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Abstract 
 
The emission of greenhouse gases (GHG) and its effect on global warming is a known 
problem around the globe. Its consequence on the ice masses at the poles and the glaciers is 
the melting of those sweet water reservoirs. Summers are getting hotter leading to longer 
duration of dry seasons and desertification and winters are becoming warmer with less snow 
fall and shorter periods of ice covered soil. By melting of the polar ice reservoirs the sea level 
is increasing, concerning around one billion humans living in coastal near areas. By reducing 
greenhouse gases, this process is slowed down and could be decreased. Human activity is 
responsible for 60% of global methane emissions. The emission of landfill gas (LFG), with a 
percentage of thirty to sixty percent methane gas (CH4) is the primary emitter in the United 
States of America, followed by agriculture and industry including transportation. In free form 
it is a greenhouse gas and a significant fraction contributes to global warming. Capturing and 
using the methane gas to generate electricity and heat leads to an increase of carbon dioxide 
(CO2) emissions but a decrease of methane gas emissions. The main exhaust gas of a 
common waste incineration plant is also CO2. Compared to a waste incineration facility this 
process is more time consuming and leads to an artificial carbon capture effect. The 
capturing and collection of LFG for energy using purposes is a time delaying operation in 
terms of greenhouse gas emissions. By purifying the LFG to methane it can be utilized in the 
existing gas transportation grid, power plants and gas-powered cars. By gasifying waste, 
synthesis gas, a product of waste pyrolysis (thermal under-stoichiometric process), and a 
two-step incineration option can be used to reduce waste gases and methane emissions. 
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1 Introduction 

1.1 Research issue 
In 2015 the UN Climate Change Conference in Paris signed off an agreement to reduce greenhouse 
gas (GHG) emissions by 40% until 2030 in comparison to 1990 (Latvia Presidency on the Council of 
European Union, 2015). The most common known greenhouse gas is carbon dioxide (CO2) but a 
more affecting gas is methane (CH4). Its global warming potential (GWP) varies from 86 over 20 years 
(GWP20) to 25 over 100-years (GWP100) perspective in comparison to CO2 whose GWP is 
standardized to 1 (Collins, W.J. et al., 2013). The capturing and using of this gas leads to a lower 
emission of pure methane gas and by thermal exploitation its exhaust is water and carbon dioxide. 
The environmental effect of biogas collection and utilization is a potential decrease of methane, 
biogenic carbon dioxide and non-methane organic compounds (NMOC) emissions, including several 
hazardous air pollutants.   

1.2 Aim of this work 
The aim of this work is to create a model to estimate the output capacity of landfill gas (LFG) of a 
municipal solid waste (MSW) landfill and its economic value. The potential is important to decide if it 
is feasible to install a gas collection and utilization system. Different methods are utilized to estimate 
the potential for using the gas for energy generation purposes. Further options of reducing methane 
emissions, in this case thermal exploitation of the energy rich municipal solid waste, for incineration 
and gasification are researched to compare the emission values and its economic benefit. 

1.3 Approach 
By knowing the composition of the MSW and the climate situation of the located landfill the 
chemical process and composition of the landfill gas is simulated.  
The first considerations will be:   

• Evaluation of the gas amount and its components 
• Detailed listing and calculation 
• Covering of waste boxes which are to be extracted 
• Extraction of landfill gas by drainage pipes 
• Gas powered electrical energy generation 
• Economic feasibility of a gasification plant 

2 Theory 

2.1 Landfill gas (LFG) 
Gases, which are generated through microbial degradation processes inside the landfill, are defined 
as landfill gas, as long as they are in free form or not compounded. Further parts are disposed 
substances, which are converted into the gas phase (Rettenberger, G. et al., 1992).  

2.2 Methane (CH4) 
Methane is a chemical compound and the simplest form of an alkane. Alkanes are saturated 
hydrocarbons, consisting only of carbon and hydrogen atoms with just single bonds (Merriam-
Webster, 2015). It is odorless, colorless and flammable, that is why it is used as starting material for 
chemical synthesis and as a fuel. It is a product of organic matter decay and the main fraction of 
natural gas (ChENBI, 2014). 
 



  Master’s Thesis 
 
 

 
 
Steinlechner  Page 6 of 76 

2.3 Synthesis gas or “syngas” 
The pyrolysis, an under-stoichiometric oxidation, in this case of MSW, creates a flue gas consisting of 
hydrogen, water, carbon dioxide and carbon monoxide. Fractions of contaminating gases caused by 
the waste itself are tar, heavy metals and nitrogen oxides (NOx). By cleaning the syngas an energy 
rich gaseous fuel is created to be used in gas powered processes (Sierra Energy, 2015) 

2.4 Processes inside a landfill 
The chemical processes inside a landfill leading to LFG generation are caused by three different key 
composites (Ehrig, H.-J. et al., 2011): 

 
• Volatile organic compounds (VOCs) are organic chemicals with a low boiling point which 

causes their molecules to evaporate at room temperature. Some of them are toxic and 
flammable. Known representatives are propane, benzene and gasoline fractions (Eurofins, 
2015).  

• Chemicals included in the landfill waste create LFG by chemical reactions with other fractions 
(Mann, J.H., 2010). 

• Microbes (methanogens) are responsible for the formation of methane. Those methane-
producing organisms live in close relationship with anaerobic bacteria. By decomposing 
biomass the metabolism of methanogens generates methane (Thauer, R.K., 1998). 

Figure 1 pictures a simple flow chart of methane gas generation. The chemical processes as 
mentioned above are responsible for these reactions. 
 

 
Figure 1: Flow sheet for biological methanogenesis (Ehrig, H.-J. et al., 2011) 

The different fractions of common landfill gas are shown in Table 1. It displays an estimation of the 
various chemical compounds. Methane and carbon dioxide are the main part of the emitted landfill 
gas besides small amounts of nitrogen, oxygen, hydrogen, sulfides and NMOCs. The compounds and 
its fraction vary by the content of the landfill waste. A higher organic portion leads to a higher 
methane percentage. The effect of methane on the global warming process is given as GWP, the 
global warming potential, which describes the equivalent of greenhouse gases to CO2.  
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Component Chemical formula Percent by volume GWP100 
Methane CH4 35 – 60 25 
Carbon dioxide CO2 40 – 60 1 
Nitrogen N 2 – 5 - 
Oxygen O 0.1 – 1 - 
Ammonia NH3 0.1 – 1 - 
Sulfides S2- 0 – 1 - 
Hydrogen H 0 – 0.2  - 
Carbon monoxide CO 0 – 0.2 - 
NMOCs (Non-methane 
organic compounds  0.01 – 0.6 - 

Table 1: Typical landfill gas components (Tchobanoglous G. et al., 1993; Collins, W.J. et al., 2013) 

2.5 Estimation of landfill gas potential 
Landfills all around the globe emit gases by the action of microorganisms within the waste and soil. 
Globally, over sixty percent of total CH4 emissions come from human activities (US EPA, 2010). LFG is 
a mixture of gases with an approximate content of forty to sixty percent methane (CH4), with the 
remaining part mostly being carbon dioxide (CO2). Trace amounts of other volatile organic 
compounds comprise the remainder (<1%). These trace gases include a large array of species, mainly 
simple hydrocarbons (Ehrig, H.-J. et al., 2011). About 90% of the biodegradable fractions in municipal 
solid waste are carbohydrates like cellulose and hemicellulose, while the rest is lignin, which is, under 
anaerobic conditions, considered as slowly degradable (Barlaz, M.A., 2006).  
Richardson (2009) claims that the three key factors identified for methane generation models for a 
landfill site are: 

• The amount of waste disposed since commissioning 
The methane output is estimated and calculated on base of the disposed waste mass. This 
quantity is in direct correlation to the methane output. 

• The degradable organic fraction 
It is the percentage of organic matter within the landfilled garbage.  

• The decay rate (of each fraction and as a whole) 
The decay rate of every single waste component influences the overall decay rate. This 
quotient is influencing the time of gases emitted.  

 
These three key factors affect the quantity of landfill gas production directly. Roughly 120 kg or 1,000 
m3 (Sierra Energy, 2015) of methane is generated from every short ton of municipal solid waste 
(MSW) seen on a long time scale. Methane has a global warming potential 25 times more effective as 
a greenhouse gas than carbon dioxide on a 100-year time horizon. It is estimated that more than 10% 
of all global anthropogenic methane emissions come from landfills (Annalea, L. et al., 2007). 
According to the “United States Environmental Protection Agency” (US EPA, 2013) the daily output of 
landfill gas is estimated at around 0.01348 m3 per metric ton (0.432 ft3/US ton) of garbage. To reach 
the value of 120 kg of methane per short ton it would take 70 to 80 years according to a rate of 35-
55% methane within the landfill gas (Appendix 2). The LandGEM® result of emitting 120 kg of 
methane is accomplished within 30 years due to decreasing production after deposal (Appendix 1). 
 
The climate factor affects the quantity and quality indirectly by air temperature and humidity. 
Moisture has a positive impact by increasing the bacterial activity as does a high ambient 
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temperature. A warm climate also evaporates more volatile organic compounds and favors the 
chemical reactions. 
 
In Figure 2 the stages of the different gas compositions over time shows decreasing nitrogen (N) and 
increasing CO2 over the first two phases. Shortly after placing the MSW in a landfill the biogas 
generation begins. Methane generation starts in the third phase after oxygen (O) disappears from 
the waste. Exact timing of these processes depends on the above-mentioned key factors for methane 
gas generation. 
 

 
Figure 2: Landfill gas composition (US EPA, 2013) 

There are four phases of bacterial decomposition of landfill waste and its gas composition during the 
time waste is accepted. Older waste could be in another phase than short time dumped waste, so 
different phases of gas generation are possible on one landfill site (Ehrig, H.-J. et al., 2011; 
Tchobanoglous G. et al., 1993). 
 

• Phase I 
As long as oxygen (O) is present, aerobic bacteria can survive by consuming oxygen and 
breaking down proteins, long molecular chains of complex carbohydrates and fats, including 
organic waste. The outcome of this process is CO2. The high nitrogen (N) content at the start 
of placing the waste decreases strongly but stagnates during the last phases. Phase I possibly 
lasts for days or months, as it depends on the oxygen fraction and ends with its exhaustion. 

 
• Phase II 

When oxygen is used up the second phase starts by using an anaerobic process, which 
doesn’t need oxygen. Former created compounds are converted into acetic, lactic and formic 
acids and alcohol (methanol, ethanol) by anaerobic bacteria creating an acidic landfill mass. 
The present, moisture mixes with the acids and dissolves nutrients, making nitrogen (N) and 
phosphorus (P) available for the increasing variety of bacteria. Hydrogen (H) and CO2 are 
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generated through this chemical processes and in case oxygen is inserted by any reason, the 
microbial progression returns to Phase I. 

 
• Phase III 

Anaerobic bacteria consume organic acids from Phase II forming acetate (organic acid). This 
process leads to a decreasing neutral waste composition enabling the establishment of 
methane-producing bacteria (methanogenic bacteria). Those bacteria consume the created 
compounds of acid-producing bacteria, like CO2 and acetate, which are toxic to the acid-
producing bacteria in high doses.  

 
• Phase IV  

A constant production rate of LFG indicates Phase IV. Now the approximated gas fractions of 
CH4, CO2 and other gases are generated at a stable rate for about 20 years. This phase, 
depending on the organic fraction of the waste, could last for more than 50 years (Crawford, 
J.F. et al., 1985). 

 
• Phase V 

Negative pressure forces air to flux into the closed waste cell. The contained oxygen throws 
back the bacterial activity into Phase I.   

 
Besides the content of the waste the ambient temperature and the moisture content have influence 
on the generation of landfill gas. The moisture increases the bacterial action as does a warmer 
climate. The higher temperatures also positively affect the evaporation of the volatile organic 
compounds and the chemical reactions creating landfill gas. 
 
Shown in Figure 3 is the water in- and outflow of a landfill, affecting the chemical processes inside 
the waste. The inflow of water consists of rain, infiltration of humidity and the water content of the 
disposed materials. To control the wetness of the landfill body water is drained out through a 
drainage system and through gas extraction. A natural water outflow is given by evaporation due to 
wind, sun radiation and ambient temperature.  
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Figure 3: Landfill water in- and outflow (Environment Agency Guidance, 2003) 

 
LandGEM® and the “CLEEN model” 
The Microsoft Excel® based simulation tools LandGEM® (GEM – Gas emissions model) and The 
“CLEEN model” (Capturing landfill emissions for energy needs) provide a rough estimation of the gas 
mix emitted by a landfill. It calculates with a first-order decay equation of organic material. The input 
parameters are overall time and the time and amount of waste place on site. Equation 1 describes 
the methane output of the landfill with the calculated decay constant k out of the parameters 
temperature, gas constant and activation energy. 
 

𝑄𝐶𝐻4 = ��𝑘
12

𝑗=0

𝑀𝑖

12

𝑛

𝑖=0

𝐿0𝑒−𝑘𝑗𝑖𝑖  

Equation 1: First order decay equation (US EPA, 2013) 

 
• M = Mass of waste deposited in the year ‘‘i’’ within the landfill  [Mg] 
• k = First-order decay constant      [yr-1] 
• L0 = Ultimate methane generation potential    [m3/Mg] 
• tij = Age of the jth section of waste mass Mi, accepted in the ith year [-] 
• Q = Methane recovered from landfills     [m3/y] 

2.6 Capturing and collecting possibilities 
The installation of a gas collection and control system (GCCS) is the second step after covering closed 
sections of landfills. The required cover shield hinders the inflow of water, covers the waste from rain 
getting inside and gases from getting outside to the ambient. The different methods of capturing the 
emitted landfill gas need detailed planning and in case of an existing landfill additional structural 
alterations. Impermeable layers cover the soil under the waste to keep ground water out and 
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contaminated liquids inside the waste section. Several pipes on the bottom are used to regulate the 
moisture inside the waste body. The final cover hinders gas from being emitted into the ambient, 
avoiding odor and potential explosive conglomerates of gases. In the following figure a gas collection 
system is installed working with low pressure in order to suck out the landfill gas of the waste body. 
This system only works if the area is fully covered without leakages.  

2.6.1 Extraction wells 

Vertical  
The system is brought into the waste by vertical drilled holes. The holes are drilled with a two to 
three times bigger diameter than the solid pipe. After placing the upstanding pipe the surrounding of 
the borehole is filled with gravel to fix and stabilize the pipe. A plug made of concrete or clay 
prevents the pipe from moving in any direction.  
 

 
Figure 4: Vertical extraction well (SES Engineering, 2015) 

The installation of vertical extraction pipes requires many hours of work and a well drilling rig, which 
is expensive. The wells are placed in a pattern which does not interfere with other wells’ suction 
radius. 
 

 
Figure 5: Theoretical design of well distribution (EPA, 2008) 
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The recommended distance, in-between the single wells, is 300 ft. according to the acting radius of 
150 ft. per suction well. By placing the wells too close to each other the under-pressure interferes 
with the forced airflow of other wells causing a higher resistance of the airflow and therefore higher 
fan electrical consumption. If the wells are further apart than 300 ft. the coverage of 100% is not 
ensured.  

 
Figure 6: Cluster well configuration including gas probes (EPA, 2008) 

 
Horizontal  
The horizontal system is installed by placing the tubes into the top layer of waste. The installation 
requires a more intense construction operation due to more space needed. The tube has a 
perforated end piece which enables gas to get sucked in. It is surrounded by gravel to hinder waste 
particles entering or clogging the pipe holes.  

 
 

 
Figure 7: Horizontal extraction well (SES Engineering, 2015) 

Horizontal pipes can be placed inside the garbage mountain during its erection, capable of collecting 
LFG during operation of the waste cell, but open cells do not face covering layers which puts 
methane production at a very low level. Drilling into the landfill is not necessary, reducing installation 
costs and time. Nevertheless it slows down the compacting and distributing during daily business due 
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to the fact that the pipes are laid into gravel pack and covered by a geotextile layer. Settling, caused 
by decaying fractions and pressure of waste on top of the perforated pipes, which are at risk of being 
deformed or crushed. A restoration may be necessary because repairs or maintenance is not 
possible. Also water from the surface or garbage bags easily enters the extraction pipes leading to a 
leachate leakage through the gas extraction pipes or plugging. 
 
There are two ways of planting the wells. Each system has individual advantages according to the 
characteristics of landfilled waste.  
 

Vertical Horizontal 

Advantages Disadvantages Advantages Disadvantages 

Widespread method Supply of needed 
material 

Less necessity of 
special equipment  

Higher failure rate due 
to flooding or 
settlement 

Less effect on 
operating landfills 

Higher O&M at active 
sites 

Simplifying early LFG-
collection 

Air leakage more 
common if half 
covered by waste 

Reliability and 
accessibility  

Punctual extraction at 
certain depth 

Covering all layers 
below 

Settling trash cracking 
the pipes 

Table 2: Advantages and disadvantages in comparison (Stege, 2012) 

 
Table 3 shows that biogas collection systems cannot be assured an efficiency of 100%. This is due to 
air infiltration through landfill covers and their construction. Landfill gas will escape through any 
holes in the capping of the collection system or through the permeable material that covers the 
deposit waste (Environmental Agency, 2007). Emissions of methane, carbon dioxide and non-
methane organic compounds (NMOC) can still occur (ESCS, 2007).  
 

 
Table 3: Gas collection efficiency (Barlaz, M.A., 2006) 

Assuming that landfill gas collection systems are not installed within the first years of operation it is 
not comparable to a bioreactor landfill, collecting gas after 6 months of accepting solid waste (Barlaz, 
M.A. et al., 2009).  
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2.6.2 Forced air system 

By blowing air out of the collection system a slight under pressure is created forcing volatile fractions 
inside the landfill to get sucked out. The system only has to overcome minimal pressure drop 
resistance.  

 
Figure 8: Forced air system (EPA, 2008) 

2.7 Carbon dioxide usage 
The extraction of landfill gas by forced air creates an under-pressure inside the waste cell. The fact 
that an airtight layer on top of the closed cell is very expensive and technically difficult to achieve 
brings up a technology of re-injecting the separated CO2 into the extracted cell again. It lowers the 
negative pressure compared to the atmospheric pressure and is not forcing air, with a 20% oxygen 
part, to get sucked into the cell. Oxygen would disturb the anaerobic process and therefore interfere 
with the methane generation. CO2 binds free oxygen and does not affect the decay process.  
 

 
Figure 9: Gas flow schemata (EPA, 2012) 

Other utilization of CO2 would be the use as an insulation gas for high voltage application or the 
carbonization of hydrogen to methane. It would make the hydrogen easier to store and transport 
and could be used in existing systems such as pipelines and gas powered plants. 

2.8 Cogeneration systems (CHP) 
The high energy or heating value (HHV or gross calorific value GCV) of municipal solid waste bears 
the potential to generate power or heat and power instead of disposing the MSW in a landfill. The 
separated heat and power (SHP) systems are either focused on generating electricity or process heat. 
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The efficiency is limited by current technological standards. Those standards include material 
proposes, which cannot exceed certain pressure and temperatures above 600 °C (1,112 °F).  
 

 
Figure 10: Efficiency comparison (EPA, 2015) 

This example of either CHP or SHP systems shows the conversion of primary energy or fuel units into 
electrical or thermal energy. The single generation of electricity needs an input of 91 fuel units for an 
output of 30 units of electricity and the single heat generation needs an input of 56 fuel units for an 
output of 45 steam units. This compares with a double stream generation of heat and power where 
the input of 100 fuel units generates the same amount of heat and power as the two single stream 
methods. Combined cycles have an overall efficiency 1.5 times higher than single streams. 
Materials with a high carbon fraction as synthetics and cellulose products are responsible for the 
energy potential. A pre-processing or preparation of the waste is not necessary which reduces the 
installation effort, expenses and greenhouse gas emissions. 

 

 Heat and power stations 
(CHP)  Block-type thermal power stations (SHP)   

System type 
Heat and power 
station with 
steam turbine 

Combined-cycle 
station with gas 
turbine 

Block-type 
thermal power 
station with gas 
turbine 

Block-type 
thermal power 
station with 
industrial engine 

Micro-scale 
cogeneration unit 
with car engine 

Driving system Steam turbine 
Gas and steam 
turbine(s) 
combined 

Gas turbine 

Industrial Otto 
engine with 
three-way 
catalytic 
converter, lean-
mix engine or 
diesel engine 
with SCR 
catalytic 
converter 

 

Fuel 

Coal, heavy oil, 
natural gas, 
heating oil, 
municipal solid 
waste, landfill 
gas 

Natural gas, fluid 
gas, light heating 
oil, gasified coal, 
synthesis gas, 
purified landfill 
gas 

Natural gas, 
fluid gas, light 
heating oil, 
gasified coal, 
synthesis gas, 
purified landfill 
gas 

Natural gas, fluid 
gas, light heating 
oil, gasified coal, 
synthesis gas, 
purified landfill 
gas, biogenic 
fuels, biogas 

Natural gas, fluid 
gas, light heating 
oil, gasified coal, 
synthesis gas, 
purified landfill 
gas, biogenic 
fuels, biogas 
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Temperature Up to 500 °C 
(932 °F) 

Up to 300 °C 
(572 °F) 

Up to 550 °C 
(1,022 °F) 

Up to 100 °C 
(212 °F) 

Up to 100 °C 
(212 °F) 

Main fields of 
applications District heating District heating 

Process heat for 
industry, 
hospitals 
(steam or hot 
water) 

Local heating 
networks, single 
buildings 
(hospitals, big 
administration 
buildings) 

Detached family 
house 
settlements, 
single buildings 
(schools, hotels, 
small commercial 
enterprises) 

Range of capacity 
5 – 1,000 MWe 

4,700 – 950,000 
Btu (IT)/second 

20 – 100 MWe 

19,000 – 95,000 
Btu (IT)/second 

1 – 10 MWe  
950 – 95,000 
Btu (IT)/second 

20 – 1,000 kWe 

19,000 – 95,000 
Btu (IT)/second 

5 – 15 kWe     
5,000 – 14,000 
Btu (IT)/second 

Cogeneration 
index 
(power/heat 
production)  

0.30 – 0.60 0.80 – 1.20 0.40 – 0.60 0.55 – 0.65 0.35 – 0.45 

Electrical 
efficiency 0.25 – 0.40 0.40 – 0.50 0.20 – 0.35 0.30 – 0.40 0.25 – 0.30 

Overall efficiency 0.45 – 0.85 0.55 – 0.85 0.75 – 0.85 0.85 – 0.90 0.85 – 0.90 

Advantages 

Waste heat 
recovery at 
huge power 
stations 

Low investment 
costs, high 
cogeneration 
index 

High 
temperature 
level, process 
heat 

Small size, 
compact 
construction, 
high overall 
efficiency 

Small size, 
compact 
construction, 
high overall 
efficiency 

Table 4: Overview of cogeneration systems (Flin, D., 2010) 

The conversion of thermal energy into mechanical or electrical energy is either achieved in a steam 
expansion in one or more turbines or the direct usage of fuel inside an engine.  

2.8.1 Rankine cycle 

The Rankine cycle is a simple power cycle using vapor as its driving force. Phase changes of fluids 
from liquid to vapor and vise versa operate the process using little energy for the water pump. 

 
Figure 11: Rankine cycle components and T-s diagram (Potter, M.C., 2009) 

The pump forces the water through the boiler. After the boiler the high-pressure vapor expands in 
the steam turbine changing heat energy into mechanical energy on the shaft. The low-pressure 
steam faces another phase change in the condenser liquefying the low pressure steam (under 1 bar) 
and transporting it back to the pump as water (Lucas, K., 2008).  
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2.8.2 Reheat cycle 

The reheat cycle is a modified Rankine cycle with a two stage steam turbine. This system is used to 
keep the temperature above 600 °C (1,112 °F) to protect the used materials.  
 

 
Figure 12: Reheat cycle components and T-s diagram (Potter, M.C., 2009) 

The use of a two staged turbine achieves a higher efficiency and lowers the necessity for high 
temperatures and pressures. After the expansion in the first stage of the turbine the pressurized 
vapor is reheated again in the boiler and fed back to the second stage of the turbine. The steam after 
the first expansion is still hot and reaches the boiler preheated (4). The vaporization consumes less 
energy and increases the efficiency (Langeheinecke, K. et al., 2011).  

2.8.3 Regenerative cycle 

The regenerative cycle uses a Rankine process and a two staged outflow of the turbine. It uses a hot 
steam flow from the turbine to preheat the main feed water after the condenser.  

  
Figure 13: Reheat cycle components and T-s diagram (Potter, M.C., 2009) 

The outflow of the steam turbine is not directly reheated in the boiler as in the reheated cycle but 
the hot mass flow is used to preheat the open feed water cycle (Baehr, H.D. et al., 2006).  

2.8.4 Cogeneration cycle 

The cogeneration cycle has the highest fuel efficiency overall. It is used to generate electricity and 
distribute heat for residents or industry. It has the same setup as a reheat cycle including a heat 
exchanger installation for heat distribution substituting a separate cooling system. 
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Figure 14: Cogeneration cycle components and T-s diagram (Potter, M.C., 2009) 

The difference in its overall efficiency is the intake of the distributed heat energy is used to calculate 
the overall efficiency. The amount of heat used for distribution is in direct relation to the electrical 
efficiency (Kehlhofer, R., 2009).  

2.8.5 Brayton cycle 

Or Joule cycle is split into an open and a closed cycle. The open cycle air is forced through a constant 
pressure combustion chamber before expanding in a turbine, while in a closed cycle an external 
source provides the necessary process heat through a heat exchanger (Pitts, D. et al., 2012).  

 
Figure 15: Open and closed cycle (Potter, M.C., 2009) 

The internal combustion system or external heat source could be a gas turbine or a gas engine. 

2.8.6 Combined cycle 

The combined cycle uses a combination of Brayton and Rankine processes. The combustion engine or 
turbine provides mechanical energy on the shaft to generate electricity. The waste heat is used for a 
second cycle, using vapor as a driving force for a steam turbine.   
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Figure 16: Combined Rankine-Brayton cycle (Potter, M.C., 2009) 

The T-s diagram has two independent processes without overlapping. The 5-6-7-8 area shows the 
Brayton cycle from excess air being compressed before combustion leaving it under high 
temperature and pressure in order to expand in a gas turbine. The waste heat, or exhaust, is used in 
a separate heat exchanger to evaporate water for the second cycle, Rankine, to power a steam 
turbine on the same shaft (Kehlhofer, R., 2009).  

2.9 Waste-to-energy 
The energy utilization of municipal solid waste (MSW) in the United States of America results in its 
thermal exploitation. The common options being used are one- and two-step incineration processes. 
One-step incineration processes are the direct waste incineration powering a heat recovery steam 
generator (HRSG) and a steam turbine to generate heat and power. A gas power plant, either turbine 
or engine driven, using landfill gas, natural gas or methane to generate electricity is also considered a 
one-step process. In comparison a waste gasification plant has two separated thermal processes with 
different access air. The first part is an under-stoichiometric combustion, or gasification, and the 
second part a gas powered plant for electricity generation. 

 
Figure 17: Overview of waste-to-energy processes (Steinlechner, P., 2016) 
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2.10 Waste incineration 
A waste incineration plant has the same set-up as a biomass power plant and could be used as such 
as well. The combustion of energy rich municipal solid waste is the thermal energy input for a steam 
cycle process. MSW has a heating value (HHV) of 12 MJ/kg (5,160 Btu/lbs.) depending on the organic 
fraction and its moisture content. Synthetics within the fuel are mainly made out of crude oil and 
bear high carbon content.  
 

 
Figure 18: Waste incineration plant (Institute of Mechanical Engineers, 2014) 

The waste is transported by haulers from residential and public trash bins to the 
incineration plant waste bunker (1). The crab crane (2) controls the amount of 
waste added into the combustion process. It places the MSW into the feed chute 
(3) where it falls onto the feeder ram (4). 
 

 

 

Figure 19: Waste distribution (Engineering Timelines, 2013) 

After the feeder ram the waste slides onto the grate (5). Primary air is added to 
ensure complete combustion of the solid fuel. Temperatures must exceed 
1,000 °C (1,830 °F) to 1,100 °C (2,010 °F) to vitrify the ash to bind toxic fractions 
within the residual and reduce leachate  (EPA, 2009).  Non burning materials are 
collected by the bottom ash discharger (6) and after cooling down brought to the 
landfill. The hot flue gas flows through the furnace (7) into the after burning 
chamber (8) where urea is added (Institute of Mechanical Engineers, 2014) to 
reduce nitrogen oxides (NOx). On top of the heat radiation chamber (9) sits the 
boiler, heat exchanger, which uses the exhaust heat to generate steam. 

 
Figure 20: Flue gas flow (Engineering Timelines, 2013) 
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The flue gas flows to the convection chamber (10) cooling down by 
exchanging heat with the water-filled boiler walls. The generated 
steam runs to the steam turbine. The economizer (11) preheats the 
backflow of the steam turbine before the heat recovery steam 
generator (HRSG). After the flue gas is cooled down the electrostatic 
precipitator (ESP) (12) uses an electrical charged field to cleanse the 
exhaust gas from particles. 
 

Figure 21: Flue gas preparation (Engineering Timelines, 2013) 

 
After the ESP the flue gas runs through different cleaning stations. 
Cooled down by a gas/gas exchanger (18) it is scrubbed by 
hydrochloric acid (20) and sulphur dioxide (21). The residual is 
dewatered by gypsum (22) and the flue gas is condensed (23), 
powered by an absorption heat pump (25) and further treated by a 
venturi scrubber (24).  
 

Figure 22: Flue gas cleaning (Engineering Timelines, 2013) 

The saturated steam 400-600 °C (750-1,140 °F) at a pressure of 40 
bars (580 psi) expands in a steam turbine (14) converting heat 
energy into rotating energy powering the generator (15) to provide 
electricity (16). The condenser (13) liquefies the expanded steam 
and separates it into two streams, one back to the economizer and 
one to a district heating system (17).  
 

Figure 23: Heat and power generation (Engineering Timelines, 2013) 

The backflow of district heating (28) cools down the flue gas cleaning system SCR 
and deNOx (26) before the cleaned flue gas, forced by an ID fan (27) exits through 
the stack (29).  
 

 

 

Figure 24: Cooling water cycle (Engineering Timelines, 2013) 

The filtered particles are collected in an ash silo (33) while the 
contaminated hydrochloric acid runs through a neutralization and 
precipitation process (30), a sludge thickener (31). It splits into 
clear water which is discharged (32) and the sludge, which is 
stored in a tank (34). The ash and the sludge is then transported 
(35) to its final disposal at the landfill. 
 
 

Figure 25: Waste water treatment (Engineering Timelines, 2013) 

In Appendix 4 the power plant cycle is shown in its full extent and its interconnection of the single 
parts of furnace and boiler section, energy recovery, flue gas and wastewater treatment. 

https://en.wikipedia.org/wiki/Bar_%28unit%29
https://en.wikipedia.org/wiki/Pounds_per_square_inch
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2.11 Waste gasification 
A gasification process forces organic material to release carbon and hydrogen by an under-
stoichiometric thermal process. Hydrocarbon chains are split into their elements. Organic waste 
consists of the following elements listed by percentage of waste: 
 

Carbon 45 – 55% 

Oxygen 35 – 45% 

Hydrogen 3 – 5% 

Nitrogen 1 – 4% 

Table 5: Organic chemistry (Cabaniss, S. et al., 2007) 

Inorganic substances have a stronger molecular structure than organics. Higher temperatures are 
required to split their hydrocarbon chains into carbon monoxide, carbon dioxide and hydrogen. A big 
variety of plastics or synthetics are mixed into the waste. The different polymers are very energy 
consuming in its production. For example 62 to 108 MJ (59,000 – 102,000 Btu) of energy is required 
to produce one kilogram (2.2 pound) of plastic out of crude oil (De Decke, K., 2009). In comparison, 
glass production out of sand only requires 18 to 35 MJ/kg glass (De Decke, K., 2009) but according to 
Andrady (Andrady A.L. et al, 2009) the energy consumption of transportation dropped 52% by using 
plastic instead of glass bottles. The chemical compounds of different plastics are carbon, hydrogen 
and oxygen in different chemical structures.  
 
By pyrolysis the hydrocarbon chains are split into their single fractions and incomplete or partial 
combustion forces the elements to create new chemical combinations. Within a gasification process, 
the major chemical reactions are those involving carbon, carbon monoxide and carbon dioxide (C, CO 
and CO2), hydrogen (H2), water or steam (H2O) and methane (CH4), as follows (US Energy 
Department, 2014): 

 
The combustion reactions: 
   1.  C + ½ O2 → CO       (-111 MJ/kmol) 
   2.  CO + ½ O2 → CO2       (-283 MJ/kmol) 
   3.  H2 + ½ O2 → H2O      (-242 MJ/kmol) 
 
Other important gasification (under-stoichiometric oxidation) reactions include: 
   4.  C + H2O ↔ CO + H2  "the Water-Gas Reaction" (+131 MJ/kmol) 
   5.  C + CO2 ↔ 2CO  "the Boudouard Reaction" (+172 MJ/kmol) 
   6.  C + 2H2 ↔ CH4   "the Methanation Reaction" (-75 MJ/kmol) 
 

The exhaust of waste gasification is synthesis gas (syngas) which is a mixture of carbon monoxide, 
carbon dioxide, water and hydrogen. The heating value (HHV) of syngas is 10 MJ/m3 (27 Btu/scf) 
(Engineering Toolbox, 2015). The synthesis gas is used in a gas turbine or engine. The gas turbine in 
connection with a steam cycle would increase the efficiency and decrease the necessary cooling 
capacity. 

2.12 Landfill gas utilization 
The collected landfill gas is analyzed to determine its chemical compounds and gaseous fraction. A 
methane content of at least 38% is required to directly use the landfill gas in a gas engine. Less 
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methane within the LFG requires a purification process through a pressurized swing adsorption (PSA) 
installation. By purifying and refining the gas mix emitted out of a landfill (the carbon dioxide and 
other non-burning fractions) pure methane is the outcome of this process. The methane is separated 
in several steps. The PSA installment forces the gas through different pressure stages. In four steps, 
adsorption, blow-down, purge and pressurization the untreated gas separates into its different 
fractions (Ahn, S. et al., 2012). The inside wall of the pressurized chambers are layered with different 
adsorbing materials. Carbon dioxide and methane are attracted to those surfaces under different 
pressure levels. The surface materials adsorb the gas fraction in different stages and the pressure 
flow forces the residual gas to move to the next chamber with a different pressure level and different 
adsorbing material. The process works under nearly ambient temperature and its installation is very 
economic. Its design does not limit the processed volume to a minimum level. The collected carbon 
dioxide is used to be re-injected into the landfill cell or as insulation gas for high voltage applications. 
The further use of its carbon molecules for methanation of hydrogen is an energy and capital intense 
operation. The advantage of creating methane out of carbon and hydrogen is the use of existing 
storage, distribution and utilization installations for natural gas, which can be fed with it.   

2.13 State of the art GCCS and realized projects 
Superior landfill at Savannah/GA, USA shows a measured output of 8 – 8.5 m3/s. The inflowing waste 
stream varies from 2,000 to 2,500 tons every day. It includes industrial trash and sludge from 
wastewater treatment plants. The gas is extracted on closed waste cells with two blowers. Each fan is 
capable of an airflow rate of 0.75 m3/s in order to suck out landfill gas. Its wells are drilled into the 
garbage mountain between 15 to 18 meters in a vertical direction allowing the outflow of the gas. 
The wells are spread over an area of 220 hectare (ha). The gas is directly used to generate electricity 
in 6 out of 8 installed V16 gas engines with a rated capacity output of 820 kW. The operating hours 
onsite are 8000 per year generating 3.9 – 4.1 MWh of electrical energy per hour. The content 
fraction of the gas varies with climate conditions.  
 

Fraction Percentage of volume 
Methane (CH4) 48 – 50 
Nitrogen (N2) 12 – 15 
Oxygen (O2) 2 – 2.1 
Carbon dioxide (CO2) 34 - 35 

Table 6: Landfill gas fraction (Superior Landfill Ltd., 2016) 

According to the gas power plant manager Lee Owens 38% of methane fraction is the minimum 
required to operate the engines (Superior Landfill Ltd., 2016). 
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3 Dean Forest Road Landfill 

3.1 Landfill preparation 
The requirements to landfill waste in the United States are regulated by federal regulations under 
the authority of the Environmental Protection Agency EPA. The first step before building a landfill is a 
geomorphic survey in order to ensure a solid and earthquake proof underground. Any possible 
historical or archeological valuables underneath the surface must be identified. It also includes a 
wildlife analysis. The subsurface construction ensures water and air tightness to the ambient soil or 
groundwater. Above the groundwater, a layer of compacted clay and if the soil does not meet the 
required density standards, bentonite is a possible material added to ensure the dense layer of clay. 
The bounding walls are obligatory to hold the pressure of the waste mass. On top of the compacted 
clay a plastic (polyethylene) liner prevents leachate from draining into the groundwater and a 
nonwoven, fabric (geotextile) mat protects the plastic liner from getting ripped by stones, gravel or 
waste fractions. On the lowest points of those layers the leachate collection pipes are installed 
pumping the liquid fractions out into holding ponds or tanks. Those storage units are connected to 
the sewer system and lead to a waste treatment facility. Washed rocks or gravel bedding is placed 
under the pipes to ensure their stability and fixation. The rocks hinder particles of waste from 
entering the pipe through its drainage holes. The top layers of the sub structure are another textile 
mat, letting fluids pass, and a granular drainage layer covered by soil separating the first waste cell 
from the environmental protection system. According to state regulations in Georgia a daily layer of 
soil has to cover the garbage to reduce a feast for animals and wind transport of the light weight 
fraction. After closing the landfill section the same layers of plastic (polyethylene) liner and a 
nonwoven, fabric (geotextile) mat protects the garbage from precipitation, animals and wind. The 
cover layer does not assure air tightness hindering LFG to escape from the waste cell. The gas will 
always find its way to the surface by going the way of least resistance.  EPA requires measuring the 
output flow 30 years after closing. The quality of the gas is measured around buildings with the range 
of the landfill area. Depending on the emissions, further measurements and measures must include 
landfill gas capture and collection system with the possibility to flare or store it. The leachate system 
still works and its flow declines towards zero. 

3.2 Site description 
The Dean Forest Landfill in the western part of Chatham County near the City of Savannah/GA has 
been permitted for solid waste disposal since 1984 and is owned by the city and therefore must 
comply with official restrictions concerning the waste composition which is going to be landfilled. It is 
regulated under Solid Waste Handling Permit #0250-51 D(SL) issued in June 1983. The landfill began 
receiving waste in March 1984 and continues to serve as the City’s Solid Waste disposal facility. The 
regulations forbid the landfill to accept industrial waste from companies and any kind of liquid waste 
at all. The Landfill site consists of 977 acres (3.95 km2), approximately 130 (0.53 km2) of which is 
developed for waste disposal. The northern area is divided into two quadrants of approximately 
equal size, identified as the Northwest (NW) and Northeast (NE) quadrants. The total area of NW & 
NE is approximately 46 acres (0.19 km2). The NE & NW quadrants are unlined and are closed without 
impervious capping material. MSW was placed in these two quadrants from the year 1984 to 1993, 
with mostly non-processable waste and ash residue deposited from 1987. 
The southern area is currently active and is divided into three sections designated as Phase 1-A, 
Phase 1-B and Phase 1-C totaling approximately 55 acres (0.22 km2). Phase 1-A is the easternmost 
part. Major modifications to Solid Waste Handling Permit #0250-51 D(SL) were issued for Phase 1-A 
in December 1993, for Phase 1-B in June 1996 and for Phase 1-C in April 2003. Southern portion is 
Subtitle D landfill, Phase 1-A being completed in 1994, Phase 1-B completed in 1997 and Phase 1-C in 
2008. In addition, planning for the expansion of landfill in the western area of the site known as 
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Phase 1D has been initiated. The western portion would need approval from EPD for construction. 
Following approval from EPD, construction will start in the year 2017. (Bonam, J., 2013) 
 
The measured drainage outflow is 40,000 gal/d (gallons per day) out of 43 installed wells (Bonam, J., 
2013). This mix of landfill waste leachate and collected rainwater is sold to the sewage plant for 0.14 
$/gal. It is used to neutralize the water from the sewer. A monthly test of leakage water is ongoing 
looking for fractions of ammonia, heavy metals, chloride and other harmful chemicals. On this landfill 
a natural challenge is given by a very acidic soil being aggressive to tools and machinery used on-site. 
 

 
Figure 26: Satellite image of Dean Forest Road Landfill (Steinlechner, P., 2016) 

According to the sustainability office from the City of Savannah (Bonam, J., 2014) the daily waste 
input varies around 300 US tons per day. Subtracting all Sundays and holidays it comes to 
approximately 250 service days a year leading to an annual sum of around 57-90,000 US tons. The 
open landfill in the NE corner is covered with waste from the last 8 years on an area of 35 acres and 
100 feet high, using 4.5 acres every year and a volume of annually 1,957,500 ft3. By law it is 
mandatory to achieve an average waste density of 1,200 lbs./yd3 (pounds per cubic yard) = 45 
lbs./ft3. The actual value of Dean Forest Road Landfill in 2016 is measured with 1,615 lbs./yd3. It is a 
subtitled landfill class D with a CH4 generation smaller than 40% according to the policy of no yard 
waste and mostly food. The municipal solid waste (MSW) is considered to be 50% organic and 50% 
synthetic. The high organic fraction is due to the ongoing recycling program. It is a single stream 
recycling system including paper, cans, plastic and glass bottles. And Savannah has a large tree 
population producing a lot of organic waste in spring and fall. But it cannot be landfilled as yard 
waste because of plastic fractions from street garbage. Dean Forest Road Landfill operators list the 
waste composition once a year. 
 
Two pickup waste streams are operated in Savannah by the city. A mixed recycling stream with 
paper, cupboard, cans, plastic and water bottles on the one hand and on the other hand all organic 
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and in-organic waste is directly transported to Dean Forest Road Landfill. At the landfill the MSW is 
not separated into different categories. The compactor only picks out as many tires as possible. Yard 
waste, scrap recycle and inert waste discharge is possible for private persons during the week. The 
single materials are each piled separately.  
  

 
Figure 27: Waste separation on-site (Bonam, J., 2014) 
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Figure 28: Waste composition (Bonam, J., 2015) 

The organic and non-organic percentages in weight show the potential of methane generation within 
the landfill cell. The organic fraction has a direct impact on the landfill gas production and its 
methane percentage (Appendix 8).  
 

Organics % of weight Non-organics % of weight 

Food 37.4% Metals 3.4% 

Wood 13.6% Textiles 1.3% 

Cardboard 6.5% Glass 8.6% 

Paper 12.5% Diapers 1.6% 

  Fines 2.3% 

  Electronics 0.8% 

  Styrofoam 0.9% 

  Plastic 11.1% 

Sum 70.0%  30.0% 

Table 7: MSW composition (Bonam, J., 2015) 
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The heating value for the waste is calculated out of the heating values of the single fractions. It’s the 
base of a comparison calculation in-between the efficiency of waste incineration to waste 
gasification. 

MJ/ton waste 12,105 
 MMBtu/US ton waste 11.46 
 Table 8: EIA calculation of waste heating value (US EIA, 2015)  

MJ/ton waste 11,152 
 MMBtu/US ton waste 10.56 
 Table 9: Calculation of waste heating value (University of Central Florida, 2001)  

The listed calculation is to be found in Appendix 7. 
 

The waste quantity is listed by years since opening the cell in the NE of the landfill. In 1987 Dean 
Forest Road accepted ash from city owned waste incineration and fossil fuel plants. In 2009, the air 
pollution act (EPA, 2008) forced the city to shut down the waste incineration plant due to a lack of 
cleaning and filtering systems. The second waste stream of mixed recycling was opened to the public, 
decreasing the tonnage of waste placed at the landfill.  
 

Year Age MSW (US tons) Ash (US tons) MSW (Mg) Ash (Mg) 
1984 26 88,246 - 80,224 - 
1985 25 127,637 - 116,034 - 
1986 24 129,581 - 117,801 - 
1987 23 79,581 17,538 72,346 15,944 
1988 22 84,084 29,777 76,440 27,070 
1989 21 75,827 41,278 68,934 37,525 
1990 20 83,890 36,475 76,264 33,159 
1991 19 69,481 36,608 63,165 33,280 
1992 18 82,828 40,112 75,298 36,465 
1993 17 76,594 38,213 69,631 34,739 
1994 16 33,233 17,604 30,212 16,004 
1995 15 57,119 44,571 51,926 40,519 
1996 14 72,955 49,282 66,323 44,802 
1997 13 90,092 39,034 81,902 35,485 
1998 12 93,955 40,596 85,414 36,905 
1999 11 103,861 40,486 94,419 36,805 
2000 10 102,113 43,063 92,830 39,148 
2001 9 132,090 58,750 120,082 53,409 
2002 8 126,453 51,954 114,957 47,231 
2003 7 115,683 38,333 105,166 34,848 
2004 6 114,384 39,574 103,985 35,976 
2005 5 111,590 38,909 101,445 35,372 
2006 4 106,974 34,533 97,249 31,394 
2007 3 109,964 33,729 99,967 30,663 
2008 2 136,718 5,162 124,289 4,693 
2009 1 129,078 12,264 117,344 11,149 
2010 0 101,086 - 91,896 - 

Table 10: Disposed waste at open cell (Bonam, J., 2015) 
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The estimate of landfill tonnage per day is 300. At an expected tonnage of 87,000 tons per year the 
projected life of the existing landfill is up to the year 2023 (Bonam, J., 2016). 
 

 US tons  Metric tons 

Total capacity 4,610,589 4,191,410 

Disposed waste (till 2010) 3,462,942 3,148,103 

Open capacity 1,147,647 1,043,307 

Yearly tonnage 87,000 79,090 

Expected lifetime 13 years  (until 2023) 

Table 11: Open cell lifetime calculation (Bonam, J., 2016) 

The change of annual waste tonnage is influenced by the residents’ behavior. The decreasing waste 
stream of MSW shows an acceptance of the second mixed recycle stream. 
 
Historical data show the waste development over the last 25 years. The NOMC emissions, non-
methane organic compounds, are decisive for capturing measurements. By simulating it for future 
disposal a possible financial impact can be predicted. The carbon dioxide emissions in the US the last 
25 years changed in 2008 due to the financial and economic crisis and the installation of zero 
emission power generators as wind, solar and water power. 
 
The environmental protection agency provides historical data of carbon dioxide emissions. The 
purple area shows the reduction of greenhouse gas emissions by sustainable land use and forestry. 
The carbon is stored within trees and other plants using photosynthesis for their metabolism. 
Industrial processes besides energy and transportation are responsible for rather small GHG 
emissions. The red area shows the emissions resulting from electricity generation.  
 

 
Figure 29: Historical CO2 equivalent emissions (EPA, 2015) 
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Electricity generation (Appendix 5) creates the most significant pollution due to the high percentage 
of fossil fuel power plants in the United States of America. Since 2008 the consumption of more 
natural gas instead of other fossil fuels and the installation of renewable energy generators resulted 
in a reduction of greenhouse gas emissions. Also the economic crisis forced the drop of emissions 
due to smaller industrial output. 
 

 
Figure 30: US energy consumption by fuel (US EIA, 2013) 

The high percentage of fossil fuels used for energy purposes has resulted in high greenhouse gas 
emissions over the last 25 years. Fossil fuel combustion (Appendix 5) is a major part of greenhouse 
gas emissions in the US. The other emitters besides energy generation are coal mining and non-
energy use of fuels. To reduce GHG emissions the focus on fossil fuel combustion is the most 
important. With over 70% of the emissions in CO2 equivalent the country and its economy is very 
dependent on fossil fuel for electricity purposes.  
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Figure 31: GHG emissions by energy generation (EPA, 2015) 

The emission diagram of methane by different inventory sectors show that energy generation and 
agriculture are still the biggest emitting sectors. The land use and forestry sector are minor emitters 
and are not contributing to the greenhouse effect. 

 
Figure 32: Historical methane emissions (EPA, 2015) 

The agriculture sector emits methane by using dung as fertilizer on fields. The overpopulation of 
cattle and other animal farms as food sources are natural methane emitters due to the metabolism 
of farm animals. The third biggest source of free methane is waste management. Landfills emit the 
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combined gas of methane and carbon dioxide and are not required to collect and flare the landfill gas 
until a limit of 50 Mg/y of non-methane organic fractions (US EPA, 2008).  
 

 
Figure 33: US greenhouse gas emissions in 2014 by sector (EPA, 2015) 

The overall greenhouse gas emissions in 2014 are, according to EPA (2015), show that carbon dioxide 
is by far the biggest pollutant in the atmosphere. Methane is in second place with 11%, but has a 
bigger impact on global warming by its GWP, the global warming potential, which is 25 times higher 
than for CO2. 

 
Figure 34: Detailed emissions by sector in 2014 (EPA, 2016) 

By reducing the use of fossil fuel for electricity purposes the biggest part of greenhouse gases would 
be reduced. By converting waste into energy the methane emissions of landfills would be minimized. 
The composting of organic waste, mostly food waste, in regulated conditions with enough oxygen 
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excess would increase the CO2 emission but increase the more harmful free methane in the 
atmosphere.  

 

 
Figure 35: US greenhouse gas emissions by waste management (US EPA, 2015) 

 
 
 
 
 
 

Dean Forest Road Landfill 
  Tier II NMOC Emissions1 
  Calendar Year 2010 
  

            
Year Age 

MSW  
(US tons) 

Ash  
(US tons) 

Mass 
(Mg) k Lo e-kt 

Cnmoc 
(ppm) 

Mnmoc 
(Mg)   

1984 26 88,246 - 80,224 0.05 170 0.2725 89 0.12   
1985 25 127,637 - 116,034 0.05 170 0.2865 89 0.18   
1986 24 129,581 - 117,801 0.05 170 0.3012 89 0.19   
1987 23 79,581 17,538 72,346 0.05 170 0.3166 89 0.10   
1988 22 84,084 29,777 76,440 0.05 170 0.3329 89 0.09   
1989 21 75,827 41,278 68,934 0.05 170 0.3499 89 0.06   
1990 20 83,890 36,475 76,264 0.05 170 0.3679 89 0.09   
1991 19 69,481 36,608 63,165 0.05 170 0.3867 89 0.06   
1992 18 82,828 40,112 75,298 0.05 170 0.4066 89 0.09   
1993 17 76,594 38,213 69,631 0.05 170 0.4274 89 0.08   
1994 16 33,233 17,604 30,212 0.05 170 0.4493 89 0.03   
1995 15 57,119 44,571 51,926 005 170 0.4724 89 0.03   

 -

 50,0

 100,0

 150,0

 200,0

1990 1995 2000 2005 2010

Em
is

si
on

s (
m

ill
io

n 
to

ns
 o

f c
ar

bo
n 

di
ox

id
e 

eq
ui

va
le

nt
s)

 [M
t]

 

US greenhouse gas emissions from waste management 

Wastewater treatment Landfills Composting



  Master’s Thesis 
 
 

 
 
Steinlechner  Page 34 of 76 

1996 14 72,955 49,282 66,323 0.05 170 0.4966 89 0.06   
1997 13 90,092 39,034 81,902 0.05 170 0.5220 89 0.13   
1998 12 93,955 40,596 85,414 0.05 170 0.5488 89 0.14   
1999 11 103,861 40,486 94,419 0.05 170 0.5769 89 0.18   
2000 10 102,113 43,063 92,830 0.05 170 0.6065 89 0.18   
2001 9 132,090 58,750 120,082 0.05 170 0.6376 89 0.23   
2002 8 126,453 51,954 114,957 0.05 170 0.6703 89 0.25   
2003 7 115,683 38,333 105,166 0.05 170 0.7047 89 0.27   
2004 6 114,384 39,574 103,985 0.05 170 0.7408 89 0.27   
2005 5 111,590 38,909 101,445 0.05 170 0.7788 89 0.28   
2006 4 106,974 34,533 97,249 0.05 170 0.8187 89 0.29   
2007 3 109,964 33,729 99,967 0.05 170 0.8607 89 0.32   
2008 2 136,718 5,162 124,289 0.05 170 0.9048 89 0.59   
2009 1 129,078 12,264 117,344 0.05 170 0.9512 89 0.57   
2010 0 101,086 0 91,896 0.05 170 1.0000 89 0.50   

      TOTAL NMOC Emissions (Mg) = 5.37   

   TOTAL NMOC Emissions (US tons) = 5.92   

1.  Calculation is based on EPA's Tier II emissions calculation.  During landfill gas sampling in April 2008. Fifty-one samples were 
collected at the landfill. Composited into seventeen sample canisters and analyzed by EPA Method 3-C for validity.  All 17 
composite samples were found to be valid (i.e.. containing less than 5% oxygen or 20% nitrogen) and analyzed by EPA Method 
25° C to determine the concentration of NMOC.  The average NMOC concentration reported by the analytical laboratory was 
531.77 parts per million by volume (ppmv) as carbon.  In accordance with 40 CFR 60.754 (a)(3). the NMOC concentration as 
carbon was divided by six (6) to convert the concentrations to ppmv as hexane.  Calculation excludes the weight of ash. since 
ash does not contribute to landfill gas emissions. 

  
  
  
  
  
  
  

            Table 12: NMOC emissions with LandGEM® (US EPA, 2009; Bonam, J., 2015) 

3.3 Municipal solid waste (MSW) 
The entire MSW is collected and transported from Savannah directly to the open cell. 
 

 
Figure 36: Waste compactor (Pfaffenbichler, D., 2016) 

The waste is separated into different sections by its content:  
• Tires (with or without rims) 
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Tires are very unwanted on landfill sites. They perform an act, which is called “clamp effect” 
which enables tires to pop up to the surface of soil-covered waste. The tires are compressed 
under the weight of waste and soil and by expanding over time they “crawl” back out. Tires 
are separately stored to get rid of their rims and after brought into a tire recycling facility 
shredding them and further using them for pavements or fuel. 
 
 

 

Figure 37: Tire storage pile (Steinlechner, P., 2016) 

• Yard waste 
The yard waste is delivered privately and from city services. It is landfilled at a separate area 
without sub construction of clay and plastic foil and the cover is plain soil. The pile is covered 
with earth and composting is an ongoing process until the humus soil is to be sold for 
gardening.  

 

 

Figure 38: Yard waste stack (Steinlechner, P., 2016) 

• Metal  
Private persons are able to dump their metal waste. It is separated as well as possible and 
sold to scrap metal dealers including recovered rims from the tires.   

• Wood  
Wooden constructions, like furniture from private deliverance, are accepted and separated 
from metal. Then they are sold to thermal power plants as fuel. 
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• Concrete and deconstruction material 
Materials from demolishing of buildings and roads are shredded into different sizes and used 
on-site for roads and their sub constructions. 

 
First estimations of methane generation and its outflow show a methane ratio under 40% of the 
overall landfill gas. In order to get more CH4 the single fractions of waste is to be taken in 
consideration. Dean Forest Road Landfill is not a private LF, so there are strict regulations of waste 
acceptance. On the one side it is not the designated aim to make money by getting paid to dispose of 
everything and on the other hand it is in order to keep the sustain the capacity as long as possible.  
 
According to Dr. John C. Bonam (Environmental Services and Sustainability office, 2015) from the City 
office of Savannah/GA the duration of the decay phases are: 8 years for the aerobic phase and the 
anaerobic phase has its peak of methane production after 15 years and flattens out after 30 years. 
Gas generation is still in process as long as it stays anaerobic but the amount is negligible. The first-
order decay equation includes the variable “k“. The “k” value is measured and calculated every 5 
years at 50 different spots. As EPA regulations say: 

“The standards of performance and emission guidelines limit 
emissions from new and existing municipal solid waste 
landfills that emit over 50 Mg/y of non-methane organic 
compounds (NMOC). Section 111 of the Clean Air Act 
(42 U.S.C. 7411), as amended, directs the Administrator to 
establish standards of performance and emission guidelines 
for any category of source of air pollution that "... causes 
or contributes significantly to air pollution which may 
reasonably be anticipated to endanger public health or 
welfare." (US EPA, 2013) 

 
The ecological impact in the past of waste management in the United States is measured in 
greenhouse gas (GHG) emissions. The different emitted gases are calculated in tons (kt = kilotons, Mt 
= megatons) of carbon dioxide equivalent. 

3.4 Collection system 
The collection system for the open waste cell at Dean Forest Road Landfill designed to capture the 
landfill gas emission is not necessary (Bonam, J., 2014) according to regulations by the US EPA. The 
landfill does not reach the upper limit to make flaring or further processing of the landfill gas 
necessary. The emissions of methane and carbon dioxide are within the legal range but do influence 
the greenhouse gas effect in a negative way. The capturing and collection of LFG is therefore a first 
step to reduce GHG and a possible option to make a business out of it by selling the gas itself or a 
higher quality product out of it.  
A possible collection system has vertical wells drilled into the existing and covered waste mountain. 
The wells are connected to an extraction tube and further several extraction tubes are connected to 
a collection tube. The slight under pressure forces the landfill gas to flow through the tubes to the 
storage or purification unit. The following picture gives a rough overview and estimation of numbers 
of wells and their distribution onsite.  
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Figure 39: Satellite picture of section 1-D (Google maps, 2016; Steinlechner, P., 2016) 

The outer measurements of the open cell are 1,100 ft. by 2,100 ft. which is an area of 2,310,000 ft2, 
around 53 acres (0.22 km2). The installation of the wells according to the minimum distance between 
each well creates a pattern of 33 wells for the open landfill cell 1-D. An overlapping of well radiuses is 
taken in consideration. It decreases the uncovered areas but increases the interference in-between 
extraction wells.  
 
The economical feasibility and calculations from different research efforts show the cost of gas 
capture per either a cubic meter (m3) of methane or un-purified landfill gas.  
 

Levelized Cost of Gas capturing ($/m3) $ 0.060 
Levelized Cost of EnergyCH4 ($/kWh) $ 0.020 

Table 13: Levelized Cost of methane capturing (Steinlechner, P., 2016) 

Levelized Cost of LFG capturing ($/m3) $ 0.006 
Levelized Cost of EnergyLFG ($/kWh) $ 0.001 

Table 14: Levelized Cost of LFG capturing (Steinlechner, P., 2016) 
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3.5 Economic feasibility calculation 

 
Figure 40: Economics flowchart (Steinlechner, P., 2016) 

 
By implementing the calculated values into the calculation tool of MS Excel® of Appendix 3 the rated 
return of investment and the payback time are the required results on a 20-year outlook to decide on 
the feasibility of the project. 
With the calculated minimum price (annual expenses / annual gas output) of 0.06 $/m3 of methane 
gas the results of investment forecast are shown in the following table.  
 

Average power output (m3/y)  6,451,200  
Number of wells  42  
Average gas output (m3/(well*y))  153,600  
Average turnover ($/m3) $0.06  
Electricity cost increase rate (%/y) 2.00% 

  Total installed cost ($) $1,962,690  
Down payment percentage (%) 10.00% 
Financing interest rate (%/y) 4.00% 
Reference interest rate (%/y) 0.50% 
Debt payback time (years)  20  
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  Total rated capacity (m3)  6,451,200  
Variable costs ($/kWh) $0.019  
Nominal increase rate for variable costs (%/y) 1.00% 
Fixed costs ($/m3) $3,000  
Nominal increase rate for fixed costs (%/y) 1.00% 
Staff ($/y) $50,000  
Nominal increase of staff costs (%/y) 1.00% 

Table 15: Calculation specifications (Steinlechner, P., 2016) 

The specific values for costs and estimated output are according to EPA (US EPA, 2008) from different 
realized projects.  
 

Rate of return (IRR) 3.87% 
Net Present Value (NPV) $897,837  

PAYBACK TIME  15  
Table 16: Calculation results on methane collection (Steinlechner, P., 2016) 

The internal rate of return (IRR) calculates the internal interest rate of the investment volume after 
20 years. In capital budgeting it is used as a measuring instrument to calculate the potential of an 
investment (Investopedia, 2014). In Excel the IRR is a simple pre programmed function ‘=irr()’ 
calculated out of the sum of the annual ‘Net cash flows’.  
The net present value (NPV) shows the financial value of the investment after 20 years. The Excel 
function to calculate the NPV is ‘=npv()’ involving a reference interest rate of loan giver and again the 
sum of the annual ‘Net cash flows’ called ‘Cumulative Net cash flow’. If this mentioned cash flow is 
positive the payback time is achieved. The payback time is calculated out of the first year after 
achieving a positive cumulative net cash flow. 

3.6 Purification process 
A pressurized swing adsorption cleans the syngas and the landfill gas from carbon dioxide and other 
pollutants. The gas is forced through different pressure stages. The different gas fractions are 
attracted to adsorbing surfaces at different pressure levels.  
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3.7 Gasification plant  

 
Figure 41: Flow chart of gasification process (Sierra Energy Corporation, 2016) 

The offers of two different gasification companies to the City led to the economic feasibility studies 
on the current waste flow of the city. Energy3 is a Renewable energy solutions company, from 
Annapolis/MD and Sierra Energy is a waste gasification & renewable energy company from Davis/CA. 
Both of the companies are in contact with the City of Savannah and therefore the data is reliable. 

3.7.1 Energy3  

Energy3 lists the installation costs per processed ton of waste every year and its operation and 
maintenance costs as follows: 
 

System costs 

Total installation cost ($) $89,280,000  
Volume (US tons/day) 400  
Annual volume (US tons/y) 120,000  
Installation cost of per ton ($/US ton and year) $744  
O&M cost per ton ($/US ton and year) $73  
Tipping Fee $3,600,000  
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Collection cost reduction $4,500,000  
Fixed costs ($/y) $10,000  
Variable costs ($/kWh) $0.073  
Nominal increase rate for variable costs (%/year) 1.00% 
Nominal increase rate for fixed costs (%/year) 1.00% 

   Physical 
characteristics Rated output per ton waste (kWh/t)                   1,000  

Table 17: Energy3 cost breakdown (Energy3 International, LCC, 2016) 

 
Physical characteristics 

 
  Rated output per ton (kWh/t)                  1,000  
Annual output (kWh/y) 120,000,000  
Working hours (h)                  8,000  
Electrification efficiency 30% 
Energy content (kWh/m3)                      2.8  
Average capacity output (kWh/y) 30,600,000 

Table 18: Energy3 power output (Steinlechner, P., 2016) 

 
Rate of return (IRR) -5.81% 

Net Present Value (NPV) -$50,200,609  

PAYBACK TIME 26 
Table 19: Energy3 financial output (Steinlechner, P., 2016) 

3.7.2 Sierra Energy Corporation 

Sierra Energy lists more detailed fixed and variable costs. In comparison the calculations were done 
with and without taking recycled material into account: 
 
Without recycling stream  
 

System costs 

Total installation cost ($) $36,785,400  
Volume (short tons/day) 300  
Annual volume (US tons/y) 80,000  
Installation of Waste Pre-Processing $4,587,000  
Installation of Oxygen Production $5,774,400  
FastOxTM Gasifier $4,981,800  
Gas Cleaning $9,007,200  
Utilities Subsystem $5,847,600  
Electricity Subsystem $4,409,400  
Installation of Subsystem $2,178,000  
O&M $1,177,200  
Staff $1,141,200  
Tipping Fee $2,400,000  
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Recovered Materials $676,200  
Fixed costs ($/y) $10,000  
Variable turnover ($/US ton and day) $0.025  
Variable costs ($/kWh) $0.009  
Nominal increase rate for variable costs (%/y) 1.00% 
Nominal increase rate for fixed costs (%/y) 1.00% 

   Physical 
characteristics Rated output per ton waste (kWh/t)                   1,000  

Table 20: Sierra Energy cost breakdown (Sierra Energy Corporation, 2016) 

 
Physical characteristics 

 
  Rated output per ton (kWh/t)                  1,000  
Annual output (kWh/y)          80,000,000  
Working hours (h)                  8,000  
Electrification efficiency 30% 
Energy content (kWh/m3)                      2.8  
Average capacity output (kWh/y) 20,400,000 

Table 21: Sierra Energy power output 

Rate of return (IRR) -11.38% 
Net Present Value (NPV) -$31,902,493  

PAYBACK TIME 30 

Table 22: Sierra Energy financial output 

 
Including recycling 
 

System costs 

Total installation cost ($) $44,959,933  
Volume (short tons/day) 367  
Annual volume (US tons/y) 110,000  
Installation of Waste Pre-Processing $5,606,333  
Installation of Oxygen Production $7,057,600  
FastOx™ Gasifier $6,088,867  
Gas Cleaning $11,008,800  
Utilities Subsystem $7,147,067  
Electricity Subsystem $5,389,267  
Installation of Subsystem $2,662,000  
O&M $1,438,800  
Staff $1,394,800  
Tipping Fee $3,300,000  
Recovered Materials $826,467  
Collection cost reduction $4,500,000  
Fixed costs ($/y) $10,000  
Variable turnover ($/US ton and day) $0.037  
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Variable costs ($/kWh) $0.013  
Nominal increase rate for variable 
costs (%/y) 1.00% 

Nominal increase rate for fixed costs 
(%/y) 1.00% 

   Physical 
characteristics Rated output per ton waste (kWh/t)                       750  

Table 23: Sierra Energy cost breakdown (Sierra Energy Corporation, 2016) 

Physical characteristics 
 

  Rated output per ton (kWh/t)                     750  
Annual output (kWh/y)          82,500,000  
Working hours (h)                  8,000  
Electrification efficiency 30% 
Energy content (kWh/m3)                      2.8  
Average capacity output (kWh/y) 21,037,500 

Table 24: Sierra Energy power output 

Rate of return (IRR) 9.54% 
Net Present Value (NPV) $56,953,348  

PAYBACK TIME 10 
Table 25: Sierra Energy financial output 

3.8 Gas power plant 
The collected landfill gas or produced syngas is used in a gas power plant using different options of 
generating mechanical power in rotational form.  

3.8.1 Gas engine  

Reciprocating gas engines burn the gaseous fuel in chambers to move pistons connected to a shaft. 
The shaft rotates and powers the generator to generate electricity.  
A feed-in tariff of $ 0.06/kWh is estimated to run the economic simulation on internal rate of return 
and internal payback time (Appendix 10). 
  

Rate of return (IRR) 9.53% 
Net Present Value (NPV) $10,000,412  

PAYBACK TIME 13 
Table 26: Economics of gas engines (Steinlechner, P., 2016) 

3.8.2 Gas turbine 

Gas turbines burn the gaseous fuel under high temperature and pressure using the exhaust to cool 
down the turbine. The cooling cycle is used in combined heat and power plants to run through 
different stages of steam turbines connected to the same shaft as the gas turbine. All together 
deliver rotating energy to the generator. 
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The calculations of economics are considered with a feed-in tariff of $ 0.06/kWh of electricity 
(Appendix 11). 
 

Rate of return (IRR) 7.48% 
Net Present Value (NPV) $4,657,907  

PAYBACK TIME 16 
Table 27: Economics of gas turbines (Steinlechner, P., 2016) 

4 Conclusion 
The thermal conversion of waste to energy has both economic and ecological advantages to the  
City of Savannah. The lifetime of the landfill at Dean Forest Road would be expanded by another 40 
years and the overall energy output is used in a much more efficient way than utilizing pure landfill 
gas or purified methane.  
 

Process  Higher heating value 
(HHV) 

Energy potential 
[GWh/y] Efficiency [%] 

Landfill gas  17 MJ/m3  
(460 Btu/scf) 211 18 

Waste 
gasification  

10 MJ/m3  
(270 Btu/scf) 110 35 

Purified 
methane  

39 MJ/m3  
(1,050 Btu/scf) 69 35 

Waste 
incineration  

11 kJ/kg  
(5 Btu/lbs.) 68 30 

Table 28: Energy values and its potential (Steinlechner, P., 2016) 

The financial simulation of the different options is pictured in the following table. A negative internal 
rate of return (IRR) indicates a negative net present value (NPV) after 20 years and therefore a 
payback time longer than operational time. 
 

Systems and provider Rate of return  
(IRR) 

Net Present 
 Value (NPV) 

PAYBACK TIME  
(years) 

Collection systems Landfill gas -9.09% -$1,290,814 28 
Methane 15.84% $5,179,280 7 

Gas powered systems Gas engine 9.53% $10,000,412 13 
Gas turbine 7.48% $4,657,907 16 

Gasification (including 
recycling stream) 

Energy3 -5.81% -$50,200,609 26 
Sierra Energy 9.54% $56,953,348 10 

Table 29: Internal financing numbers (Steinlechner, P., 2016) 

The CO2 equivalent reduction is at 44% for waste incineration and by 53% for gasification (Appendix 
9). The historical data according to the EPA (2016) gives a conversion factor for landfill emissions to 
theoretical emissions of incineration and gasification processes. The blue line shows the 
development of waste disposed at the landfill. In 2024 the landfill is to be closed according to its 
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capacity and the current waste flow. The red, green and purple lines are parallel to the waste stream 
because the emissions are calculated with steady factors out of historical data from EPA (2015).  
 

 
Figure 42: Historical GHG emissions in comparison (US EPA, 2016) 

A collection system hinders methane emissions into the atmosphere, and by flaring or burning in a 
gas power plant. The primary exhaust is CO2, increasing the emissions but decreasing the GHG effect. 
The following diagram shows the blue line of the gas power plant will drop in 2024 after the capacity 
of the landfill is reached. The gas generation will decrease caused by the closing of the open waste 
cell. The orange line estimates on a possible composting program. By composting only 20% percent 
of the organic waste the emissions would drop by the same percentage. The greenhouse gas 
emission directly depends on the organic waste within the municipal solid waste. By reducing the 
amount in the landfill it will reduce the methane emissions. 
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Figure 43: Simulation of future emissions scenarios (Steinlechner, P., 2016; Bonam, J., 2014) 

From an ecological point of view the incineration and gasification are both possibilities to focus on. 
The reduction of the CO2 equivalent emissions is the main focus besides the economic feasibility and 
therefore a considered option.  
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Appendix 1 

Landfill Name or Identifier: DEAN FOREST ROAD LANDFILL- IA & IB Quadrants   
                        
LANDFILL CHARACTERISTICS           WASTE ACCEPTANCE RATES 

Landfill Open Year     1994 

  

Year (Mg/year) (short tons/year) 

Landfill Closure Year (with 80-year limit) 2007 1994 30,212 33,233 

Actual Closure Year (without limit)   2007 1995 51,926 57,119 

Have Model Calculate Closure Year? No 1996 66,323 72,955 

Waste Design Capacity     mega grams       1997 81,902 90,092 

                  1998 85,414 93,955 

MODEL PARAMETERS             1999 94,419 103,861 

Methane Generation Rate, k   0.050 year-1       2000 92,830 102,113 

Potential Methane Generation Capacity, Lo 170 m3/Mg       2001 120,082 132,090 

NMOC Concentration     89 ppmv as hexane     2002 114,957 126,453 

Methane Content     50 % by volume     2003 105,166 115,683 

                  2004 103,985 114,384 

GASES / POLLUTANTS SELECTED           2005 101,445 111,590 

Gas / Pollutant #1: Total landfill gas           2006 97,249 106,974 

Gas / Pollutant #2: Methane             2007 99,967 109,964 

Gas / Pollutant #3: Carbon dioxide           2008 0 0 

Gas / Pollutant #4: NMOC             2009 0 0 

                  2010 0 0 

Table 30: LandGEM® Input review 

 



 
 

 SES – WS 2015/16 Master’s Thesis      
 
   

Steinlechner  Page 56 of 76  

Landfill Name or Identifier: DEAN FOREST ROAD LANDFILL- IA & IB Quadrants 
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Appendix 2 

Gas estimation by EPA 
       

        Waste amount m  1.00   US ton   0.91   metric ton  
  Heating value HHV_h LFG  550   Btu/ft3   20,492   kJ/m3  
  

 
HHV_l LFG  450   Btu/ft3   16,767   kJ/m3  

  
 

HHV CH4  1,011   Btu/ft3   37,669   kJ/m3  
  

        Estimation factor LFG/m*d  0.432   ft3/US ton*d   0.01348   m3/metric ton*day  
  

        LFG output LFG  0.43   ft3   0.01   m3  
  Raw energy content E_h  238   Btu   251   kJ  
  

 
E_l  194   Btu   205   kJ  

  
        
        Methane ratio CH4/LFG_l  0.45   -   0.45   -  

  
 

CH4/LFG_h  0.55   -   0.55   -  
  Methane output CH4_l  0.19440   ft3   0.00550   m3  
  

 
CH4_h  0.23760   ft3   0.00673   m3  

  
        Energy output E_CH4_l  197   Btu   207   kJ  

  
 

E_CH4_h  240   Btu   253   kJ  
  

        Power plant efficiency η mech. & elec.  0.35  
     

        Power output electrical Pout_low  68.79   Btu   72.58   kJ   0.02   kWh  
  Pout_high  84.07   Btu   88.70   kJ   0.02   kWh  
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Appendix 3 
 

Step 1: Financial Assumptions 
       Down payment percentage (%) 10% 

        Financing interest rate (%/y) 4.0% 
        Reference interest rate (%/y) 0.5% 
        Debt payback time (years)  20  
        

          Energy costs 
         Average cost of natural gas ($/m3) $0.06  

      
  

Electricity cost increase rate (%/y) 2.00% 
        Cost of electricity purchased $0.05  
        Gas price in the US in average over the last 15 years 

Price in USD ($) per thousand cubic feet (scf) 
      

 
January February March April May June July August September October November December Average 

    2001  $8.84 $7.21 $6.30 $6.08 $5.46 $4.75 $4.10 $3.99 $3.50 $3.18 $3.88 $3.69 $5.08 
    2002  $4.05 $3.70 $3.78 $3.64 $4.07 $3.86 $3.80 $3.62 $3.89 $4.18 $4.72 $4.92 $4.02 
    2003  $5.65 $6.40 $8.27 $5.96 $5.78 $6.59 $5.69 $5.28 $5.32 $4.93 $5.19 $5.90 $5.91 
    2004  $6.72 $6.52 $5.97 $6.06 $6.34 $6.82 $6.41 $6.36 $5.68 $6.03 $7.64 $7.54 $6.51 
    2005  $7.06 $7.15 $7.12 $7.71 $7.19 $6.91 $7.40 $7.98 $10.18 $12.06 $12.11 $11.17 $8.67 
    2006  $10.85 $9.38 $8.24 $7.93 $7.63 $6.92 $6.78 $7.36 $7.21 $5.62 $7.74 $8.23 $7.82 
    2007  $7.36 $8.25 $8.42 $8.14 $8.11 $7.92 $7.51 $6.72 $6.28 $7.06 $7.87 $8.18 $7.65 
    2008  $8.29 $8.96 $9.61 $10.03 $11.35 $12.11 $13.06 $10.10 $9.13 $8.10 $7.34 $7.86 $9.66 
    2009  $7.50 $6.43 $5.69 $5.05 $4.40 $4.56 $4.68 $4.38 $3.89 $4.82 $5.44 $5.97 $5.23 
    2010  $6.93 $6.76 $6.01 $5.12 $5.08 $5.04 $5.49 $5.37 $4.61 $4.73 $4.60 $5.50 $5.44 
    2011  $5.66 $5.77 $5.21 $5.34 $5.21 $5.21 $5.05 $5.21 $4.84 $4.71 $4.64 $4.59 $5.12 
    2012  $4.58 $4.19 $3.71 $3.21 $3.02 $3.34 $3.60 $3.83 $3.56 $3.94 $4.46 $4.73 $3.85 
    2013  $4.58 $4.54 $4.59 $4.95 $5.00 $4.90 $4.47 $4.31 $4.36 $4.36 $4.62 $4.97 $4.64 
    2014  $5.62 $6.58 $6.39 $5.78 $5.69 $5.42 $5.36 $4.90 $4.96 $4.97 $4.97 $5.54 $5.52 
    2015  $4.76 $4.60 $4.35 $3.86 $3.49 $3.69 $3.67 $3.73 $3.58 $3.45 $3.18 $3.38 $3.81 
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 Step 2: System Characteristics  
  
   

System costs 

Total installation cost ($) $1,962,690  
Area (acres) 35  
Number of fans  1  
Number of wells  42  
Installation cost of per well ($/unit) $22,400  
O&M cost per well ($/unit) $2,600  
Construction of collection system ($/m3) $0.338  
Fixed construction cost $20,000  
O&M cost for collection system ($/m3) $0.004  
Construction of separation station $1,000,000  
O&M cost for separation system ($/m3) $0.13  
Variable costs ($/m3) $0.019  
Nominal increase rate for variable costs (%/y) 1.00% 
Fixed costs ($/y) $3,000  
Nominal increase rate for fixed costs (%/y) 1.00% 

   
Physical characteristics Rated output of 1 well (m3/y)                  800,000  

   
 

Collection tube diameter (m)  0.34  
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Physical characteristics 
      

       Rated output per well (m3/y)  800,000  
     Annual Landfill gas outflow (m3)  33,600,000  
 

Energy Content LFG  39  MJ/m3 
Wells per acre  1.0  

   
 10.8  kWh/m3 

Working hours (h)  8,000  
     Collection efficiency 80% 
   

 1,047  Btu/scf 
Separation efficiency 80% 

     Conversion m3 --> kWh/m3 (kWh/m3)  10.8  
     Methane rate (%) 30% 
     Gas velocity 1.5 
     

       
       Site properties 

      
       Average capacity output (m3/year) 6,451,200 

     Average energy output (kWh/y) 69,888,000 
      

 
  User-defined values 
  Calculated values 

 
 
Source http://www.translatorscafe.com/cafe/EN/units-converter/fuel-efficiency-volume/3-9/megajoule%2Fmeter%C2%B3-Btu_%28IT%29%2Ffoot%C2%B3/ 
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Years 0 1 2 3 4 5 6 7 

         Revenues 
        

         apacity Output (m3/y) (A)   6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 
alue of generated gas ($/m3) (B)   $0.06 $0.06 $0.06 $0.06 $0.07 $0.07 $0.07 

         Total revenues (A*B)   $394,813 $402,710 $410,764 $418,979 $427,359 $435,906 $444,624 

         
         Expenses 

        
         itial capital expenditures (down payment) $196,269 

       mount to be financed (borrowed capital) $1,766,421 
       

         
         otal debt payment (constant installments) (C)   $129,976 $129,976 $129,976 $129,976 $129,976 $129,976 $129,976 

ariable costs (D)   $125,893 $127,152 $128,423 $129,708 $131,005 $132,315 $133,638 
xed costs (E)   $3,030 $3,060 $3,091 $3,122 $3,153 $3,185 $3,216 

taff (F)   $50,500 $51,005 $51,515 $52,030 $52,551 $53,076 $53,607 

         
         Total expenses (C+D+E+F)   $309,399 $311,193 $313,006 $314,836 $316,685 $318,552 $320,437 

         et cash flow -$1,962,690 $85,414 $91,516 $97,758 $104,143 $110,674 $117,354 $124,187 
umulative Net cash flow -$1,962,690 -$1,877,276 -$1,785,760 -$1,688,001 -$1,583,858 -$1,473,184 -$1,355,829 -$1,231,643 

         PAYBACK TIME COUNTER (0 = NO PAYBACK) 0 0 0 0 0 0 0 

 
     Average 

       evelized Cost of Gas capturing ($/m3) $0.046 $0.0480 $0.0482 $0.0485 $0.0488 $0.0491 $0.0494 $0.0497 
evelized Cost of EnergyCH4 ($/MJ) $0.004 $0.0044 $0.0045 $0.0045 $0.0045 $0.0045 $0.0046 $0.0046 
evelized Cost of EnergyCH4 ($/kWh) $0.015 $0.0159 $0.0160 $0.0161 $0.0162 $0.0163 $0.0164 $0.0165 
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8 9 10 11 12 13 14 15 16 17 18 

           6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 6,451,200 
$0.07 $0.07 $0.07 $0.07 $0.08 $0.08 $0.08 $0.08 $0.08 $0.08 $0.09 

           $453,517 $462,587 $471,839 $481,275 $490,901 $500,719 $510,733 $520,948 $531,367 $541,994 $552,834 

           
           $129,976 $129,976 $129,976 $129,976 $129,976 $129,976 $129,976 $129,976 $129,976 $129,976 $129,976 

$134,974 $136,324 $137,687 $139,064 $140,455 $141,859 $143,278 $144,711 $146,158 $147,619 $149,095 
$3,249 $3,281 $3,314 $3,347 $3,380 $3,414 $3,448 $3,483 $3,518 $3,553 $3,588 

$54,143 $54,684 $55,231 $55,783 $56,341 $56,905 $57,474 $58,048 $58,629 $59,215 $59,807 

           
           $322,342 $324,266 $326,208 $328,171 $330,153 $332,155 $334,176 $336,218 $338,281 $340,364 $342,468 

           $131,175 $138,321 $145,630 $153,105 $160,748 $168,564 $176,557 $184,730 $193,086 $201,630 $210,366 
-$1,100,468 -$962,147 -$816,517 -$663,412 -$502,664 -$334,100 -$157,543 $27,187 $220,273 $421,904 $632,270 

           0 0 0 0 0 0 0 PAYBACK PAYBACK PAYBACK PAYBACK 

           
           $0.0500 $0.0503 $0.0506 $0.0509 $0.0512 $0.0515 $0.0518 $0.0521 $0.0524 $0.0528 $0.0531 

$0.0046 $0.0046 $0.0047 $0.0047 $0.0047 $0.0048 $0.0048 $0.0048 $0.0048 $0.0049 $0.0049 
$0.0166 $0.0167 $0.0168 $0.0169 $0.0170 $0.0171 $0.0172 $0.0173 $0.0174 $0.0175 $0.0176 
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Appendix 4 
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Appendix 5 
 
U.S. carbon dioxide emissions by inventory sector in million tons of carbon dioxide equivalents [Mt CO2e] (EPA, 2015): 
  

 
1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  

Agriculture         -            -            -            -            -            -            -            -            -            -            -            -            -            -    
Energy 4,908  4,867  4,970  5,086  5,171  5,227  5,412  5,485  5,528  5,603  5,779  5,702  5,743  5,795  
Industrial processes   207     197  200    199     206     215     218     220     217     216     213     192     192     187  
Land use, land-use change, and forestry - 745  - 747  - 750 - 733  - 755  - 706  - 713  - 701  - 688  - 696  - 699  - 692  - 686  - 691  
Waste         -            -            -            -            -            -            -            -            -            -            -            -            -            -    
Total 4,370  4,318  4,420  4,552  4,623  4,736  4,917  5,004  5,057  5,123  5,293  5,202  5,250  5,291  

 
2004  2005  2006  2007  2008  2009  2010  2011  2012  2013  2014  
        -            -            -            -            -            -            -            -            -            -            -    
5,902  5,932  5,847  5,924  5,740  5,347  5,520  5,387  5,180  5,331  5,378  
   195     190     195     198     183     141     169     173     169     172     178  

- 703  - 718  - 736  - 714  - 703  - 748  - 775  - 776  - 771  - 775  - 778  

        -            -            -            -            -            -            -            -            -            -            -    
5,394  5,405  5,306  5,407  5,220  4,740  4,914  4,784  4,578  4,728  4,778  
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U.S. greenhouse gas emissions by industrial sectors in million tons of carbon dioxide equivalents [Mt CO2e] (EPA, 2015): 
 

 
1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  

Agriculture 214.7  216.5  219.9  224.7  227.3  235.3  232.7  230.3  234.7  234.5  235.3  234.1  238.8  235.7  
Energy 363.3  362.3  358.6  343.0  346.7  340.9  341.2  337.8  333.7  326.0  322.5  323.9  312.2  310.9  
Industrial processes 0.29  0.29  0.28  0.34  0.35  0.36  0.39  0.41  0.40  0.39  0.34  0.24  0.24  0.24  
Land use, land-use change, and forestry 3.29  3.66  1.65  0.93  5.79  0.79  3.80  0.51  2.14  5.03  8.33  4.38  12.00  6.61  
Waste 195.6  198.0  198.1  196.0  196.1  191.4  187.9  178.7  169.0  162.6  159.4  154.5  155.1  161.7  
Total 777.2  780.7  778.5  765.0  776.2  768.7  766.0  747.7  740.0  728.5  725.8  717.1  718.3  715.2  

 
2004  2005  2006  2007  2008  2009  2010  2011  2012  2013  2014  

 231,2   238,4   239,1   246,7   244,1   243,9   244,4   242,5   242,6   239,0   237,7  
 310,4   307,0   311,0   308,2   322,3   319,4   318,5   313,3   312,5   321,2   328,3  

 0,20   0,11   0,08   0,09   0,08   0,08   0,08   0,08   0,10   0,11   0,16  
 12,00   9,94   8,36   12,30   7,99   7,06   3,28   6,63   11,07   7,35   7,35  
 163,1   171,8   169,4   171,0   172,4   172,0   159,4   161,5   159,2   161,1   164,7  
 716,9   727,3   727,9   738,3   746,9   742,4   725,7   724,1   725,5   728,8   738,2  
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Greenhouse gas emissions by waste management total in million tons of carbon dioxide equivalents [Mt CO2e] (EPA, 2015): 
 

 
1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  

Wastewater treatment 19,01 19,33 19,72 19,74 20,03 20,09 20,12 20,25 20,37 20,6 20,59 20,28 
Composting 0,72 0,82 0,93 1,19 1,46 1,65 1,87 2,07 2,26 2,53 2,83 2,84 
Landfills 182,88 181,68 181,37 179,23 178,97 174,19 170,56 161,1 151,35 144,66 141,41 136,81 
Total 202,61 201,83 202,02 200,16 200,46 195,93 192,55 183,42 173,98 167,79 164,83 159,93 

 
2002  2003  2004  2005  2006  2007  2008  2009  2010  2011  2012  2013  2014  

20,38 20,28 20,24 20,25 20,34 20,34 20,3 19,97 19,93 19,94 19,78 19,63 19,54 
2,88 3,28 3,52 3,53 3,57 3,73 3,8 3,57 3,47 3,53 3,66 3,86 3,89 

137,4 143,98 145,37 154,02 151,66 153,15 154,5 154,5 142,12 144,36 142,26 144,29 147,96 
160,66 167,54 169,13 177,8 175,57 177,22 178,6 178,04 165,52 167,83 165,7 167,78 171,39 
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Greenhouse gas emissions by energy generation total in million tons of carbon dioxide equivalents [Mt CO2e] (EPA, 2015): 
 

 
1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  

Coal mining    104      101       99    85       87    86      86       84  84      80  
Fossil fuel combustion (carbon dioxide)  4,741  4,690  4,793  4,915   4,990  5,041  5,233  5,297   5,334     5,401  
Incineration of waste 8 8 10 10 11 12 12 12 11 11 
Mobile combustion (excluding carbon dioxide) 47  49  52  53  55  56  57  58  58  54  
Natural gas and petroleum systems 287  289  287  288  291  288  286  284  272  270  
Non-energy use of fuels 118  128  126  116  126  128  124  132  150  156  
Stationary combustion (excluding carbon dioxide) 20  21  21  21  21  21  21  21  20  20  
Total 5,325  5,285  5,387  5,490  5,581  5,632  5,819  5,889  5,928  5,993  

 
 

2000  2001  2002  2003  2004  2005  2006  2007  2008  2009  2010  2011  2012  2013  2014  
77  76  71  71  72  71  72  71  82  86  89  78  73  71  74  

5,594  5,525  5,561  5,620  5,709  5,747  5,661  5,751  5,567  5,194  5,358  5,228  5,025  5,158  5,208  
11  12  12  12  13  13  13  13  12  12  11  11  11  10  10  
53  48  45  42  40  37  35  31  28  27  26  25  22  20  18  

268  271  265  263  261  260  263  262  267  260  257  266  270  282  290  
140  133  137  130  148  139  140  125  125  106  114  109  106  122  114  

22  21  23  25  26  28  27  28  28  28  29  28  28  31  32  
6,165  6,086  6,114  6,162  6,269  6,294  6,211  6,282  6,110  5,712  5,885  5,744  5,534  5,693  5,746  
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Appendix 6 
 

DATA SHEET 
               Total weight of waste per 20 cys: 1300 lbs 

  
590 kg 

        
                
 

      Weight (lbs)               Adjusted  
 

Categories Months   weight 
% by 
weight 

  1 2 3 4 5 6 7 8 9 10 11 12 Total     
1. Paper 28 20 38 20 25 32             163.0 165 12.6 
2. Plastic 10 17 21 16 10 27 9 20 13       143.0 144 11.1 
3. Glass 17 38 21 35                 111.0 112 8.6 
4. Metals 12 15 17                   44.0 44 3.4 
5. Food Waste 17 44 36 32 53 40 52 33 36 25 25 90 483.0 487 37.4 
6. Textiles 17                       17.0 17 1.3 
7. Diapers 20                       20.0 20 1.5 
8. Wood 10 115 50                   175.0 176 13.6 
9. Electronics 10                       10.0 10 0.8 
10. Fines 30                       30.0 30 2.3 
11. Cardboard 12 11 6 15 11 12 17           84.0 84 6.5 
12.Styrofoam 5 6                     11.0 11 0.9 
                                
Total                         1291.0 1300 100 
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      Weight (kg) 

  
          Adjusted  

 
Categories 

         
        weight 

% by 
weight 

  1 2 3 4 5 6 7 8 9 10 11 12 Total     
1. Paper 12.7 9.1 17.2 9.1 11.3 14.5             73.9 74 12.5 
2. Plastic 4.5 7.7 9.5 7.3 4.5 12.2 4.1 9.1 5.9       64.9 65 11.0 
3. Glass 7.7 17.2 9.5 15.9                 50.3 51 8.6 
4. Metals 5.4 6.8 7.7                   20.0 20 3.4 
5. Food Waste 7.7 20.0 16.3 14.5 24.0 18.1 23.6 15.0 16.3 11.3 11.3 40.8 219.1 220 37.3 
6. Textiles 7.7                       7.7 8 1.4 
7. Diapers 9.1                       9.1 9 1.5 
8. Wood 4.5 52.2 22.7                   79.4 80 13.6 
9. Electronics 4.5                       4.5 5 0.8 
10. Fines 13.6                       13.6 14 2.4 
11. Cardboard 5.4 5.0 2.7 6.8 5.0 5.4 7.7           38.1 39 6.6 
12.Styrofoam 2.3 2.7                     5.0 5 0.8 
                                
Total                         585.6 590 100 

                Tare Weight of 20 cys Container 31400 lbs 14243 kg 
       Weight with waste 

  
32700 lbs 14832 kg 

       Net weight of Waste (20 cys) 
 

1300 lbs 590 kg 
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Appendix 7 
 
Detailed HHV (higher heating value calculation) 
 
According to the Energy Information Agency 
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According to University of Central Florida  
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Appendix 8 

CITY OF SAVANNAH 
  BUREAU OF SANITATION 
  WASTE STREAM ANALYSIS 

 DEAN FOREST ROAD LANDFILL 
 Total  Waste US Tons to landfill 2013:         102,568  

    
    Category US Tons % of weight 

     
  Inert Waste 5,127  5.00 

 Scrap Recycle 55  0.05 
 Tires 145  0.14 
 Yard Trimmings 9,832  9.59 
 Landfilled Waste 87,409  85.22 
     

  Total  102,568  
  

    Category  Metric Tons  
      
  Inert Waste    4,651  
  Scrap Recycle          50  
  Tires           131  
  Yard Trimmings      8,919  
  Landfilled Waste      79,296  
      
  Total  93,048  
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Appendix 9 
 

  DFR CH4 emission DFR CH4 emission DFR CO2 emission DFR CO2 total emission Accepted Waste DFR tonnage 
  [t CH4]  [t CO2e]  [t CO2e]  [t CO2e]  [t] [MMT MSW] 
1990 2,584  62,014  13,167  75,181  76,264  0.076  
1991 2,881  69,139   14,679  83,819  63,165  0.063  
1992 3,091  74,173  15,748  89,922  75,298  0.075  
1993 3,357  80,577  17,108  97,685  69,631  0.070  
1994 3,580  85,914  18,241  104,155  30,212  0.030  
1995 3,573  85,745   18,205  103,949  51,926  0.052  
1996 3,686  88,473  18,784  107,258  66,323  0.066  
1997 3,874  92,985  19,742   112,727  81,902  0.082  
1998 4,140  99,350  21,093  120,443  85,414  0.085  
1999 4,411  105,872  22,478   128,350  94,419  0.094  
2000 4,720  113,274  24,050  137,324  92,830  0.093  
2001 5,004  120,104  25,500  145,603  120,082  0.120  
2002 5,426  130,227  27,649  157,876  114,957  0.115  
2003 5,799  139,175  29,549  168,724  105,166  0.105  
2004 6,099   146,383  31,079  177,462  103,985  0.104  
2005 6,378  153,083  32,502   185,585  101,445  0.101  
2006 6,630  159,118  33,783  192,901  97,249  0.097  
2007 6,846  164,300  34,883  199,183  99,967  0.100  
2008 7,066   169,591  36,007   205,597  124,289  0.124  
2009 7,411  177,861  37,762  215,623  117,344  0.117  
2010 7,700  184,803  39,236  224,039  117,798  0.118  
2011 7,978  191,467  40,651  232,118  118,253  0.118  

2012 8,244   197,866  42,010  239,876  118,707  0.119  
2013 8,501  204,014  43,315  247,330  119,162 0.119  
2014 8,747 209,923  14,995  224,918  119,616 0.120  
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conversion DFR emissions 
DFR emissions 
(average) Incineration [kt CO2e]  Gasification [kt CO2e]    CO2 savings 

[MMT CO2e] / 
[MMT waste] 

[kt CO2e]  [kt CO2e]  lower 
0,7 

higher 
1,2 

average 
0,95 

lower 
0,733 

higher 
0,856 

average 
0,795   Incineration Gasification 

0.99  75  130  53  92  72  56  65  61    44% 53% 
1.33  84  107  44  76  60  46  54  50    44% 53% 
1.19   90  128   53  90  72  55  64  60    44% 53% 
1.40                       98  118  49   84   66  51  60  55    44% 53% 
3.45                     104  51  21  36  29  22  26  24    44% 53% 
2.00                     104  88  36  62  49  38  44  41    44% 53% 
1.62                     107  113  46  80  63  49  57  53    44% 53% 
1.38                     113  139  57  98  78  60  70  65    44% 53% 
1.41                     120  145  60  102  81  63  73  68    44% 53% 
1.36                     128  160   66   113  90  69  81   75    44% 53% 
1.48                     137  158  65  111  88  68  79  74    44% 53% 
1.21                     146    204   84   144   114  88  103  95    44% 53% 
1.37                     158   195   80  138   109   84  98  91    44% 53% 
1.60   169  179  74   126  100  77  90  84    44% 53% 
1.71                     177  177  73  125  99  76  89  83    44% 53% 
1.83                     186   172  71  122   96   74  87  81    44% 53% 
1.98                     193  165  68  117  92  71  83  77    44% 53% 
1.99                     199  170  70  120   95  73  86  79    44% 53% 
1.65                     206   211   87  149  118  91  106  99    44% 53% 
1.84                     216  199  82  141  111  86  100  93    44% 53% 
1.90                     224  200  82  141   112   86  101  94    44% 53% 
1.96                     232   201  83  142  112  87  101  94    44% 53% 
2.02                     240   202  83  142  113  87  102  94    44% 53% 
2.08                     247  202  83  143  113  87  102  95    44% 53% 
1.88                     225  203  84  144   114  88  102  95    44% 53% 
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Appendix 10 
Financial Analysis 

 
  
  Summary Assumptions 

 
  Average power output (kWh/year)     47,232,000  
Number of engines                          8  
Average power output per engine (kWh/y)            5,904,000  
Average turnover of electricity ($/kWh) $0.06  
Electricity cost increase rate (%/year) 2% 

  Total installed cost ($) $12,362,690  
Down payment percentage (%) 0.00% 
Financing interest rate (%/year) 4.00% 
Reference interest rate (%/year) 0.50% 
Debt payback time (years)                        20  

  Total rated power (kW)                   6,560  
Variable costs ($/kWh) $0.022  
Nominal increase rate for variable costs (%/year) 1.00% 
Fixed costs ($/y) $20,000  
Nominal increase rate for fixed costs (%/year) 1.00% 
Levelized cost of electricity - LCOE ($/kWh) $0.044  
Staff ($/y) $50,000  
Nominal increase of staff costs (%/y) 1.00% 
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Appendix 11 
 

Financial Analysis 
 

  
  Summary Assumptions 

 
  Average power output (kWh/year)          45,000,000  
Number of Turbines                          2  
Average power output per turbine (kWh/y)           2,500,000  
Average turnover of electricity ($/kWh) $0.06  
Electricity cost increase rate (%/year) 2.00% 

  Total installed cost ($) $13,962,690  
Down payment percentage (%) 0.00% 
Financing interest rate (%/year) 4.00% 
Reference interest rate (%/year) 0.50% 
Debt payback time (years)                        20  

  Total rated power (kW)                 10,000  
Variable costs ($/kWh) $0.010  
Nominal increase rate for variable costs (%/year) 1.00% 
Fixed costs ($/y) $20,000  
Nominal increase rate for fixed costs (%/year) 1.00% 
Levelized cost of electricity - LCOE ($/kWh) $0.041  
Staff ($/y) $500,000  
Nominal increase of staff costs (%/y) 1.00% 
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