processes introduce into the surrounding geology during digging and excavation
· The spread is looked at how these changes evolve over time
· The effects are analyzed by looking at the consequences of these processes for the local population

 
[bookmark: _Toc326025654]Figure 9: Summary of research methodology




















5.  Atmospheric Pollution

One of the main disadvantages of using coal powered thermal plants is the generation of harmful pollutant gases and release of particulate matter as a result of burning. The three major polluting components emerging from coal are
1. Carbon dioxide emissions
2. Black carbon pollution
3. Sulphur and nitrogen compounds

I performed an environmental impact assessment of each of the above three components separately. The key starting point of the analysis is looking at how the above-mentioned components are formed and released into the atmosphere from the power plants. This requires a detailed understanding of the coal-fueled processes – in particular gasification – that results in the production of the mixture of gases that also comprises of criteria pollutants. 

Gasification-based power systems

The world-wide drive towards clean coal technologies has resulted in the increased usage and popularity of Integrated Gasification Combined Cycle (IGCC) power plants. IGCC is an innovative electric power generation concept that combines modern coal gasification technology with both gas turbine (Brayton Cycle) and steam turbine (Rankine Cycle) power generation (Ratafia-Brown et al.) IGCC power systems have a higher operating efficiency compared to conventional pulverized coal-fired power plants. We are specifically basing the emissions analysis on these systems because most of the potential developers for Thar Coal’s different blocks have indicated a preference to employ this technology because of its environmental benefits. With a quantitative understanding of the chemical reactions that occur during gasification we can derive values of emission parameters for the different components. The following schematic illustrates the major components of an IGCC plant.


[image: ]
[bookmark: _Toc326025655]Figure 10: IGCC plant layout
Source: IGCC Diagram: Stan Zurek, 2006 

Gasification

During gasification coal is partially oxidized to produce a combustible mixture of gases known as syngas. Syngas is mostly hydrogen and carbon monoxide and can be used in gas turbines for power production. In a typical coal boiler one parts of coal feedstock is exposed to nine parts air and steam at 1800 F resulting in complete combustion that produces carbon dioxide, sulphur dioxide, nitrogen, water and ash. In gasification, the ratio of air(oxygen) to coal is much reduced. The core of the gasification system is the gasifier, a pressurized vessel where the feed material reacts with oxygen and steam. Temperatures in gasifiers range from 1400 – 2800 F.
In Integrated Gasification Combined Cycle (IGCC) the first gasification step is pyrolysis, from 400°C up, where the coal in the absence of oxygen rapidly gives carbon-rich char and hydrogen-rich volatiles. In the second step the char is gasified from 700°C up to yield gas, leaving ash (Sharma, 2008). The main chemical reactions that occur during the gasification process are:
3C (i.e., coal) + O2 + H2O → H2 + 3CO
CO + H2O → CO2 + H2
The gasifier designs vary by the use of wet or dry feed, the use of air or oxygen, the reactor’s flow direction, and the gas cooling process" (GasificationTechnologiesCouncil, 2012)Direct blowing" assumes the coal and the oxidizer being supplied towards each other from the opposite sides of the reactor channel. In this case the oxidizer passes through coke and (more likely) ashes to the reaction zone where it interacts with coal. The hot gas produced then passes fresh fuel and heats it while absorbing some products of thermal destruction of the fuel, such as tars and phenols" Reversed blowing" (as compared to the previous type described which was invented first) assumes the coal and the oxidizer being supplied from the same side of the reactor. In this case there is no chemical interaction between coal and oxidizer before the reaction zone. The gas produced in the reaction zone passes solid products of gasification (coke and ashes), and CO2 and H2O contained in the gas are additionally chemically restored to CO and H2. As compared to the "direct blowing" technology, no toxic by-products are present in the gas: those are disabled in the reaction zone. This type of gasification has been developed in the first half of 20-th century, along with the "direct blowing", but the rate of gas production in it is significantly lower than that in "direct blowing" (Coal Gasification, 2012)
Most gasification systems use almost pure oxygen for the reaction. This oxygen (95-99%) is generated in a plant using proven cryogenic technology (GasificationTechnologiesCouncil, 2012).However, the air separation plant to produce oxygen consumes up to 20% of the gross power of the whole IGCC plant system (Sharma, 2008)
Typically, 70-85% of the carbon in the feedstock is converted into the syngas which has a heating value of 250 – 300Btu/scf. In comparison, the heating value of natural gas is approximately 1000 BTU/scf. Syngas is still a relatively high energy-density fuel as compared to coal. 

Heating value of coal = 4514 – 11,054 Btu/lb
Heating value of hydrogen = 44,642.8 – 53,571 BTU/lb               1 cf of hydrogen = 0.0056lb
The composition of syngas produced from typical coal is given as follows
	Contents
	Percentage

	N2
	1.9

	Ar
	0.6

	CO2
	15.8

	CO	
	45.3

	H2
	34.4

	CH4
	1.9


Table 7: Composition of Syngas
[bookmark: 1a] “For integrated gasification combined cycle (IGCC) applications, environmental regulations require that the sulfur content of the product syngas be reduced to less than 30 parts per million by volume (ppmv) in order to meet the stack gas emission target of less than 4 ppmv sulfur dioxide (SO2) (Laboratory). In IGCC applications, where selective catalytic reduction (SCR) is required to lower NOX emissions to less than 10 ppmv, syngas sulfur content may have to be lowered to 10 to 20 ppmv in order to prevent ammonium bisulfate fouling of the heat recovery steam generator's (HRSG) cold end tubes.” (Laboratory)This clean up is achieved by solvent assisted removal systems prior to use in the gas turbines.
Estimated carbon emissions from syngas
Heating value of syngas = 250 – 300BTU/scf
1 BTU = 0.000293071 kWh
250 – 300Btu/scf = 0.0732 – 0.0879 kWh/scf
Assuming 50% efficiency of conversion at an IGCC plant, 1kWh of electricity will require 22.75 – 27.32 scf of syngas
Typical CO2 content of syngas = 15.8%
1 kWh of electricity will produce 3.595 – 4.316 scf of CO2 = 101.774 – 122.186 litres
In addition to the CO2 generated by the reaction between CO and water
CO content = 45.3%
CO contained the in the consumed syngas for 1 kWh = 10.305 – 12.375 scf = 291.734 - 350.363 litres
The equation for the chemical reaction shows that the volume ratios of CO and CO2 are 1:1, hence
When converted to CO2, the total volume of CO2 produced per kWh of electricity generated becomes,
(101.774 + 291.734) to (122.186 + 350.363) = 393.508 - 472.548 litres
24 litres of CO2 = 44g
Hence,
Mass of CO2 produced = 721.431 – 866.338 g /kWh or 721 to 866 kg/MWh
Conventional coal-based power plants release 950 kg/MWh of CO2
However, as estimated in the previous chapter, there is a possibility of generating 5.3x10^9 kWh/year of electricity from Thar coal reserves.
At this rate, the mass of CO2 released in the atmosphere in one year becomes (5.3 X 10^6)x emissions/MWh = 3.82 – 4.59 billion kg/year = 3.82 – 4.59 million tons/ year
According to CDIAC, the Carbon dioxide Information Analysis Centre of the US government, Pakistan’s current emissions as of 2008 = 163 million tons/ year
This shows that a complete utilization of Thar coal has the potential to increase Pakistan’s emissions significantly.
One mitigation strategy to cut down on these emissions is to employ Carbon capture and sequestration. The viability of this technology for Pakistan is questionable
Carbon capture and sequestration (CCS)
CCS technology involves the separation and capture of CO2 at the generation site and then storing it such a way that it is no longer a part of atmospheric pollutions. The primary means for carbon storage are injecting CO2 into geologic formations or using terrestrial applications. Geologic sequestration involves taking the CO2 that has been captured from power plants and other stationary sources and storing it in deep underground geologic formations in such a way that CO2 will remain permanently stored.  Geologic formations such as oil and gas reservoirs, unmineable coal seams, and underground saline formations are potential options for storing CO2. Deep coal seams – 800metres below or more are considered possible options for sequestering CO2. This condition casts doubts on the technology’s viability in Pakistan, since the coal seams at Thar are only up to 200m deep approximately. Moreover, the very process of capturing CO2 and converting it into the super-critical state suitable for storage is costly and energy-intensive. It has no precedent in Pakistan and there is no evidence that the research is being carried to investigate it further. The only form of sequestration that is practiced in Pakistan is ‘terrestrial sequestration’, which involves the net removal of CO2 from the atmosphere by plants and microorganisms that use CO2 in their natural cycles.
It appears that the implementation of emissions reduction methods at large scale is a serious problem that Pakistan faces, and consequently the carbon footprint of the Thar coal project is going to be significantly high and may have economic repercussions for the country.

Particulate Matter or Black Carbon pollution
Particulate emissions include the fine solid particles of unburned carbon and ash that are released from power stations and may ‘affect people’s respiratory systems, impact local visibility and cause dust problems.’ (WorldCoalAssociation, 2011) These particles can be detected in the smoke flare coming out of the power plant and their spread can be mapped to see whether or not the amount being released within safe limits.
This is where mathematical modeling comes in handy to see how these particles are dispersed through the atmosphere and what rate and distances are they deposited. Therefore, it is important to first discuss the atmospheric dispersal models that were used.  

1. The Wedge Model

This model is useful to see the spread of particles coming out from a point source in the form of an expanding plume but also depositing at various distances (Wedge Model for Radiological Dispersion)

As depicted in the figure below, the plume moves downwind with a given velocity u and disperses in the cross-wind direction with a characteristic opening angle θ.

 (
r
: downwind distance
v
: deposition velocity
t
: time since release = r/u
H: height of cloud 
)[image: ]
[bookmark: _Toc326025656]Figure 11: Wedge Model
Average time corresponding to no further risk, τ = H/v
Average range corresponding to no further risk, L = uτ = uH/v
Assuming that the amount of pollutant present in the air, denoted by A, is proportional to the amount deposited – we can write:
                                                                                                                   (1)
                                                                                                    (2)
Where k = 1/L Ao is the initial amount in grams 
The concentration of a pollutant at a distance r can be calculated as follows:
                                                                                                        (3)
  	(4)
Knowing the concentration of the pollutant at any distance allows us to determine two important quantities. The first is the amount of pollutant deposited per unit area. We denote this quantity by σ(r). It is given by,
 	(5)
 	(6)

The second important quantity to look at during any dispersal analysis is the exposure of the local population to the pollutant particles.
Let the rate of inhalation by an average person be Rinh
For an individual being exposed to the plume at a distance r, the total volume of particles inhaled will be given by,
 	(7)
 	(8)
 	(9)
Dispersion results and analysis
Having developed a model, we can now apply known parameters to it to see actual results. I used the following values of fixed parameters that were gathered from different sources on Thar.
Initial concentration in flare = 7µg/mm3
Volume flow of typical plume = 16,000m3/hour
Annual wind velocity data (Wind Power Development in Sind, 2012) for Chhor in Thar show: 
· 21-30 km/h for 600 hours; 
· 12-20 km/h for 1900 hours; 
· 8-11 km/h for 1400 hours. 
The deposition velocity was taken to be (1.82 ± 0.82) cm/sec (Chen & Peng, 2012)
The MATAB code that takes care of the necessary unit conversions etc is given in the appendix. The results of the simulation are shown below for four different downwind speeds are shown below:
[image: ][image: ]
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The results show that within the first few kilometers of the source the locality is likely not to have a dust problem as the deposition rate over a period of one month will not go up to several kilograms. 
Another important factor to look at is whether the concentrations are within safe limits as stipulated by WHO standards.
Application of the above-mentioned model without deposition gave a value of approximately 5µg/m3 at a distance of 2km from the source. The WHO guideline values are as follows:
	2.5 µm diameter particle
	10 µm diameter particle

	10 µg/m3 annual mean
	20 µg/m3 annual mean

	25 µg/m3 24 hour mean
	50 µg/m3 24 hour mean



A comparison shows that particulate matter emissions are well within safe limits. It is important to mention that the initial value of concentration used was as specified by Dr. Samar Mubarakmand in the meeting I had with him. I have no independent means to verify that parameter upon which the results are heavily dependent.
Sulphur dioxide and Nitrogen dioxide
High concentrations of the above two gases are directly linked to respiratory diseases in humans such as bronchitis and asthma. In order to monitor the spread of these two gases through the atmosphere – two different models were chosen: the Gaussian plume model and the NOAA Hysplit model. A description of the models along with the results that were obtained and their discussion follows.
Gaussian Plume Model
The Gaussian plume model is used to calculate the concentration of a particular pollutant in air, based on the assumption that the plume uniformly expands as a cone from a source at a certain height and the distribution of concentration of air within the plume is a Gaussian function – in steady state. As illustrated below, the concentration at point 2 is given by,

[image: ] 


Source: University of Washington
Figure 11


In order to derive an equation, describing the distribution of mass within the plume, we first look the transport of mass within a small control volume.

 (
Figure 
13
: Transport through an infinitesimal volume
)[image: ]The transport of mass in the x-direction depends on the average horizontal wind (u); whereas the transport in y and z directions is governed by turbulent motions dependent on the eddy diffusivity constants Ky and Kz..
Source: Control of Particulate Air Pollutants: Micheal. J. Pillat, 2007
The rate of passage across the y-plane = 
Mass flow rate in = -Axy
Net rate of change along the y-direction = Mass flow in – Mass flow out
Net rate of change along the y-direction = 
Where V is the volume under consideration and C is the concentration of the substance in air.
By similar analogy along the z-direction and taking the flow along x-direction as only dependent on the wind velocity u, we can write a diffusion-advection the rate of change of concentration as a function of flows in three different directions

                 	(10)
The Gaussian plume equation is a particular solution to the above general equation under steady state conditions, i.e.   with constant u and K’s. We integrate the solution over all times to obtain the concentration as a function of x,y and z.
,	(11)
Where Q = mass emission rate
           H = effective slack height, σi=2Kix/u
            
The sigma values are empirically determined and are different for different stability categories and range of values of x. The stability category is also a meteorological parameter ranging from A (extremely unstable) to F (stable). The more unstable the environment, the more rapid the dispersion. (Pillat, 2007)

Typical simulation results from the above model are reproduced below. The code is attached in the appendix. 


[image: ]
[bookmark: _Toc326025659]Figure 14: Concentration Profile of Gaussian Plume
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[bookmark: _Toc326025660]Figure 15: Contour map of Gaussian Plume model
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[bookmark: _Toc326025661]Figure 16: Dispersion model results 1

The above results are plotted for a unit emission rate i.e. Q=1 to get an idea of the spatial distribution under steady state. They show that the concentration falls off rapidly with downwind distance. To get a result of how these concentrations accumulate over longer periods of time, we used the HYSPLIT Model that automatically takes into account the different parameters of a given geographical location and gives the projected concentrations after a specified duration of time. The following figures show how the concentrations change with time at various distances. The model was done for a 48 hours projection.
[image: http://ready.arl.noaa.gov/hysplitout/222215_con0001.gif]
[bookmark: _Toc326025662]Figure 17: Dispersion model results 2
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[bookmark: _Toc326025663]Figure 18: Dispersion model results 3
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[bookmark: _Toc326025664]Figure 19: Dispersion model results 4
The above results show that for 1g/s release rate, the concentration in the air can go up to several µg/m3 even at distances more than 100 km from the source. (Distance between two degrees of latitude = 111 km)
The WHO guideline values for SO2 are set at 20 μg/m3 24-hour mean and 500 μg/m3 10-minute mean. Whereas, for NO2 these values are 40 μg/m3 annual mean and 200 μg/m3 1-hours mean respectively. This implies that the release rate at the power station has to be carefully controlled and kept in the order of micrograms to stay in safe limits.

6. Water resources
The main hazard from a coal based power system to the water resources comes from the possibility of contamination of groundwater. This may happen as a result of harmful chemicals seeping into the aquifers from the underground gasification site. In order to look at what chemicals are produced, and how they may accumulate in the aquifers, it is first important to consider the mechanism of UCG in detail.
Underground Coal Gasification
UCG is the process of converting unmineable underground seams into combustible syngas in-situ. The process involves digging up of two injection wells, one for injection of the oxidants, another to bring the product gas to surface. Coal is gasified underground by creating a linkage through the coal seam between the injection and production wells and injecting air (or oxygen) and water (or steam) into the underground reaction zone. Sharma describes the details of the process as follows:
“A cavity is formed as the coal burns and the roof collapses. This results in lateral growth and is allowed to continue until the product gas quality deteriorates. The greater the lateral growth, the longer the life of a gasifier and the more cost-effective the operation. When the quality of the product gas falls, fresh coal is ignited further along the injection well. Once the coal within the underground gasifier has been exhausted, new injection and production wells are drilled and the process is repeated.” (Sharma, 2008)
The main processes included pyrolysis – during which coal is converted to a char releasing tars, oils, low molecular weight hydrocarbons and other gases. The second process is that of gasification when water, oxygen react with the char. The main chemical reactions are:

C + O2 → CO2 (+heat)
C + CO2 (+heat) → 2CO
C + H2O (+heat) → H2 + CO
C + 2H2 → CH4 (+heat)
Other products of the gasification process include sulphur dioxide, hydrogen sulphide, ammonia etc. As gasification proceeds, a cavity is formed which will extend until the roof collapses. (Sharma, 2008) The temperatures underground can be up to 1500K. This process results in lateral growth of the gasifier in the seam and is allowed to continue until the quality of the product gas declines. When this occurs the seam is re-ignited at a new location further along the gasifier. Once the coal within the underground gasifier has been exhausted, new injection and production wells are drilled alongside the exhausted gasifier and the process is repeated (D P Creedy, 2001)There are two different methods of UCG. The first uses vertical wells and a 'reverse' combustion to open up the internal pathways in the coal. The second creates dedicated in-seam boreholes, using drilling and completion technology adapted from oil and gas production. It has a moveable injection point known as CRIP (controlled retraction injection point) and generally uses oxygen or enriched air for gasification.
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[bookmark: _Toc326025665]Figure 20: Overview of UCG
Source: Lawrence Livermore National Laboratory, 2010
Environmental effects of UCG
UCG consumes water in the gasification process, to produce hydrogen. This does entail consumption of the water in the coal seam, and in the immediate surrounding strata. The most significant risk posed by UCG is in fact contamination of groundwater aquifers. The possible mechanisms of water contamination are as follows:
· Hot product gases during the burn may escape into the surrounding strata
· In the post-burn phase, the  gasification cavity could fill with water, leaching out contaminants
· Gasification cavity collapse may connect coal to previously unconnected aquifer

The most problematic of the contaminants are the organic compounds phenol and benzene that are not only known to be carcinogenic but also have increased solubility under high temperatures, which means in case of leaching out of the cavity, their concentrations are likely to increase rapidly in the surrounding water. The contaminated groundwater can then migrate up to potable aquifers by the following mechanisms:

· Thermally-driven flow away from burn chamber
· Buoyancy effects from fluid density gradients resulting from changes in dissolved solids and temperature.
· Changes in permeability of reservoir rock due to UCG.


One of the main criteria for the selection of a suitable site for UCG is the distance from aquifers (Beath, 2006). A separation of up to 100 feet between UCG cavity and a groundwater aquifer is deemed suitable. Moreover, the permeability of surrounding rocks and there thickness and composition also have an important role to play as far as the migration of pollutants from the cavity is concerned. In particular, an overlay of sand allows for quick transmission of aqueous contaminats (Ag Mohamed, 2011) In case of Thar, figure 6 shows that at least two aquifers are within dangerous proximity of coal seams at approximately 120m depth. Moreover, the Bara formation is primarily composed of sandstone, shale and minor volcanic rocks which leave it particularly vulnerable to fractures and collapse (Ag Mohamed, 2011). This suggests that an inappropriate selection of site for UCG in Thar will present a significant hazard to the surrounding groundwater.

The major factor upon which the seepage of contaminants into the surrounding strata depends is the pressure within the UCG cavity. An optimum pressure has to be maintained such that it is high enough to keep too much water from invading the combustion zone and quenching the burn but low enough to minimize loss of product gas and spreading of contaminants to nearby aquifers (Burton). In other words, a negative pressure gradient has to be maintained into the cavity for making sure that the losses from the cavity into the surrounding strata are minimal. 
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[bookmark: _Toc326025666]Figure 21: Pressure Gradient in UCG
Source: (Eskom Holdings, 2012)
Models of UCG cavity growth enable us to study how the above condition is satisfied in operating conditions.
UCG Cavity Growth Model
The following model is based on a study by LUO et al. of Linc Energy Australia (LUO, 2009). In this model, the UCG cavity forces of natural and forced convection are considered that drive heat and mass transfer in a UCG cavity, and used to project the shape of the cavity and the mass of coal consumed after a given duration of time. The following assumptions are made:
· Oxygen concentration  decreases constantly along x-axis
· Cavity growth is uniformly expanded towards side wall and roof wall using symmetric two-dimensional geometry.
·  The rate of cavity growth is governed by the rate of diffusion of oxygen towards the wall
· Due to the high temperature and pressure inside the cavity spalled coal blocks are immediately gasified.
· Oxygen diffusion along the link direction and towards the overburden is controlled by natural and forced diffusive convections. 
For irrotational fluid flow, the stream function and velocity function are defined as follows:
	(12)  where, Ψ is the stream function and u is the local velocity.
Also, 	(13)  where Φ is the velocity potential.
For the UCG cavity shown in the figure, these two functions can be written in terms of the velocity of uniform stream U and the angle θ between x-axis and radius of the cavity as follows:
 	(14)
 	(15)
where r is the radius in cylindrical coordinates.      [image: ]
[bookmark: _Toc326025667]Figure 22: Cavity growth parameters
Source: Luo et al, 2009	
UCG cavity flow is regarded as flow passing a semi-infinite body with a smooth nose, generally called a half body. The streamline is plotted in the Figure above. Cavity volume is defined by  
[image: ][image: ]                                                            (16)

 For a specific coal seam thickness, the half-width of the cavity is defined as

  

The pressure distribution in the cavity can be found from the Bernoulli’s equation
[image: ]
                                                                        (17)

Where p is the pressure inside the cavity, p∞   is the pressure outside and ρ is the density of the blast.

Fixing the injection flow rate and pressure for a uniform stream, i.e. keeping the right hand side of the pressure equation constant, we can calculating the volume of the cavity by integrating equation (16) and combining equations (14) and (15). This gives the following expression for the volume of the cavity, upon which the simulations are based
[image: ][image: ](18)


The following are simulation results for the cavity growth model as applied to 4m thick coal seam with an external pressure of 8 bars and internal pressure varied between 6.5 – 8 bars.

 (
Figure 
23
: Cavity growth over 10 days
)








Source: Luo et al,2009
[image: ]
[bookmark: _Toc326025669]Figure 24: Cavity growth simulation
Source Luo et al, 2009
We notice that the change in volume of the cavity can be used to predict the amount of coal consumed if the density of the coal seam is known. In the simulation trial, after 8.4 days, the amount of coal consumed was 114.2 tons and cavity width was 2.25 m. The most significant inference that can be made from the model is that the UCG cavity is inevitably going to expand and come into contact with the nearby aquifers if it is located within a few meters. The thickness of the coal seams in Thar ranges from 0.20m to 22.81m; the maximum thickness extending up to 36m in certain places, which means that site selection for UCG is going to be hard problem if it is to be ensured that it is kept as far away from the aquifers as possible.
Benzene concentrations in groundwater in the advent of the collapse of the cavity
One of the key hazards of an experimental technology under trial is unforeseen accidents. Such a scenario implies that even if contaminants are not seeping into groundwater during normal circumstances, a collapse of the cavity will definitely result the aquifer coming into contact with chemicals produced during UCG. One of the harmful organic compounds produced in trace amounts during coal gasification is benzene. We looked at how the concentration of benzene will build up in 10km3 aquifer in the aftermath of a collapse. 
1 ton of coal produces 36 liters of tar- a fraction of which is benzene: 0.1%. The molecular mass of benzene is 876.5g. Assuming a constant rate of coal consumption within the cavity and 75% recovery of gas out of the production well; the leftover benzene yield was calculated and its buildup in groundwater was mapped. 
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[bookmark: _Toc326025670]Figure 25: Benzene Concentration in groundwater
The above graph shows that the concentration of benzene can quickly build up to over 200µg/l in less than a month which is well above what the safe recommended concentrations are 5 - 20µg/l.

















7. Impact on Surrounding Land and Soil
The last area being studied is how the land and soil in the coal-fields will be affected as a result of the various methods used to extract coal. In this regard, the problems associated with mining are well illustrated in literature, and therefore only discussed briefly here. The two most common methods of mining are strip mining or open cast mining and underground mining.
Mining practices and surrounding land
Open-cast mining involves removal of soil and rock in the overburden to extract coal near the surface. “Even though it's highly destructive, industry often prefers strip mining as it requires less labour and yields more coal than underground mining.” (Greenpeace International, 2010) Stripping of the overburden is directly related to removal of vegetation and reduced agricultural activity in the area. Although agricultural activity in Thar is minimal, any population displacements for clearing the area for mining may prove to be adverse. This is because, even though Thar has a low population density, the availability of water is the key determinant in where a population chooses to settle. Relocation of people can be a problem in areas where water is scarce.
In addition, open cast mining also results in soil pollution because of the increased amount of ash and other airborne dust particles dispersed during mining as well as transportation of coal. Dust degrades air quality in the immediate area, has an adverse impact on vegetative life, and constitutes health and safety hazards for mine workers and nearby residents (Squillace, 1990). Bad mining practices can ignite coal fires, which can burn for decades (Greenpeace International, 2010).
Subsidence
One problem associated with underground mining as well underground coal gasification is that of ground subsidence, i.e. a lowering of the land level as a result of cavity collapse. UCG activity can induce mechanical stresses in the surrounding rock layers resulting in fracture and even collapse. The vertical magnitude of the subsidence itself typically does not cause problems, except in the case of drainage (including natural drainage) - rather it is the associated surface compressive and tensile strains, curvature, tilts and horizontal displacement that are the cause of the worst damage to the natural environment, buildings and infrastructure (Subsidence). Considering that, in Thar coal fields the overburden primarily consists of sand and not rock, the risk of subsidence is significantly enhanced. Models have been proposed in literature to quantify and predict changes in surface subsidence as a function of changes in pressure in the UCG cavity. One such result is shown below (O. Vorobiev, 2008):
[image: ]        (19)
In this equation, uz is the vertical displacement, P is the cavity pressure, R is the radius of the cavity, H is the thickness of the reservoir, D is the depth and cm is the uniaxial compaction coefficient.
The main factors that affect subsidence are:
· Thickness of the seam extracted 
· Width or span of the coal extracted 
· Depth and strength of the cover 
The adverse effects include Root shear and vegetation death at the tensile strains of the curvature of the subsidence surface, drainage changes and visual disconfigurations of the land (Subsidence - Environment Series). The following figure illustrates these effects
  [image: ]
[bookmark: _Toc326025671]Figure 26: Subsidence Profile
Source: Linc Energy,2012
It is to be conceded that this portion of the sproj was started late and will require further analysis and study to make definite conclusions in the context of Thar.
8. Conclusion
The project has so far provided an in-depth analysis of some of the major environmental consequences that an exploitation of Thar coal is likely to have. From the results shown in chapters 4 and 5 it is evident that without the implementation of proper mitigation technologies a priori, there significant environmental risk present particularly in the areas of carbon emissions and water contamination. In addition, the uncertainties involved in the validation of UCG as a viable technology for Pakistan warrant further research and development before a full scale implementation is done. The research should focus on aptly doing a safe site selection for the process, maximizing the yield of syngas and reducing the risk of accidental collapse and seepage through cavities. Another area that requires further research is the viability of carbon sequestration in Pakistan, focusing again, on optimum site selection for storage, and reducing the energy cost of capture and transport of carbon dioxide to these sites.
However, giving a final verdict regarding the feasibility of a particular project or pointing out whether one technology is better than the rest requires looking into several financial aspects such as the capital cost of the project, the return period, the cost of incorporating environment friendly measures as well as the ultimate price that the consumer will have to pay for per unit of electricity consumed. This means, that this senior project report – while exclusively focused on environmental issues – can be used as a baseline work to do a complete assessment of the Thar coal project in future by doing a financial analysis and studying the economic impact.
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Appendix


MATLAB Codes

Gaussian plume model
		function GaussianPlume
% Gaussian plume model 
%    using MATLAB analytical solutions                   
%
%   $Ekkehard Holzbecher  $Date: 2006/08/21$
%-----------------------------------------------------------------------
Dy = 0.2; Dz = 1;           % diffusivities
v = 0.5;                    % velocity
lambda = 0;                 % decay rate
Q = 1;                      % emission rate(s)
xstack = 0; ystack = 50;    % stack location(s)
xmin = 10; xmax = 1000;     % x-axis interval
ymin = 0; ymax = 100;       % y-axis interval (used only for d>1)
H = 50;                     % effective stack height(s) 
z = 0;                      % height of observation (=0 for ground surface)
gplot = 1;                  % plot option (=1 yes; =0 no)
gcont = 2;                  % contour plot option (=2 filled; =1 yes; =0 none) 

%----------------------------------execution-------------------------------
[x,y] = meshgrid (linspace(xmin,xmax,100),linspace(ymin,ymax,100));
c = zeros (size(x)); e = ones(size(x));
for i = 1:size(Q,2)
    xx = x - xstack(i); yy = y - ystack(i); 
    c = c + Q(i)*e./(4*pi*xx*sqrt(Dy*Dz)).*exp(-v*yy.*yy./(4*Dy*xx)).*... 
    (exp(-v*(z-H(i))*(z-H(i))*e./(4*Dz*xx))+exp(-v*(z+H(i))*(z+H(i))*e./(4*Dz*xx)))...
    .*exp(-lambda*xx/v);
end

%----------------------------------output----------------------------------
if gplot
    for i = 10:10:100
	    plot (c(:,i)); hold on;
    end
end
if gcont
    figure;
    if gcont > 1
        contourf (x,y,c); colorbar;
    else
        contour (x,y,c); 
    end
end







Wedge Simulation
% Wedge model to simulate deposition of particulate matter
 
flow = 16000; % Volume flow cubic metres per hour
time = 24 * 30; % Total time of emissions
mass = 0.007; % Initial mass per cubic meter
A = flow * mass *time; % Initial concentration
u = 25; %wind speed km/h
v_raw = 1.82; %deposition velocity
v = v_raw*3600/100000; % deposition velocity in km/h
H= 0.02; % height of stack
L = u*H/v;
r= 0:0.5:10;
th = 3*pi/4;
sigma_raw = (A*exp(-r/L))./(L*r.*th); % deposition
sigma = sigma_raw/(1000)^2;
plot (r,sigma, 'k')
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Typical profile where subsidence affects the surface
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