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RESUMEN 
Se atendió la necesidad de aplicar directrices internacionales acerca de la calidad del aire en nivel local a 
través de la manipulación del flujo de bióxido de carbono. Se consideraron las opciones de bio-combustibles 
y de compensación ecológica. La opción de bio-combustibles se estudió con alcohol etílico producido de 
caña de azúcar. La opción de la compensación se estudió con la creación de una floresta petrolera. Se 
determinó la población de árboles requerida para poner la teoría a funcionar. De escenarios mundiales se 
retiraron las ideas para las posibilidades locales. Se mostró que el ciclo de bióxido de carbono para el 
alcohol cierra. Para conseguir la compensación ecológica, cada persona del mundo tendría que plantar 37 
árboles a cada 20 años. Se estimó el área de cultivo necesario en 4,0% y 2,5% del total de tierra arable 
disponible en el mundo, respectivamente para las dos opciones. 
Palabras Clave: balance de carbono, bio-combustible, bióxido de carbono, calidad del aire, compensación 
 
ABSTRACT 
At a municipal level it was required to determine the course of environmental action that would respond to 
international directives regarding air quality control through interference in carbon dioxide movement. Two 
options were considered, namely bio-fuels and ecological compensation. The bio-fuel option was examined 
by way of ethanol produced from sugar cane. The compensation option was examined by way of the creation 
of a petroleum forest. It inquired into the tree population needed to make the compensation theory work in 
practice. Worldwide scenarios were established, from which ideas for local administrations were then derived. 
The carbon dioxide cycle for ethanol was shown to close. To achieve complete ecological compensation, it 
was found necessary that each person plant 37 trees every 20 years. The arable land required was estimated 
as 4.0% and 2.5% of the globally available area, for the two options respectively. 
Key words: air quality, bio-fuel, carbon balance, carbon dioxide, compensation 
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INTRODUCTION 
 
As the air is a freely circulating medium, the general conception is that it defies local measures of control. 
This study specifically addresses carbon dioxide content in the air. Carbon dioxide absorption by the oceans 
vividly demonstrates the global nature of the issue. From thermodynamic considerations it can be argued that 
by simply allowing the partial pressure of carbon dioxide in the air to rise, the absorption rate of the oceans 
will increase until reaching a new equilibrium, and that carbon dioxide will flow from land to sea following the 
concentration gradient created. To a lesser extent, carbon dioxide is also captured by vegetation through 
photosynthesis, and by the same pressure gradient phenomenon, will flow from bare regions to dense 
forests. In this case, the rate of capture does not depend on partial pressure, but rather on the quantity of 
available vegetation, which is adamant to human initiative.  
International conventions and agreements such as the Kyoto Protocol of 1997 and the Bali Convention of 
2007 use quite different geographical concepts in their quest for better air quality. Instead of considering the 
nature of the cover of the Earth's surface, political boundaries are invoked to set air quality targets. National 
governments are assigned responsibilities on green house gas emissions, such as reaching the arbitrary 
level of five percent below 1990 values by the year 2012 as put forward by the Kyoto Protocol, or halving 
emissions by 2050 as hoped for in the Bali Convention. The big difference between those two documents is 
that in Bali the emission reduction demand also applied to developing countries. From then on, additional 
actions apart from simple carbon trading are expected from the developing World (United Nations 2008). 
The problem of carbon dioxide movement is clearly split into the basic material balance concepts of 
production, accumulation and use, or source, storage and sink. In general, international conventions have so 
far addressed the source, the scientific community has worked on the storage problem, and local 
administrations have attempted to provide sinks. An integral approach to managing carbon dioxide 
movement, which would close the mass balance or the global cycle with reasonable precision, is not 
available.  
The present study originated at the local level where it was required to determine the course of political, 
administrative and environmental action by municipal governments that would most adequately respond to 
international and national directives regarding air quality control. The municipal level was targeted in 
preference to the national or regional level because in the municipality there is direct interaction between the 
administration and the population. Assignment of citizens' responsibilities and result reporting are easily 
visible. 
 
 
OBJECTIVES 
 
This is a study of environmental management applied specifically to air quality control at the local level 
through interference in the carbon dioxide movement. 
It pursues the following objectives.  
Analyze the directives on air quality originating from international conventions, and trace their penetration into 
national and regional policies and environmental actions.  
Determine which of the international directives can be logically applied and can make an impact on air quality 
at a local level. 
Take into account carbon dioxide production and dispersion from stationary and mobile sources. 
Evaluate the impact on carbon dioxide production that local legislation can possibly achieve. 
Evaluate the relative effectiveness and applicability of locally available methods of carbon dioxide capture.  
Attempt the closure of a local carbon dioxide balance and evaluate the present and future significance of this 
balance for local air quality.  
Derive sustainability indicators relating to the local carbon dioxide balance. 
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METHODS AND ACTIVITIES 
 
Summit meetings and protocols 
 
Agenda 21 and the Kyoto Protocol were searched for indications on how to reduce global carbon dioxide 
emissions without stagnating the economies.  
Agenda 21 recommended the reduction of industrial emissions, and the containment of thermoelectric power 
usage.  
The Kyoto Protocol introduced quantifiers into those recommendations, namely the target of reducing carbon 
dioxide emissions of industrialized countries to levels five percent below the 1990 mark by the target year 
2012. The Protocol only became binding in 2005 when the number of signatories reached the prescribed 
total. It is of course unknown at this time whether the target will be reached.  
Two more recent summit meetings have injected new life into the Kyoto Protocol, namely the Bali Convention 
of 2007 and the Sapporo meeting of 2008. The main progress item was the inclusion of developing nations 
into the target protocol for green house gas emissions. More specifically, the meetings asked for worldwide 
carbon dioxide output to be halved by 2050.  
Although energy consumption has become more efficient in recent decades, the population kept growing, 
living standards generally improved, and the number of persons living in any one residence shrank. As a 
consequence, literature reports convey the fact that carbon dioxide emissions actually increased over the last 
decade (Gardner 2007).  
The Johannesburg Summit of 2002 added the requirements of more efficient combustion motors and the 
concept of "polluter pays" to the menu of existing directives on emission reduction. 
All those international conventions of course targeted the source of the pollution. They did not yet enter into 
topics of abatement or of providing sinks for carbon dioxide. 
The scientific community had worked on the idea of temporary storage of carbon dioxide even before the 
Kyoto Protocol appeared on the scene. The two basic methods considered are the storage of solidified 
carbon dioxide on the ocean floor and the injection of gaseous carbon dioxide into cavities in the Earth's crust 
originating from petroleum or mineral extraction. Both methods are of highly technical nature and require 
capture of the gas prior to storage. This capture might be feasible for stationary sources, but appears 
impossible for mobile emitters. As mentioned earlier, the oceans also store gaseous carbon dioxide absorbed 
from the air in quantities that obey the law of thermodynamic equilibrium. As this is a natural phenomenon, it 
cannot be influenced by human action. 
 
Available carbon sinks 
 
Before treating the carbon dioxide sinks available in national or local contexts, it is convenient to consider 
some of the natural limitations of the carbon dioxide balance.  
As long as the carbon dioxide sources are petroleum-derived fuels, one cannot speak of a cycle. Carbon 
dioxide, even when captured and conducted to available sinks, will not close the carbon cycle and produce 
new petroleum. The extraction and use of petroleum is an open-ended process, which continually transfers 
carbon from inside the Earth to the atmosphere where it is retained and increases its concentration, and from 
where it is partly conducted to various sinks. The transfer will only end when the petroleum sources are used 
up or when the present civilization collapses due to the green house gas effect.  
 
Options considered for analysis 
 
What options are open at this time to national and local administrations for controlling the carbon dioxide 
content of the air? 
Two options have lately been introduced and widely advocated, namely bio-fuels and ecological 
compensation. They will now be analyzed. 
The available bio-fuels at this time are ethanol produced from grain, wood, sugar beets, cassava or sugar 
cane, and diesel-type fuel produced from a variety of oleaginous seeds. 
Brazil has experimented with ethanol production from cassava and wood. The technology exists, but the 
economics are unfavorable and these routes have been abandoned. Sugar cane, on the contrary, appears 
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to have a bright future for ethanol production. As will be shown in this study, the carbon cycle for this process 
closes and thus ethanol from sugar cane can be considered a sustainable source of energy, provided cane 
cultivation does not enter into competition with food production in terms of land use. The closure of the 
carbon cycle, however, does not imply efficiency of energy conversion in the cycle. It still takes more energy 
to produce the ethanol than can be recovered by burning it, but this is not at issue here. 
The other option is ecological compensation. The underlying theory is of hybrid nature, in as much as it 
promotes the transformation of petroleum-derived carbon dioxide into bio-mass by photosynthesis. It 
acknowledges the fact that the petroleum cannot be recreated from captured carbon dioxide, and 
consequently tries to divert the carbon dioxide to the bio-mass cycle by creating additional vegetation.  
The authors have analyzed both options, bio-fuels and ecological compensation, from the point of view of 
mass balances with the intention to provide some insight to local administrators who are under pressure to 
come up with sound policies of air quality control. 
 
Specific procedures considered for controlling carbon dioxide movement. 
 
In the case of bio-fuel usage, the carbon cycle was shown to close for an ethanol-from-sugar-cane system, 
and the land extension for growing enough cane to replace fossil fuels was estimated. 
In the case of ecological compensation, a relation was established between present carbon dioxide output 
from fossil fuels and the amount of vegetation required to abduct it. This carbon dioxide displacement was 
considered to occur parallel to the natural carbon cycle. Mass balances were performed at the global level, 
and specific strategies at the local level were developed. 
 
 
RESULTS 
 
Bio-fuel example 
 
The carbon dioxide cycle for a typical ethanol-from-sugar-cane process yielded the following results.  
To grow the cane, 454 kg of carbon dioxide are absorbed from the atmosphere by every ton of mature cane 
harvested and processed. The carbon dioxide participates in the synthesis of fiber and sugar. On the product 
side, carbon dioxide is liberated by the fermentation process and upon combustion of the main product 
ethanol and the by-product bagasse or fiber, for a total of 387 kg per ton of cane processed. Within the error 
of calculation, this process can thus be considered neutral in carbon dioxide emissions. The carbon cycle 
closes. The land area required to plant sufficient cane to displace all fossil motor fuels is 4% of worldwide 
arable land. 
 
Calculation details 
 
Composition by mass of clean sugar cane: fiber 0.130, sugar 0.157, water 0.713. 
Synthesis equations for fiber and sugar: 
Fiber: 12 CO2 + 10 H2O = C12(H2O)10 + 12 O2 or 528 + 180 = 324 + 384                (1) 
Sugar: 12 CO2 + 11 H2O = C12(H2O)11 + 12 O2 or 528 + 198 = 342 + 384   (2) 
Carbon dioxide consumed in the synthesis: 
0.130 * (528 / 324) + 0.157 * (528 / 342) = 0.454 tons of CO2 / ton of cane.   (3) 
 
Relative raw material input to plant: 1 ton of cane + 1.8 ton of water. 
Product and by-product output from plant: 0.060 t of anhydrous alcohol, 0.060 t of carbon dioxide from 
fermentation, 0.260 t of bagasse with 50% humidity, 0.009 t of lost cane, 1.071 t of stillage, 1.340 t of water. 
Total 2.800 t. 
Combustion equations for alcohol and bagasse: 
alcohol: C2H5OH + 3 O2 = 2 CO2 + 3 H2O or 46 + 96 = 88 + 54     (4) 
bagasse (fiber): C12(H2O)10 + 12 O2 = 12 CO2 + 10 H2O or 324 + 384 = 528 + 180  (5) 
Carbon dioxide produced from products and by-products: 
0.060 * (88 / 46) + 0.060 + 0.260 * 0.5 * (528 / 324) = 0.387 tons of CO2 / ton of cane.  (6) 
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There is a net carbon dioxide capture of 0.454 - 0.387 = 0.067 tons of CO2 for every ton of cane processed. 
From the point of view of the carbon balance, ethanol-from-sugar-cane is a sustainable fuel source. 
 
Considerations of arable land requirements for cane production (França 2008): 
Present arable land available worldwide: 38 * 106 km2. 
Present World consumption of fossil motor fuel: 600 * 109 liters / year. 
Low heating value ratio benzene / ethanol = 2.32 mol / mol or 1.58 liter / liter. 
Agricultural yield: 8242 tons of cane / (km2 * year). 
Industrial yield: 76 liters of alcohol / ton of cane. 
Total production yield: 76 * 8242 = 626768 liters of alcohol / (km2 * year). 
Plantation area required to substitute all fossil motor fuel by ethanol:  
600 * 109 * 1.58 / 626768 = 1.512 * 106 km2.       (7) 
Fraction of worldwide arable land needed: 1.512 / 38 = 4%. 
 
From the point of view of land requirement, 4% of total arable land area is necessary to substitute all fossil 
motor fuels by ethanol. 
 
Compensation example 
 
Calculations were also performed for the ecological compensation theory. As this is a linear phenomenon, the 
theory prescribes the eternal transformation of petroleum-derived carbon dioxide into bio-mass on the Earth's 
surface. This study considered the plantation of trees, and inquired into the tree population required to make 
the theory work in practice by using stoichiometrical relationships between carbon dioxide capture and wood 
production.  
Worldwide scenarios were established, from which ideas for local administrations were then derived. The 
daily world crude oil production is 9.83 million cubic meters per day. Approximately 30% of this crude is 
transformed into petrochemical feed stocks, and 70% into fuels of many types, of which 24% are vehicle 
motor fuels and 76% are fuels for stationary facilities. When burned, these fuels produce 18.9 million tons per 
day of carbon dioxide. The compensation theory requires capturing this amount by growing trees. The 
arithmetical exercise assumes that these trees have to be grown in addition to any previously existing trees. 
The existing trees have maintained ecological equilibrium on the Earth's surface over the centuries, whereas 
the trees to be planted now form the "petroleum forest". The expression "ecological compensation" appears 
to be inadequate for the endeavor at hand. "Carbon displacement" would better describe the operation that 
transfers material from inside the Earth to the surface. A standard tree is used in the calculations. It has a life 
span of 20 years, during which it grows to a height of 16 meters and a ground diameter of 28 centimeters. Its 
density is 0.48, its volume is 0.72 times that of a perfect cylinder, its humidity is 12%, and its carbon content 
on a wet basis is 0.429.  
To achieve complete compensation, or to successfully displace the given amount of carbon dioxide from the 
petroleum to the forest, the stoichiometry requires having in place 2.41*1011 trees of this standard type. If the 
World's 6.5*109 inhabitants democratically shared the task, the petroleum forest would be in place when 
every person has planted 37 trees. If the responsibility were restricted to vehicle owners, they would each 
have to plant 148 trees within 20 years for every km they travel per day. Care will have to be taken to replace 
any dead tree in order to maintain the total tree population of the petroleum forest constant indefinitely. The 
Planet offers approximately 38 million square kilometers of arable land. Each tree will need four square 
meters of ground space to grow. This means that the 2.41*1011 trees will take up 0.964 million square 
kilometers or 2.54% of total arable land.  
 
Calculation details 
 
World petroleum consumption: 9.83 * 106  m3 / day. 
Petroleum usage: 30% petrochemical feedstock, 70% fuels. 
Petroleum composition by mass: carbon 0.868, hydrogen 0.102, sulfur 0.020, nitrogen 0.010. 
Petroleum density: 0.860. 
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Synthesis equation for carbon dioxide: C + O2 = CO2 or 12 + 32 = 44.   (8) 
Carbon dioxide produced by fuel combustion: 
9.83 * 106 * 0.70 * 0.860 * 0.868 * (44 / 12) = 18.83 * 106 tons of CO2 per day.   (9) 
 
Abduction of this quantity of CO2 by trees: 
Dry wood composition: carbon 0.488, hydrogen 0.061, oxygen 0.451. 
Standard tree chosen for the sake of illustrative calculations: 
Adult size: height 16 m, base diameter 0.28 m, humidity 12%, form factor 72% of a perfect cylinder, 
density 0.512, time to reach adult size 20 years. 
Adult tree volume = (pi/4) * 0.282 * 16 * 0.72 = 0.709 m3. 
Adult tree mass = 0.709 * 0.512 = 0.363 ton. 
Carbon dioxide taken in by one tree to grow to adult size:  
0.363 * (1 - 0.12) * 0.488 * (44 / 12) = 0.571 ton of CO2.      (10) 
Carbon dioxide taken in per day: 0.571 * (1 / 20) * (1 / 365) * 10-6 = 78.2 grams of CO2 / day. (11) 
 
Size of petroleum forest: 
CO2 produced per day by fuel combustion = CO2 scavenged per day by the forest 
18.83 * 106 t / day = 78.2 g / (day * tree) * (10-6 t / g) * n trees     (12) 
Number of standard trees required n = 241 * 109  
Present World population: 6.5 * 109 
Trees to be planted per person within each 20-year period: 241 / 6.5 = 37 
Ground area required for forest if 4 m2 were allotted to each tree: 
241 * 109 * 4 * 10-6 = 964000 km2. 
Fraction of worldwide arable land needed: 0.964 / 38 = 2.54%. 
 
The options are now complete: With 4% of arable land all fossil fuel can be replaced by ethanol, and with 
2.54 % of arable land all fossil-fuel-derived CO2 can be abducted by the petroleum forest. Any hybrid solution 
is also viable. 
 
Local contexts and realistic options 
 
When scaling the numbers down to a municipal situation, the argument can be presented as follows. A 
gasoline-driven car emits 178 grams of carbon dioxide per km traveled. The standard tree of the petroleum 
forest absorbs 78.2 grams of carbon dioxide per day during its life span. The car passengers would have to 
plant 2.28 trees for every km / day traveled in order to achieve ecological compensation or carbon 
displacement for 20 years or for 474500 km of travel. Obviously, a time frame will have to be agreed upon to 
complete the municipal petroleum forest.  
 
Calculation details: 
 
Example used: passenger car fueled by gasoline (iso-octane): 
Fuel consumption: 0.0833 liters / km or 12 km / liter. 
Fuel density 0.692. 
Fuel composition by mass: carbon 0.842, hydrogen 0.158. 
Carbon dioxide output per km traveled: 
0.0833 * 0.692 * 0.842 * (44 / 12) = 178 g CO2 / km      (13) 
Trees needed for abduction:  
178 g CO2 / km * ((78.2 g CO2 / (tree * day))-1 = 2.28 trees / (km / day).   (14) 
If there are 4 passengers in the car, each one plants 2.28 / 4 = 0.57 trees / (km / day). 
If the car travels 65 km / day, each passenger has to plant 0.57 * 65 = 37 trees within a 20-year period. This 
checks with the previous requirement for the World petroleum forest. The daily carbon dioxide balance closes 
as follows:  
37 * 4 trees * 78.2 g CO2 captured / (tree * day) = 65 km traveled / day * 178 g CO2 emitted / km 
CO2 captured = CO2 emitted.         (15) 
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DISCUSSION AND PROSPECT 
 
The considerations and ideas presented here provide a quantitative framework for eventual implementation 
of international directives in a local context. It has been shown that, although the air and its pollutants are a 
freely moving medium, air quality control does start with local initiatives. Local environmental policies do have 
an impact on air quality, especially when multiplied in many communities. Carbon dioxide is produced by 
stationary and mobile combustion engines, and can be controlled by local legislation and policy. The 
calculations have shown that both bio-fuels and ecological compensation are valid means of eliminating fossil 
fuel derived carbon dioxide. Any local initiative may be used as a pioneering experience, and the relative 
success of cleaning the air may be used as a local sustainability indicator. The calculations have established 
the final target, which is complete fossil fuel substitution by ethanol or complete abduction of fossil fuel 
derived carbon dioxide by the petroleum forest.  
In the case of ethanol, the carbon cycle closes and integrates into the natural carbon cycle, which has always 
existed. The target has been pragmatically defined as the occupation of 4% of total arable land worldwide 
with sugar cane plantations. As the exact extension of presently unused arable area is unknown, the authors 
avoid entering into polemical arguments on interference with food production. The time frame for approaching 
this target is left for local administrations to decide. The only international indicator valid at this moment is the 
quest for reducing green house gas emissions by one half until 2050 as put forth by the Bali Convention of 
2007. This means that within the next 42 years, local decision makers who opt for the bio-fuel system can 
target planting sugar cane on 2% of available arable land.  
In the case of carbon dioxide capture by the petroleum forest, the carbon cycle does not close, so this will 
always be an inferior option. However, as long as petroleum fuels are around, the option is valid. In terms of 
land use, it is less demanding than bio-fuel production. Complete neutralization of carbon dioxide is possible 
with planting trees on 2.54% of total available arable land. As trees do not grow instantaneously, a time frame 
of 20 years has been proposed to build the petroleum forest. At the end of this period, all trees will be adult, 
and the forest will have to be constantly renewed in order to have in place a constant number of growing 
trees. With the present World population and the present World fuel consumption, the individual contribution 
to the forest has been shown to be 37 trees per person every 20 years. Local administrations may decide 
how to distribute this demand among the inhabitants. Some people, such as vehicle owners, may be asked to 
plant more in order to exempt others, but at the end, the total target remains the same. Once again, 
according to the latest international directives, 42 years are available to reach the half way mark of carbon 
capture. This means having in place 18.5 trees per person. 
Hybrid systems are perfectly valid. Any local administration has the choice of using one option or the other, or 
of using both simultaneously. As an example, complete carbon abduction can be obtained with a petroleum 
forest occupying 1.27 of arable land, and sugar cane plantations occupying 2%. The important outcome of 
this study is the provision of pragmatic numbers for land occupation by sugar cane or forests, which may be 
used for policy planning into the future. Guesswork is no longer necessary or justified. 
 
CONCLUSIONS 
 
This study has provided national and local administrations with the following information regarding successful 
carbon displacement. 
Bio-fuel cycles are neutral with respect to carbon dioxide. Air quality may be guaranteed if only liquid or solid 
bio-fuel is used in stationary and mobile combustion engines. The foremost objective of national governments 
should be the promotion of bio-fuel use at any cost. 
Successful carbon displacement is possible, and the local population can do its share to sustain air quality by 
planting 37 standard trees each every 20 years. The challenge takes the form of providing the plants and the 
land area for planting. 
As an alternative, the task of tree planting could be assigned to vehicle owners only. In this case, every 
owner would be expected to plant 2.28 trees for every km / day traveled in the city. As an example, who 
travels 30 km / day would plant 68 trees within a time frame to be established by the authorities, and thus 
have settled his or her carbon displacement obligations for 20 years. 
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Bio-fuel use and carbon displacement are two options to solve one problem. Only one of them needs to be 
implemented. There is a choice for local administrations, which will depend on a great variety of factors as 
e.g. petroleum availability and price, land availability and production technologies. 
This study has quantitatively described the choices. The figures presented target total compensation or total 
displacement. There is time available for implementation. The last international protocols indicated the year 
2050 as deadline for advancing half way toward the target. 
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