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EXECUTIVE S W Y  

Measurements of a tmospheric  composi t lon c l e a r l y  d e m o n s t r a t e  -2: t h e  

carbon d ioxide  concen t r a t ion  has i n c r e a s e d  by about 8 p e r c e n t  o v e r  -3 l a s t  

24 yea r s  (Keel ing e t  a l . ,  1982) and i t  is g e n e r a l l y  acknowled5y i  : t h a t  a 

major po r t ion  of t h e  i n c r e a s e  is r e l a t e d  t o  the  bu rn ing  of  f o s s - 5  . f u e l s .  

Although p resen t  i n  t h e  atmosphere a t  only 338 p a r t s  per millioc >? vol- 

ume). carbon d iox ide  absorbs i n f r a r e d  r a d i a t i o n  in the wave l e n g t k  c.. which 

t h e  e a r t h  r a d i a t e s  hea t  t o  space  and exper iments  w i t h  g e n e r a l  5 d a t i o n  

models of t h e  atmosphere i n d i c a t e  t h a t  a doubl ing of a t m o s p h e r i c  C.1 fconcen- 

t r a t i o n  would r e s u l t  in a rise i n  t h e  mean e a r t h  s u r f a c e  tempera>--= on the 

o rde r  of 2 t o  3'C (see e.g., Hanabe and Wetherald.  1980). 

Because t h e  growth i n  a tmosphe r i c  CO2 appears  so c l o s e l y  err TO COz 

emissions from f o s s i l  f u e l  burn ing  and because t h e  CO2 i s s u e  hzs h i e v e d  

cons ide rab le  environmental  s i g n i f i c a n c e ,  i t  seemed a p p r o p r i a t e  t o  n e w  t h e  

a n a l y s i s  of Keel ing (1973) .  The new d a t a  and revised methods - p m p t  t o  

reduce the u n c e r t a i n t i e s ,  and appea r  t o  make major m o d i f i c a t i o n s  '21 ae much 

used d a t a  set  of CO2 emiss ions  from Rot ty  (1979,  1981) u n n e c e s s a v -  

The i n t e n t  of th i s  paper  is t h u s  two-fold: (1) t o  p r o d &  %=tailed 

documentation f o r  a procedure t o  estimate COz emiss ions  from fos- f u e l s ,  

and ( 2 )  t o  make independent  and updated  e s t i m a t e s  of the rate e- which 

f o s s i l  f u e l  combustion has  r e l e a s e d  carbon d iox ide  in t h e  atmospte--=. 

Carbon d iox ide  is an e s s e n t i a l  byproduct of f o s s i l  f u e l  L-ng. as 

seen  in the equa t ion  

1 C H + (x + y)  O2 + x C02 + y H20 + W ,  
X Y  T =q. 1) 

where AH is t he  h e a t  of reaction and C.& deno tes  a genera== hydro- 

carbon f u e l .  The c a l c u l a t i o n  of C02 emiss ions  i s  c o n c e p t u a l l y  7e-7 s imple .  

For each type of f u e l ,  t h e  annual  g l o b a l  CO2 emiss ions  are the  v u c t  of  

three terms: the amount of f u e l  produced, t h e  f rac t ion  of the --I. that 

becomes oxfd ized .  and a f a c t o r  f o r  t h e  carbon c o n t e n t  of the  f d ,  Tor C 0 2  

c a l c u l a t i o n s ,  € o s s i 1  f u e l s  can conven ien t ly  be d i v i d e d  I n t o  the Fe;eil groups 

of gases ,  l i q u i d s .  and s o l i d s .  For each f u e l . g r o u p  the a n n u a l  5 x 1 L  produc-  

t i o n  (P) is m u l t i p l i e d  by sn e3timate of t h e  f r a c t i o n  o f  each - - x ' s  f u e l  
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p roduct ion  t h a t  is oxidized (FO) and by an e s t i m a t e  of  t h e  ave rage  carbon 

con ten t  of each f u e l  group (C) t o  g i v e  t h e  CO2 emiss ions  f o r  t h a t  f u e l  

group. That is, 

where s u b s c r i p t  i i n d i c a t e s  a p a r t i c u l a r  f u e l  group and CO2 is expres sed  i n  

u n i t s  of masa of carbon. 

An important  outcome of t h i s  e x e r c i s e  is t h a t  an independent examina- 

t i o n  of t he  f u l l  computation o f  C 0 2  emiss ions  from f o s s i l  f u e l s  has  n o t  

d i scove red  any fundamental Over s igh t s  i n  t h e  e a r l i e r  methoda of Kee l ing  and 

of Rotty.  D i f f e rencea  from t h e  earlier r e s u l t s  a r e  minor,  we l l  w i t h i n  t h e  

u n c e r t a i n t y  l i m i t s  i n  t h e  d a t a  a v a i l a b l e .  The v a l u e s  p re sen ted  Table  E-1 

and d i s p l a y e d  i n  F i g u r e  E-1 show g r a p h i c a l l y  t h e  rate a t  which C 0 2  emiss ions  

have been growing and the  r e l a t i v e  c o n t r i b u t i o n s  of t h e  v a r i o u s  fue1s.The 

f i g u r e  i l l u s t r a t e s  t h e  e a r l y  dominance of t h e  emis s ions  from c o a l  and t h e  

r a p i d  i n c r e a s e  i n  emis s ions  from l i q u i d s  between 1950 and 1980. The d i s rup -  

t i o n  of t he  growth i n  emis s ions  t h a t  accompanied t h e  d rama t i c  change i n  

energy p r i c e s  and a v a i l a b i l i t y  beg inn ing  i n  1973 i s  c l e a r l y  e v i d e n t  and 

appea r s  t o  be mos t ly  a consequence of reduced  growth rate i n  t h e  u s e  of o i l  

and gas .  

The pe rcen tages  shown i n  F i g u r e  E-1 a r e  ave rage  e x p o n e n t i a l  growth 

r a t e s  c a l c u l a t e d  by l i n e a r  l e a s t  s q u a r e s  f i t t i n g  o f  t h e  loga r i thms  of t h e  

annual  emissions.  Although t h e  t r e n d s  i n d i c a t e d  f o r  t h e  pe r iod  fo l lowing  

1973 are based on only n i n e  p o i n t s ,  and hence are s u s c e p t i b l e  t o  some 

adjus tment  88 a d d i t i o n a l  y e a r s  a r e  added to t h e  d a t a ,  t h e  change i n  growth 

r a t e s  around 1973 is q u i t e  ev iden t .  The pre-1973 4.5 p e r c e n t  annua l  rate of 

growth i n  GO2 emiss ions  from a l l  f o s s i l  f u e l s  has  been reduced t o  less than  

h a l f  t h a t .  Carbon d iox ide  emis s ions  from o i l  and g a s  show t h e  1973 change 

even more c l e a r l y .  The appa ren t  small i n c r e a s e  shown i n  t h e  growth r a t e  i n  

c o a l  product ion  fo l lowing  1973 must be cons ide red  i n  terms of t h e  r e l a t i v e l y  

s h o r t  per iod ove r  which t h e  r a t e  was de te rmined .  

568 



3 

- 
[ear 

1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 

1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 

1980 
1981* 

- 

- 

TABLE E-1. C02 EMISSIONS FROM FOSSIL FUELS, 1950-1981 (106T C) 

as Fuel 

97 
115 
124 
131 
137 
150 
161 
178 
192 
214 

235 
253 
276 
300 
328 
351 
380 
409 
445 
487 

516 
553 
583 
608 
616 
62 1 
645 
662 
692 
730 

739 
780 

Liquid Fuel 

423 
478 
504 
534 
557 
625 
679 
714 
732 
790 

850 
906 
982 

1;054 
1,138 

1,323 
1,422 
1,551 
1,669 

1.834 
1,945 
2,054 
2.238 
2,245 

2,308 
2,401 
2,424 
2,525 

2,413 
2,246 

1,220 

2,130 

S o l i d  Fuel 

1,075 
1,135 
1,124 
1,130 
1,119 
1,212 
1,277 
1,314 
1,340 
1,375 

1,426 
1,337 
1,368 
1,426 
1,478 
1,500 
1.522 
1,464 
1,494 
1,522 

1,576 
1,572 
1,585 
1,604 
1,613 
1,683 
1.727 
1,765 
1.786 
1.886 

1,916 
1.941 

Flared Gas 

23 
24 
26 
27 
27 
30 
32 
35 
35 
36 

39 
41 
44 
47 
51 
55 
60 
66 
73 
80 

88 
90 
95 
112 
107 
96 
110 
108 
106 
105 

102 
93 

Total From 
Fossil Fuels 

1,618 
1.752 
1,778 
1,822 
1,840 
2,017 
2,149 
2,241 
2,299 
2,415 

2,550 
2,537 
2,670 
2,827 
2,995 
3,126 
3,285 
3,361 
3,563 
3,758 

4,014 
4,160 
4,317 
4,562 
4,581 
4,530 
4,790 
4,936 
5,008 
5,246 

5,170 
5,060 

* 1981 values are estimates by authors based on p a r t i a l  year data. 
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Year 

Figure E-1. Annual coz Production from Each Fossil Fuel Group 
and Total Fossil Fuels 
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mis re-examination of procedures for calculation of CO2 emissions had 
an additional result: estimates of the uncertainties in the final numbers. 

Because of the nature of the data used it has been impossible to quanita- 
Lively determine uncertainties and the authors have been left to estimate 

uncertainties based on subjective judgments of their own and of others who 
have worked with the data. In virtually all cases numbers have been closely 

bounded so that absolute errors cannot be large and errors in the time 
trends are,even smaller. The largest absolute uncertainty enters the compu- 

tation with the United Nations data set for fuel production but even here 
global fuel production is dominated by a small number of countries, most of 

which are believed to maintain and publish good statistical records. 
Although the estimated uncertainty in the C02 emissions is about 10 

percent, the trend of increasing emissions from fossil fuels is firmly 
established. There may be a small time-dependent error in the emissions 

calculation but the 1950-1973 annual growth rate cannot be far from the 4.5 
percent per year calculated here and, although not yet well defined, it is 

clear that the long-term growth rate following 1973 is about half the 
earlier rate. 

The development of the data set for C02 emissions depends on the three 
factors; fuel produced, fraction oxidized, and carbon content of the fuel. 

as indicated above. The calculations rely heavily on United Nations data 
for world fuel production. Global fuel production numbers published by the 

United Nations are consistent with numbers published elsewhere and represent 
the best efforts of a staff dedicated to the sole task of bringing together 

all of the available Information. Fuel production data for any year are 
subject to revision as additional information becomes available but ulti- 

mately all data depend on the reporting of individual nations and production 
companies. The UN does present most of its data in energy rather than mass 

units, a great asset since there is a wide range of resource quality and 
hence composition. For each fuel type cornposition can be correlated with 
heating value. 

For utility in calculating C02 emissions. fuel production numbers must 

be carefully defined. The quantity of interest for natural gas production 
is, for example, what the U.S. Department of Energy would identify as "mar- 

keted production" minus "extraction loss.'' Reinjected gas is not counted, 
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flared gao is treated separately, and gas liquids are grouped with liquid 

fuels. Hence the "extraction loss" in gas processing is essentially a 
transfer to the liquid accounts. For liquid fuel production the simple Bum 

of mass of crude oil and natural gas liquids is used because the carbon 

content'is approximately the same for the two categories of liquid fuels. 
For coal, the UN has defined a "ton of coal equivalent" essentially as 

29.31 x IO9 joules and all coal has been adjusted for quality and compiled 
on this basis. Some confusion is created by the most recent UN publication 
relying on an unconventional definition of heating value for coal, but the 

intent is clear and calculations here compensate with a correction factor 

included in the carbon content term. The use of these units for the fuel 
produced determines the form, and to some extent the value, of the term used 

for carbon content. 
Global data on flaring of natural gas have been published by official 

agencies only for 1971-1978 and even these are "partly estimated." These 

data from the U.S. Departments of Interior and Energy have been supplemented 

with the authors' estimates and by earlier published values of Rotty (1974). 
While these values are subject to considerable uncertainty (estimated at f20 

percent), they comprise only about 2 percent of the total CO2 emissions. 

Throughout this exercise it is clear that C02 emissions occur at fossil 

fuel use, not production, but that calculations are based on production. On 

an annual basis, however, production data can serve adequately if compensa- 

t i o n  is made for the uses of the material which do not result in oxidation 

of carbon--i.e., nonfuel use such as petrochemical feedstocks and asphalt, 

and in fuel use through losses to the environment and inefficiencies of 

combustion. Although either approach could be chosen, because production 

data are better and more straightforward than consumption data, this is the 
approach taken here. This choice requires that the terms for the fraction 

oxidized include consideration of both nonfuel use and incomplete combus- 
tion. Because the U.S. role in world fuel production has been so dominant 

( 4 4  percent of total fossil fuel production in 1950, 22 percent in 1980) 

details of U.S. fuel use can provide a reasonable guide to global patterns 
for nonfuel use as well as for efficiency of combustion. Information on the 
breakdown of uae of  fuel material for nonfuel use is very limited for many 
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parts of the world and therefore the procedures developed and used here 

start with a U.S. pattern and are adapted as seems appropriate to the global 
scale. 

Selection of factors for fraction oxidized (FO) requires Some effort to 

acknowledge that fuel which is produced but not oxidized this year will 
nonetheless be oxidized over a period of some years, the rate dependent on 
how the material is used and ultimately disposed of. It is estimated here 

that the quantity of natural gas oxidized in any year, including continuing 
oxidation of products from previous years, is equivalent to 98 percent of 
current year production; for liquid and solid fuels this factor is 91.8 per- 

cent and 98 .2  percent respectively. The smaller number for liquid fuels is 
because of wide usage for paving materials, plastics, synthetic fibers, 

lubricants, etc. The uncertainty adopted for nonfuel use of liquids (rang- 
ing from 4.1 to 8.7 percent) is near a factor of two, but the uncertainty 

imposed on the subsequent calculation of C O 2  emissions is only f 2  percent. 
The fraction oxidized has probably been changing with time, and this could 

introduce uncertainty. The efficiency of fuel burning has almost certainly 

been increasing, resulting in a small overestimation of CO2 in the early 

years. However, the nonfuel use of fuels has probably been increasing and 
the time-dependent bias in the trend of CO2 emissions numbers from this 

effect is opposite to that of improved combustion. 
There is no systematic tabulation of the carbon content of fuel pro- 

duced all over the world, but having fuel production numbers in energy units 
makes it straightforward to estimate carbon content. Analysis of a broad 

sampling of world analytical data and conversion to units compatible with 
UN fuel production numbers gives the following factors for the mean carbon 
content of fuels: gases, 13.7 tons C per joules (510 g/m3); liquids, 
0.85 tons C per ton fuel; and solids, 0.746 tons C per ton coal equivalent. 

The factor for coal is uniquely appropriate for use with UN tabulated values 
for tons of coal equivalent (defined for "net heat value"). The factor 

includes an adjustment to make the UN definition of heating value compatible 
with coal compositional data available from other sources. 

Estimates of uncertainty in these calculations are highly subjective, 
and appreciation of this fact is essential. Full understanding of the 

increase in atmospheric CO2 requires that historical data of CO2 emissions 
be used along with data describing other portions of the carbon cycle. 
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Some measure of u n c e r t a i n t y  i s  impor t an t  and t h e  a u t h o r s  a t t e m p t  t o  i n c r e a s e  

t h e  va lue  of t h e  resul ts  by p rov id ing  90 pe rcen t  conf idence  l i m i t s  on  t h e  

c a l c u l a t e d  emissions.  This e f f o r t  i s  summarized in Tab le  E-2. As i n d i c a t e d  

in t h e  Table each annua l  t o t a l  p re sen ted  i n  Table E-1 is e s t i m a t e d  t o  have 

an u n c e r t a i n t y  of between 6 and 10 pe rcen t .  However, because d a t a  from 

s u c c e s s i v e  yea r s  a r e  h i g h l y  c o r r e l a t e d ,  t h e  year-to-year changes a r e  p r o b  

a b l y  known w i t h  much g r e a t e r  accuracy t h a n  t h e  i n d i v i d u a l  annua l  va lues .  

:i 

i 
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TABLE E-2. UNCERTAINTIES IN CO2 EMISSIONS ( X )  

Gases 

Li quid8 

S o l i d s  

Gas F la red  

E l  
Fue l  

Produced 
(P )  

10 

8 

11.2 

20 

E2 
F r a c t i o n .  
Oxidized 

(FO) 

E3 
Carbon 
Content  

( C )  

T o t a l  Uncer ta in ty :  a. I f  u n c e r t a i n t i e s  
f o r  t h e  i n d i v i d u a l  
f u e l s  are mutua l ly  
independent .  

b. If u n c e r t a i n t i e s  f o r  
t h e  i n d i v i d u a l  f u e l s  
are not  independent .  

Weighted** 
,missions* Emissions 

4.01 

11.55 4.28 

20.25 0.41 

* E j  is t he  u n c e r t a i n t y  in t h e  f a c t o r 8  P. FO, and C f o r  a given f u e l  
t ype  1. 

** Weighted by 1980 weight ing  f a c t o r  f i  - 1980 emiss ions  from i t h  
f u e l  type d iv ided  by t o t a l  1980 emiss ions .  
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THE PROBLEM 

- 
In attempting to identify the possible causes and consequences of the 

observed increasing atmospheric CO2 concentration, the source of the CO2 is 
a major concern. Through the past several decades, the combustion of fossil 
fuels has grown immensely and it is clearly an important source of CO2.  

The intent of this study was two-fold: (1) to provide detailed docu- 

mentation for a procedure to estimate CO2 emissions from fossil fuels, and 
( 2 )  to make independent and updated estimates of the rate at which fossil 
fuel combustion has released carbon dioxide to the atmosphere. The CO2 

issue has achieved such significance that it is appropriate to review the 

analysis of Keeling (1973) and affirm that the much used data sets of CO2 

emissions from Rotty (1979, 1981), using Keeling's procedure, do not contain 
significant oversights. This work is intended to provide independent and 
updated estimates of CO2 emissions and undue Significance should not be 

attached to minor differences from previously published values. 

The result of the calculations described here w i l l  be a table which 
displays, for the period 1950 through 1981, the amount of fossil fuel pro- 
duced and the amount of CO2 discharged t o  the atmosphere as a consequence. 

A final graph will display, for each fuel and for the global total, how CO2 

emissions have varied as a function of time. 



1 1  

RATIONALE 

The calculation of C02 emissions from fossil fuels is conceptually very 

simple. For each type of fuel, the annual C02 emissions are the product of 
three term: the amount of fuel produced, the fraction of the fuel that 
becomes oxidized, and a factor for the carbon content of the fuel. For CO2 
calculations, fossil fuels can conveniently be divided into the usual groups 

of gases, liquids, and solids. For each fuel group we start with annual 
fuel production data(P). Multiplying P by the fraction of each year'.s fuel 

p;oduction that is oxidized (FO) and by the average carbon content of each 
fuel group (C) will give the C02 emissions for that fuel group. That is, 

Eq. 1 

where subscript i indicates a particular fuel group and C02 i is expressed in 

mass of carbon. 
recognize that all coal ( o r  

natural gas o r  crude oil) is not of the same composition, and thus may have 
varying energy content and C02 potential. It is easiest to accomplish this 

by using fuel production data in either energy o r  energy equivalent units 
(for example, tons of coal equivalent). 

The data for annual fuel production must 

The second factor in Equation 1, the fraction becoming oxidized, 
requires examining the use of fuels. For coal, nearly all the production at 

present is for combustion. and the effectiveness of the combustion process 
determines the fraction of the carbon that is oxidized. For liquids and 

gases we must account not only for inefficient combustion but also for 
nonfuel uses. Derivation of this factor for each fuel group is based on 

data for the products of petroleum refineries and natural gas processing 
plants. 

There is no systematic tabulation of data on the carbon content of fuel 
produced all over the world. For liquid fuels and for natural gas the 

hydrogen-carbon ratio largely determines the heating value and for solid 
fuels most of the combustion energy is from oxidation of carbon. Thus for 
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each  f u e l  the hea t ing  va lue  is  c l o s e l y  c o r r e l a t e d  t o  t h e  carbon conten t  and 

the energy equiva lence  concept  used i n  t h e  t a b u l a t i o n  of product ion  d a t a  

makes i t  poss ib l e  t o  deduce f u e l  composi t ion q u i t e  a c c u r a t e l y .  

The . f i n a l  term i n  Equat ion  1 i s .  a f a c t o r  which r e l a t e s  carbon con ten t  

t o  energy  conten t  f o r  each  f u e l  group. The complete combustion of a f o s s i l  

f u e l  can be represented  by 

1 
C H + (x + 7; y)  O2 * x CO2 + y H20(gas) + A% 

X Y  -2 
OK 

C H + (x + 'G 1 y)  0 2 .  + x CO2 + 1 y H20( l iqu id)  + % 
X Y  

where W i s  t h e  h e a t  of r e a c t i o n  and Cx% denotes  a gene ra l i zed  f u e l .  

FOK combustion of hydrocarbons the  h e a t  of r e a c t i o n  is negat ive  i n  the  t h e r -  

modynamic sense.  meaning t h a t  h e a t  i s  g iven  o f f .  When a l l  t he  waier i n  the 

p roduc t s  of combustion is l i q u i d  ( f o r  combustion a t  r e l a t i v e l y  low tempera- 

t u r e )  t h e  h ighe r  ( o r  g r o s s )  h e a t i n g  v a l u e ,  i s  a p p r o p r i a t e .  &" is 

always g r e a t e r  than t h e  lower (OK n e t )  h e a t i n g  va lue  AHL because of t h e  

energy requi red  i n  t h e  v a p o r i z a t i o n  of water. Real f u e l s  va ry  cons ide rab ly  

i n  composition--both i n  time and place--hence x and y a r e  d i f f e r e n t  no t  only 

f o r  average n a t u r a l  gas  .and petroleum, and f o r  d i f f e r e n t  pe t ro leum products  

( g a s o l i n e  V E .  f u e l  o i l ) ,  but a l s o  f o r  c rude  o i l  from d i f f e r e n t  f i e l d s .  This  

makes development and u s e  of g l o b a l  averages very  impor tan t  and i s  accom- 

p l i s h e d  by us ing  the energy  equ iva lence  b a s i s ,  i .e. t h e  i m p l i c i t  r e l a t i o n s  

between AH and x and y. 

I n  the p a s t .  C02 emiss ions  have o f t e n  been based on United Nat iods f u e l  

product ion  d a t a  us ing  similar procedures  (desc r ibed  by Keel ing 119731 and 

Ro t ty  [19731). During the p a s t  decade the United Nat ions  s ta t i s t ica l  o f f i c e  

has modif ied t h e i r  r e p o r t i n g  toward a more c o n s i s t e n t  f u e l  equiva lence  

b a s i s .  This has  n e c e s s i t a t e d  m o d i f i c a t i o n s  i n  t h e  procedures  f o r  calcula- 
t i n g  CO2 emissions t o  a s s u r e  cons i s t ency .  Most r e c e n t l y ,  Rot ty  (1982) 
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calculated the global emissions from fossil fuel for the years 1950-1979 and 

estimated 1980 emissions from incomplete data. In the final section of this 
report is an updated version of these emissions computations and an estimate 

for 1981. 
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FUEL PRODUCTION DATA 

In approaching calculations of carbon dioxide emissions it is useful to 
begin by examining the first term on the right in Equation 1 .  A consistent 

set of global fuel data is clearly required and the form of the other two 
factors will be dictated by the definitions and accounting units used in the 

fuel production data. 
Most investigators calculating the production of carbon dioxide from 

fossil fuels have relied on data published by the United Nations. The U.S. 
Bureau of Mines,.the Energy Information Administration of the U.S. Depart- 
ment of Energy, the World Bank, the Organization for Economic Cooperation 

and Development, and numerous other national and international organizations 

also maintain data on fuel use and energy activities. The UN Statistical 
Office energy unit offers the most complete and consistent time series for 

global fossil fuel production and consumption, paitly because information 

from the other sources is used in the development of the UN data, but most 
important because the UN data set is continually modified and updated. The 
reliability of the data (and the suitability of its use in CO2 calculations) 
has consistently improved through the years as more information has become 

available to the UN staff and as energy information has become more impor- 

tant in world activities. 
Although the United Nations data are now in relatively consistent 

energy or energy-equivalent units, the nature of our computations and common 
usage in the various disciplines insure that a mixture of units of measure 

are encountered. Despite the potential for confusion with mixed units, we 
believe it important to distinguish between data taken from other sources 

and data which have been manipulated by US. Most data are thus presented in 
the unlta of the initial compilation and any manipulations requiring, for 
example, mass to volume or mass to energy-content conversions are carefully 
documented. Throughout this document "tons" should be understood to be 

metric tons. 

Production of Natural Gas 

Although we are interested in global data, the pattern for gas ptoduc- 
tion and distribution in the U.S .  is useful to help understand term9 and 
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processes. Figure 1 has been prepared from data published by the Energy 

Information Agency of the U.S. Department of Energy and shows the 1980 flows 
of natural gas in the United States. In calculating the CO2 emissions we 
must account for all the gas that is withdrawn from wells and becomes oxi- 
dized. Gas reinjected into the earth to repressure oil wells should not be 

counted and we will account separately for gas vented and flared. Hence 
"marketed production" is our starting point. The tabulations illustrated in 
Figure 1 permit accounting for the loss of gas volume during processing for 
recovery of liquids ("extraction loss"). The systematic approach of combin- 

ing liquids extracted from natural gas with other liquid fuels has been 

adopted here. To avoid counting this quantity twice the basic number we 
muat consider in our analysis of C02 emissions from gas is the marketed pro- 
duction minus the extraction loss. In fact, this is the number now recorded 
by the UN Statistical Office as natural gas production. The UN Statistical 
Office reports this natural gas production for all the producing countries. 

Of course all of the gas produced in a given year is not necessarily 
consumed in the same year. One reason for this is net changes in storage, 

but the numbers shown as "to storage" and "from storage" in Figure 1 show 

that for 1980 the error on this account is less than 1 percent in the U.S. 

Over periods of very few years the changes in storage will tend to balance 

and global totals of imports and exports should also balance. Figure 1 

suggests another issue which cannot be neglected by balancing over a few 
years or integrating over the whole globe. Some fraction of the industrial- 

use gas is for non-fuel uses and wil l  be oxidized over time periods ranging 
from essentially immediate to decades. These uses include, for example, I 

anrmonia and methyl alcohol production and a variety 3f other petrochenlcal 
feedstock requirements. In the following section we will make allowance for I 

the fraction of fuels produced but not oxidized. 

In their early fuel data the UN tabulated natural gas production in 
cubic meters, counting gases with widely varying compositions on the same 
basis. Natural gas data were later changed to reflect the energy content of 

the gas and were tabulated in teracalories. Beginning with th'e publication 

of the 1979 Yearbook of World Energy Statistics the data are given in tera- 

joules. The UN has converted all the published gas data (i.e., back to 

1950) to the terajoule basis. Because the carbon content i s  closely 
581 
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c o r r e l a t e d  w i t h  t h e  h e a t i n g  .value o f  t h e  g a s .  we b e l i e v e  t h a t  t h i s  h a  

improved t h e  estimates o f  C02 emiss ions  from n a t u r a l  gases .  

Many of  t h e  U N  d a t a  sets f o r  n a t u r a l  g a s  a r e  r ece ived  i n  t h e  s t a t i s t i -  

ca l  o f f i c e  i n  energy  u n i t s .  That i s ,  i n  r e sponse  t o  t h e  UN q u e s t i o n n a i r e s .  

t h e  i n d i v i d u a l  c o u n t r i e s  ( o r  o r g a n i z a t i o n s  a c t i n g  on behal f  of i n d i v i d u a l  

c o u n t r i e s )  submit  n a t u r a l  gas d a t a  i n  terms of  t h e  energy  con ten t  o f  t h e  

gas. The U N  ma in ta ins  a r e f e r e n c e  t a b l e  o f  h e a t i n g  v a l u e s  f o r  gas  from ea& 

coun t ry ,  ' bu t  i t  must be po in ted  o u t  t h a t  t h e s e  v a l u e s  are no t  u s u a l l y  us& 

i n  making.volume t o  energy  conve r s ions  i n  t h e  U N  o f f i c e .  Although i t  is noc  

always c lear ,  most o f  t h e s e  v a l u e s  are  a s  r e p o r t e d  by t h e  i n d i v i d u a l  coun- 

t r ies ,  and moat appear  t o  be based on h i g h e r  heating v a l u e s  of  the f u e l .  bi& 

w i l l  u s e  t h e s e  conve r s ion  f a c t o r s  t o  c h a r a c t e r i z e  t h e  carbon c o n t e n t  o f  

n a t u r a l  gas .  The most r e c e n t l y  r e v i s e d  U N  d a t a  f o r  n a t u r a l  g a s  p r o d u c t i o n  

d u r i n g  t h e  pe r iod  1950-80, are g i v e n  in o u r  summary Table  1 4 ,  column 1. 

Because t h e  gas i n d u s t r y  h a s  been so t i g h t l y  r e g u l a t e d ,  recent g a s  produc- 

tion numbers f o r  t h e  U.S. are l i k e l y  t o  be c o r r e c t  w i t h i n  * 5 percen t .  Nou- 

U.S. product ion  numbers are less  a c c u r a t e  b u t  we sugges t  t h a t  t h e  f i g u r e s  

f o r  annual  g l o b a l  t o t a l s  are w i t h i n  f 10 pe rcen t .  Our conf idence  i n  t k  

g l o b a l  f i g u r e s  is enhanced by r e c o g n i t i o n  t h a t  t h e  q u a l i t y  of  t h e  d a m  

should  be improving w i t h  t i m e ,  and the h i s t o r i c  d a t a  are h e a v i l y  dominate5  

by U.S. product ion .  It was i n  1974 t h a t  U.S. p roduc t ion  f i r s t  dropped b e l o s  

50 pe rcen t  of  the world t o t a l  and a s  r e c e n t l y  as 1960 U.S. product ion  of 

n a t u r a l  g a s  exceeded 75 p e r c e n t  of  t h e  world t o t a l .  

Product ion  of  Liquid  Fue l s  

As i n  t h e  case of  n a t u r a l  g a s ,  the  g l o b a l  p roduc t ion  and u s e  of  liqulzf 

f u e l s  can  be viewed through t h e  ana log  of  the d e t a i l e d  f low of l i q u i d  f u e k  

f o r  the  Uni ted  S t a t e s .  Eased on d a t a  f rom t h e  Energy Informat ion  Adminis- 

t r a t i o n  of  t h e  U.S. Department o f  Energy, t h e  1981 mix and f low of l i q u b ?  

f u e l s  i n  the U.S. can  be d e p i c t e d  as i n  F i g u r e  2 .  Note t h a t  l i q u i d s  d e r i v e  

from n a t u r a l  gas are t r e a t e d  h e r e  as a s e p a r a t e  p roduc t ion  source .  

J u s t  as w i t h  n a t u r a l  gas .  impor t s  and e x p o r t s  do not have t o  be consic+ 

e r e d  if C02 emiss ions  are based on g l o b a l  f u e l  product ion.  However, e- 
i n t e r e s t  is on t h e  d i s t r i b u t i o n  o f  CO2 emissions among c o u n t r i e s  ( o r  p a r t s  
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o f  the  wor ld) ,  d i f f e r e n t  procedures  must b e  cons ide red .  The d i s t r i b u t i o n  

based on consumption w i l l  be d r a s t i c a l l y  d i f f e r e n t  from t h e  d i s t r i b u t i o n  

based on product ion ,  because  such  a l a r g e  f r a c t i o n  of  t h e  c rude  petroleum 

produced is involved  i n  i n t e r n a t i o n a l  t r a d e .  On t h e  o t h e r  hand, because t h e  

n e t  changd i n  s t o c k s  is a small number, u s ing  t o t a l  p roduct ion  numbers t o  

i n d i c a t e  t o t a l  consumption and C02 emiss ions  i n t r o d u c e s  n e g l i g i b l e  e r r o r .  

As i n d i c a t e d  i n  F i g u r e  2 ,  most of  t h e  l i q u i d s  a r e  used as f u e l s  and 

hence ox id ized  w i t h i n  a r e l a t i v e l y  s h o r t  t i m e  of  product ion .  However, the 

u s e  of  product ion  d a t a  f o r  l i q u i d  f u e l s  i n  computing C02 r e q u i r e s  a correc-  

t i o n  f o r  t h e  l i q u i d s  t h a t  are n o t  ox id i zed  i n  t h e i r  use.  Nonfuel u ses  of  

petroleum l i q u i d s  come p r i m a r i l y  under  t h e  "o the r "  ca t egory  i n  t h e  last  
column of  F igure  2 and i t  is here tha t  major a d j u s t m e n t s  will be made. 

The United Nat ions  combines U.S. Department o f  Energy s ta t is t ics  w i t h  

o f f i c i a l  O K  u n o f f i c i a l  t a b u l a t i o n s  from o t h e r  n a t i o n s  t o  a r r i v e  a t  world 

product ion  s ta t i s t ics  f o r  c rude  pe t ro leum and f o r  n a t u r a l  g a s  l i q u i d s .  As 
i n  t h e  ca se  of  n a t u r a l  gas,  t h e  U N  d a t a  are t aken  t o  be t h e  b e s t  a v a i l a b l e  

f o r  OUT purposes because  o f  t h e i r  completeness .  h i s t o r i c a l  cons i s t ency ,  and 

clear conformity w i t h  o t h e r  a v a i l a b l e  d a t a .  The, UN p roduc t ion  d a t a  f o r  

l i q u i d s ,  l i k e  those  f o r  o t h e r  f u e l  t y p e s ,  are wide ly  quoted by o t h e r s  and 

are  e s s e n t i a l l y  i d e n t i c a l  t o  " independent"  v a l u e s  publ i shed  e l sewhere  (see. 

f o r  example, Table  1). The agreement of  t h e  U N  d a t a  wi th  d a t a  publ ished by 

o t h e r  o r g a n i z a t i o n s  d o e s  n o t  imply that  t h e  d a t a  are a c c u r a t e  t o  a l i m i t  

de sc r ibed  by t h e s e  v a r i a n c e s .  F requen t ly  t h e  pr imary sources  are i d e n t i c a l ,  

and some of  t h e  d i f f e r e n c e a  are due  t o  i n t e r p r e t a t i o n s  and assumptions about 

s tandards.  

I n  cons ide r ing  s o u r c e s  o f  error i n  the d a t a  on l i q u i d  f u e l s ,  an a r e a  o f  

concern  is the h a n d l i n g  of  n a t u r a l  gas l i q u i d s .  These l i q u i d s  comprise a 

mix tu re  of compounds, some o f  which are used d i r e c t l y  a s  f u e l  o r  chemical 

f eeds tocks  and some o f  which are combined w i t h  c r u d e  petroleum o r  i t s  i n t e r -  

media te  p roduc t s  i n  refineries.  On the ave rage ,  n a t u r a l  gas l i q u i d s  (NCLs) 

have a lower carbon-to-hydrogen r a t io  than c r u d e  p e t r o l e m ,  and t h u s ,  on a 

p e r  u n i t  mass b a s i s ,  a h i g h e r  ene rgy  con ten t .  Because t h e  UN d a t a  on l i q u i d  

f u e l s  are des igned  t o  be  r e p r e s e n t a t i v e  of  t h e  energy  c o n t e n t  of t h e  f u e l ,  

t h e i r  l i q u i d  f u e l  d a t a  s e t  (on an ene rgy  e q u i v a l e n t  b a s i s )  is compiled by 

m u l t i p l y i n g  NCLs by 1.06052 and then add ing  t o  t h e  c rude  p e t r o l e m  
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1972 

1971 

1970 
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TABLE 1. WORLD CRUDE O I L  PRODUCTION 
AS REPORTED BY DIFFERENT SOURCES* 

(106 t o n s  o i l  e q u i v a l e n t )  

980 Yearbook 
Nf World 
:nergy 
itatistics 

(a) 

2,986 

3,127 

3,012 

2,985 

2,870 

2,644 

2,789 

2,780 

2,548 

2,413 

2,275 

E n r i g h t ,  
Vielvoye 6 
Beck 

(b) 

2,974 

3,122 

3,011 

2,982 

2.872 

2,651 

2,795 

2,793 

2,514 

2,394 

2,266 

U.S. C I A  
( C )  

2,914 

3,134 

3,011 

2,987 

3,033 

2,998 

2,901 

2,669 

2,811 

2,788 

2.546 

2,418 

2,288 

( a )  1980 Yearbook of World Energy S t a t i s t i c s ,  U.N., (1982). and Data 
Tape of UN Energy S t a t i s t i c s ,  Carbon Dioxide Informat ion  Center,  Oak 
Ridge Nat iona l  Laboratory.  

From U.S. Centra l  I n t e l l i g e n c e  Agency (1981). 

A l l  d a t a  ( e x c e p t  UN) were r e p o r t e d  i n  b a r r e l s  o r  b a r r e l s  per  d a y  
and were conver ted  t o  t o n s  oil e q u i v a l e n t  by assuming a mean 
g r a v i t y  o f  32.5" MI. 

(b)  From E n r i g h t ,  Vielvoye,  and Beck (1981). 
( c )  
(d)  From American Petroleum I n s t i t u t e  (1981). * 
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product ion.  The f a c t o r  1.06052 i s  t h e  c o r r e c t i o n  f a c t o r  t o  r e f l e c t  t h a t  t h e  

NGLs h a v e  a 6.052 pe rcen t  g r e a t e r  h e a t i n g  v a l u e  p e r  u n i t  o f  mass than  aver -  

age crude petroleum. 

For t h e  purpose o f  c a l c u l a t i n g  CO2 e m i s s i o n s ,  w e  do no t  w i s h ' t o  employ 

t h i s  weight ing  f a c t o r  i n t roduced  t o  accoun t  f o r  more hydrogen i n  t h e  f u e l ,  

so have adopted t h e  procedure  o f  s imply  adding  t h e  mass of  n a t u r a l  g a s  

l i q u i d s  t o  t h e  mass of  c rude  petroleum. On t h e  assumption t h a t  c rude  pe t ro-  

leum c o n t a i n s  85 pe rcen t  ca rbon  (see d i s c u s s i o n  below rega rd ing  carbon con- 

t e n t  of  c rude  petroleum) and t h a t  NGLs c o n t a i n  between 80 and 84 pe rcen t  

carbon (C2H6 i s  80 p e r c e n t  ca rbon ,  C7H16 i s  8 4  p e r c e n t  carbon) ,  t h e  e r r o r  i n  

cons ide r ing  t h e  combination as a l l  c r u d e  i s  v e r y  small. For t h e  world as a 

whole, t he  mass of  NGLs is  about  3 p e r c e n t  o f  t h e  mass o f  c rude  petroleum 

product ion.  The carbon f r a c t i o n  f o r  the mix tu re  should be about  

(0.97)(0.85) + (0.03)(0.82) - 0.8491, 

which i s  so c l o s e  t o  t h e  carbon f r a c t i o n  o f  c rude  petroleum as t o  make any 

e r r o r  from t h e  combinat ion procedure  n e g l i g i b l e .  However, i n  t h e  f u t u r e ,  as 

more l i q u i d s  are cap tu red  from n a t u r a l  gas and as t h e  mix tu re  of  n a t u r a l  g a s  

l i q u i d s  s h i f t s  toward l ighter  compounds, c o n s i d e r a t i o n  might be  g iven  t o  

r e v i s i n g  t h e  procedure o f  s imply  adding  d a t a  f o r  NGLs t o  d a t a  f o r  c rude  pro- 

duc t ion .  A t  p re sen t  t h e  most a p p r o p r i a t e  l i q u i d  f u e l  d a t a  f o r  ou r  purpose 

are ob ta ined  by adding t h e  UN d a t a  f o r  mass of  c r u d e  petroleum t o  t h e  U N  

d a t a  f o r  mass o f  n a t u r a l  gas l i q u i d s .  The r e s u l t  f o r  world l i q u i d  f u e l  pro- 

d u c t i o n  i s  g iven  i n  column 3 o f  t h e  summary t a b l e  ( T a b l e  14) .  

The g l o b a l  accounts  for  world p roduc t ion  o f  l i q u i d  f u e l s  c o n s i s t  of  

d a t a  f o r  many p a r t s  o f  the world. I n  some cases t h e s e  d a t a  appea r  t o  be 

h i g h l y  r e l i a b l e .  e.g. OECD n a t i o n s ,  b u t  i n  o t h e r s  where smaller r e s o u r c e s  

are committed t o  documentat ion,  the d a t a  are less  r e l i a b l e .  The UN s t a f f  

haa a t tempted  t o  e v a l u a t e  the r e p o r t s  and make a p p r o p r i a t e  ad jus tmen t s  when 

ev idence  w a r r a n t s ,  bu t  q u a n t i f y i n g  t h e  r e l i a b i l i t y  i s  imposs ib le .  Because 

most o f  t h e  c rude  o i l  i s  produced i n  a r e l a t i v e l y  few c o u n t r i e s  and because 

t h e  v a l u e  o f  each  u n i t  of  o i l  has  become so h i g h ,  w e  b e l i e v e  tha t  s ince  1974 

t h e  vo r ld  o i l  accounts  i n v o l v e  u n c e r t a i n t y  t h a t  does  n o t  exceed some f8 per-  

c e n t ,  and vould be b e t t e r  i f  d a t a  f rom Iran and I r a q  were more r e l i a b l e .  

Before t h e  h i g h e r  p r i c e s  and more c a r e f u l  accoun t ing  r e s u l t i n g  from che 

1973-74 embargo. the u n c e r t a i n t y  could  have been more, bu t  a t  t h a t  t ime t h e  
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data from Iran were much better than now, and the data from the U.S.A.,  

U . S . S . R . ,  and Saudi Arabia have probably been consistently reliable. Infor- 

mation now available is inadequate to allow formal calculations of uncer- 
tainties for global petroleum production. We estimate the data for the 

period before 1974 to contain an uncertainty of f10 percent. 

Production of Solid Fuels 

Coal is an immensely variable commodity; both its heating value and 

carbon content vary over wide ranges. The ASTM scheme for classification of 

coals by rank (Table 2) makes it clear that tons of "coal" is not a fully 
adequate value for establishing how much carbon is likely to be released 

during burning. We need, in addition. some indication of the quality of the 
coal and this is basically what the UN Statistical Office has tried to 
achieve in reporting tons of coal equivalent. The UN basis for coal equiva- 

lency comprises 7000 calories per gram (29.31 x lo9 joules/ton). 
Adopting United Nations data for coal production subsumes most of the 

questions about coal quality in the coal production numbers. When the UN 

reports coal production in units of tons of coal equivalent, they have 

already made the conversion. in energy-equivalent units, from a ton of, say 
New Zealand brown coal, t o  tons of coal equivalent. We consider how well 

the UN standard of 7000 cal/g represents average coal. 
That 7000 cal/g is an appropriate base for coal equivalents is 

supported by the compilaton of Zubovic et al. (19791, who summarized analyt- 
ical data on 617 bituminous coal samples from the eastern U.S. The arith- 
metic mean heating value came out to be 7090 cal/g (12,670 Btu/lb), the geo- 

metric mean heating value 6996 cal/g (12,590 Btu/lb). An earlier study by 
Swanson et al. (1976) led to a mean heating value at 6812 cal/g (12,260 Btu/ 
lb) for 277 bituminous coal samples. The U.S. Bureau of Mines has consis- 

tently used a heating value of 7057 cal/g (12,700 Btu/lb) for anthracite. 

U.S. Bureau of Mines and U.S. Department of Energy data show the 

decreasing higher heating value of bituminous coal and lignite produced in 

the U.S. (Table 3 ) .  The U.S. value has been below 7000 cal/g since 1967 as 
the electric utility industry has increased use of western coals with 
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TABLE 3 .  DECREASING HEATING VALUE OF PRODUCED U.S. COAL 

1980 

1979 
1878 
1977 

, 1976 
1975 

1974 
1973 
1972 
1971 
1970 

1969 
1968 
1967 
1966 
1965 

1964 
1963 
1962 
1961 
1960 

1959 
1958 
1957 
1956 
1955 

1954 
1953 
1952 
1951 
1950 

{igher (gross) heating value' 
(CaUg) 

6,234 
6,234 
6,307 
6,428 
6,446 

6,589 
6,669 
6,682 
6,734 
6,829 

6.918 
6,962 
6,990 
7,029 
7,062 

7,085 
7,090 
7,107 
7,107 
7,129 

7,135 
7.218 
7,218 
7.218 
7.223 

7,223 
7,223 
7,223 
7,223 
7,223 

(6,292)' 

(6,284): 
(6,395) 

Lower ( N  t )  heating 
value' ( c a l / g )  

5,860 (5,977)' 

5,860 (5,970): 
5,880 (6,075) 
5,910 
6,110 
6,120 

6,260 
6,340 
6,350 
6,400 
6,490 

6,570 
6,610 
6,640 
6,680 
6,710 

6,780 
6,740 
6,750 
6,750 
6,770 

6,780 
6,860 
6,860 
6,860 
6,860 

6,910 
6,910 
6,9 10 
6,9 10 
6,910 

a .  1973-1979 data from U.S. Department of Energy (19808); 1972 and prior 
from U.S. Bureau of Mines. 1976. 

b. Used by UN S t a t i s t i c a l  Office in preparation o f  1980 Yearbook of  World 
Energy S t a t i s t i c s  (UN, 1982). 

C .  1978-1980 data i n  parentheses are from Annual Bul l e t in 'o f  Coal S t a t i s t i c s  
f o r  Europe (m, 1981). 
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reduced heating values. Coal used at large U.S. electric power plants 0 2 5  

MW) had an average heating value of only 6078 cal/g (10857 Btu/lb) in 1976 
and 6175 cal/g (11027 Btullb) in 1977 (National Coal Association, 1978). To 

have the reported amount of coal truly reflect the annual energy use (and 
carbon content), the United Nations has countered the decreasing heating 
values by applying correction factors to lower grade fuels and reporting 

coal equivalent tons. 
Beginning with the publication of World Energy Supplies 1973-78, (iden- 

tified by the UN as Series J, No. 22) in 1979, the UN staff has made efforts 

to insure that all coal is adjusted to coal equivalents. Between 1973 and 
1979 there were adjustments for low grade hard coals i n  Norway, United King- 

dom, Czechoslovakia, New Zealand, U.S.S.R., India, Pakistan, German Demo- 
cratic Republic, and Hungary (UN, 1979). Prior to 1973 there was adjustment 

only for U.S.S.R. and Pakistan. Table 4 shows the progressive changes in 
world coal production reported by successive UN annual volumes. The World 
Energy Supplies series published prior to 1979 (J-19. J-20;5-21), indicate 

the changes made as a result of additional information or revisions .of 
individual country data. Beginning with the World Energy Supplies (J-22), 

changes i n  the data are larger and consistently downward, reflecting the 

adjustments for reduced heating value of coals from more and more countries. 
The changes between times of publication of 5-22 and the 1979 Yearbook 

of World Energy Statistics (published in 1981) included not only downward 

adjustment made for lower grade coals, but also a beginning of a change from 
a higher heating value t o  a lower heating value basis ("gross heat value" to 
"net heat value," in UN terms). Thus. for example, the reduction in the 
value reported for 1975 between 5-22 and the 1980 Yearbook is 246 mil l ion  

tons of coal equivalent (9.5 percent) and is the result of a combination of 

further adjustments for coal quality plus adjustment to "net heat value." 

The UN has now completed the shift to a "net heat value" basis for at least 
60 percent of the world coal production. It appears that the coefficient t o  

convert Chinese coal to coal equivalents also i s  on a "net heat value" basis 

and this would raise the percentage to 77 of the total world production. 
Table 3 ,  column 2 ,  gives the heating values used by the UN (1982) when con- 
verting tons of U.S. coal to tons of coal equivalent. 
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TABLE 4. WORLD COAL PRODUCTION AS REPORTED BY Tf?E UNITED NATIONS 
STATISTICAL OFFICE I N  SUCCESSIVE ANNUAL REPORTS 

( i n  m i l l i o n s  of toas of c o a l  equ iva len t )  

UN World Energy Suppl ies  (annual  volumes) 

J-19 

Year 1950-74* - 
1979 

1978 

1977 

1976 

1975 2634 

1974 2513 

1973 2481 

1972 2439 

1971 2398 

1970 2420 

5-20 5-2 1 3-22 
1971-75* 1972-76* 1973-784 

2784 

2775 2763 

2714 2702 2650 

2640 2633 2577 

25 17 2503 2457 

2483 2470 2426 

2438 2426 2304 

2397 2395 2362 

2397 2399 2356 

U N  Yearbook of World 

Energy S t a t i s t i c s  

1979+ 1980+ 

2737 2614 

2608 2476 

2570 2447 

2482 2393 

2427 2331 

2325 2234 

2308 2220 

2275 2191 

2256 2173 

2260 2179 

* 
+ 

Annual e d i t i o n  of World Energy Suppl ies ,  United Nations.  

Annual e d i t i o n  of Yearbook of  World Energy S t a t i s t i c s  ( r e p l a c e s  World 
Energy Suppl tes ) ,  United Nations. 

- 
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The U N  dec i s ion  t o  t a b u l a t e  c o a l  product ion  on a "net  heat  value" b a s i s  

complicates  t he  computation of CO2 emis s ions  because most c o a l  a n a l y t i c a l  

d a t a  provide chemical composition and h i g h e r  h e a t i n g  va lue .  However, 

because the UN p u b l i c a t i o n s  provide the  most r e l i a b l e  and c o n s i s t e n t  s e t  of 

g l o b a l  d a t a  f o r  c o a l ,  we  will con t inue  t o  r e l y  on them and make adjustment 

in the  f a c t o r  f o r  the carbon con ten t  t o  accommodate the UN use of "ne t  h e a t  

values  .I* 

In  using the  UN s o l i d  f u e l s  v a l u e s  from the  1980 Yearbook of World 

Energy S t a t i s t i c s ,  one s p e c i f i c  i n c o n s i s t e n c y  was noted. Because t h e  d a t a  

published a r e  based on c o e f f i c i e n t s  c o n v e r t i n g  t o  c o a l  e q u i v a l e n t s  f o r  a l l  

major c o a l  producers except  Poland, we have a d j u s t e d  t h e  world t o t a l s  t o  

r e f l e c t  t he  a p p l i c a t i o n  of such a c o e f f i c i e n t  (0.810) t o  Polish coal .  This 

procedure was adopted a f t e r  l eng thy  d i s c u s s i o n s  w i t h  UN s t a t i s t i c a l  o f f i c e  

s t a f f  and we a r e  a s su red  t h a t  f u t u r e  UN d a t a  w i l l  l i k e w i s e  use  a c o e f f i c i e n t  

n e a r  0.810 f o r  Po l i sh  hard c o a l  d a t a .  Thus t h e  UN d a t a  f o r  s o l i d  f u e l  pro- 

duc t ion  ( a s  s l i g h t l y  modif ied)  a r e  the base used in c a l c u l a t i n g  CO2 emis- 

sions. These modified product ion  d a t a  f o r  s o l i d  f u e l s  a r e  in column 5 of 

the summery t a b l e  (Table 14) .  

The e s t i m a t i o n  of u n c e r t a i n t y  in t h e  s o l i d  f u e l  d a t a ,  a l r eady  d i f f i -  

c u l t ,  is made even more so because the  p rocess  of r e v i s i n g  the  c o e f f i c i e n t s  

f o r  c o a l  e q u i v a l e n t s  is s t i l l  i n  p rogres s  a t  t h e  UN (but  appears  t o  be near- 

ing completion).  With some u n c e r t a i n t y  s t i l l  a s s o c i a t e d  wi th  the change t o  

n e t  hea t  v a l u e ,  we judge t h e s e  d a t a  t o  i n c l u d e  an u n c e r t a i n t y  around 11 per- 

cen t .  This is  based on an u n c e r t a i n t y  of t 5 pe rcen t  f o r  the product ion  

d a t a  i n  mass u n i t s  and f 10 pe rcen t  on t h e  convers ion  t o  a c o a l  equiva lence  

basis. C o l l e c t i n g  t h e s e  t h e  E i s  a r e  the  i n d i v i d u a l  

u n c e r t a i n t y  e s t i m a t e s ,  we 

F l a r i n g  of Natural  Gas 

The lack  of markets and i n f r a s t r u c t u r e  f o r  u s ing  n a t u r a l  gas as  a f u e l  

leads  t o  massive f l a r i n g  a t  oil f i e l d s  in some remote l o c a t i o n s .  The U N  

makes no attempt t o  t a b u l a t e  t he  amounts of n a t u r a l  gas f l a r e d  from any 
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nation. Data for non-U.S. levels of natural gas flaring prior to 1971 are 

nonexistent. To develop a usable data set, Rotty (1974) used unpublished 
gas flaring data for 1968-1971 (included on questionnaires returned to the 
U.S. Bureau of Mines) with published oil production data from many countries 

to estimate a time series for gas flaring. Rotty assumed that essentially 
all gas flared i s  "associated gas" from oil fields where facilities for the 
recovery of the gas are not present and used the ratio of gas flaring to oil 
production for separate areas of the world. Although Rotty's numbers are 

somewhat speculative, they contribute a small fraction of the total emis- 
sions and are used here for the period 1950-70 without change. 

Beginning about the time of Rotty's estimates, the U.S. Department of 
the Interior, and more recently the Department of Energy, have published 

annual values for the global flaring of natural gas. We use these data for 

the years 1971 through 1978 (DO1 1974; DOE, 1979; DOE, 1980b) but note that 
the published values are labeled "partly estimated." This data set appears 
fully compatible with the estimates of Rotty (1974) and this combination 

provides the best available consistent data sequence for global gas flar- 
ing (see Table 14). 

Although there is no strong incentive to account for gas flaring, the 

recent data represent an attempt t o  account for this loss. Formal calcula- 

tion of the uncertainty involved in these data would require more informa- 
tion than is available. The flaring of gas associated with oil production 

is at best as uncertain as the oil production, but the approximate agreement 
of the estimates of Rotty (1974) with attempts by DOE to tabulate a time 

sequence of recent global flaring suggests the Uncertainty is not unbounded. 
We lack great confidence in all flaring data (earlier values in particular) 

and believe an uncertainty of 20 percent is appropriate here. 

Production Data vs. Consumption Data 

Carbon dioxide is emitted when fossil fuel is oxidized, i.e., consumed. 
Global fuel accounts are published as both fuel production and fuel consump 

tion. The difference is not simply an increase or decrease in storage, but 
includes adjustments for various amounts of the fuel produced that are 

employed in many different end uses. In addition to use as common fuels and 
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in processing fuels, some is used as special fuel, some as "nonfuel" in 
which the carbon is quickly oxidized, and some as "nonfuel" in which the 
carbon remains unoxidized for very long times. 

Keeling (1973) elected to use production data and make estimates of the 
fraction of the fuel that wss ultimately oxidized. At that time fuel 
accounting for many parts of the world was not sufficiently advanced to pro- 

vide suitable data sets to account for all the end uses all over the world. 
production data have been and are more reliable and consistent from year to 

year. Using the fuel Production numbers to calculate CO2 emissions can be 
thought of as metering the man-induced carbon flow from the earth's crust to 
the atmosphere at the boundary where the carbon crosses the earth's surface. 

Use of fuel consumption data might be intellectually more satisfying 

because it is in the consumption that the CO2 is produced. However, the 
consumption data available cover what the UN calls "apparent consumption." 
The UN obtains apparent consumption by adding a country's excess of imports 
over exports to its production, and subtracting the amount used in bunkers 

and for increases in stocks. The amounts of consumption as tabulated by the 
UN have been consistently less than the aggregated amounts of production-- 
even when changes in stocks are considered. Much of the difference appears 

to be in the use of fuel to produce fuel, particularly the use of oil in 

refineries to produce those products that make up the consumption numbers. 
Coal and gas consumption data can easily give a reasonably accurate 

picture because very little transformation takes place between the raw 

(mined) fuel and the fuel used by the consumer. The calculation of emis- 

sions from inland consumption data for coal and gas is straightforward and 

gives results that are consistent and nearly identical with those determined 

from fuel production data. The fact that global imports of each fuel for a 
given year almost always exceed global exports indicates that "apparent con- 

sumption" data includes some accounting difficulty, but the difference is 
generally about 0.1 percent of production. 

Crude petroleum presents a different problem in that almost none of the 
fuel is consumed as crude. Rotty (1982) attempted to reconcile the world 

production of crude petroleum and natural gas liquids with the consumption 
of liquid fuels and other petroleum products as tabulated by the UN Statis- 

tical Office. The balance he achieved for the liquid fuels account for 1979 
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i s  i n d i c a t e d  i n  Table  5 .  I n  t h e  same paper ,  Rot ty  (1982) c a l c u l a t e d  t h e  

1979 CO2 emiss ions  from a l l  of t h e  f o s s i l  f u e l s  on both product ion  and con- 

sumption bases .  When a l l  of t h e  f u e l  consumption d a t a  were cons ide red  a long  

w i t h  p r o p e r l y  c o r r e c t e d  C02-factor8,  t h e  c a l c u l a t i o n s  f o r  1979 showed a 

t o c a l  of 5 1 9 1  m i l l i o n  t o n s  of carbon as CO2. For comparat ive purposes ,  t h e  

c a l c u l a t i o n s  based on p roduc t ion  d a t a  showed a total o f  5224 m i l l i o n  tons--a 

d i f f e r e n c e  of 0.6 percent .  ( L a t e r  i n  t h i s  r e p o r t  5246 m i l l i o n  t o n s  of 

carbon is g i v e n  as t h e  r e s u l t  f o r  1979, t h e  d i f f e r e n c e  be ing  a combination 

of u s i n g  r e c e n t l y  r e v i s e d  UN f u e l  d a t a  and new estimates f o r  ( F O )  and (C) 

developed i n  t h e  f o l l o w i n g  s e c t i o n s . )  C l e a r l y ,  t h e  d i f f e r e n c e  between the  

result based on f u e l  consumption d a t a  and t h a t  based on f u e l  product ion  d a t a  

i~ small i n  comparison t o  t h e  probable  e r r o r  i n  f u e l  s ta t is t ics .  

Because f u e l  p roduc t ion  and consumption d a t a  are so c l o s e l y  l i n k e d  and 

because t h e  p roduc t ion  d a t a  are easier t o  use and are more r e l i a b l e  as an 

h i s t o r i c  d a t a  s e t ,  our  computa t ions  will c o n t i n u e  t o  r e l y  on t h e  f u e l  pro- 

d u c t i o n  d a t a .  
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TABLE 5. 1979 WORLD LIQUID FUELS BALANCE SHEET 

Amount 
Production (103 Tons) 

Crude, Petroleum 3,123.256 
Production 

Cain in commerce of 
crude 22,567 
(Imports-Exports-Incr. Stocks) 

Natural Cas Liquids 
to Refineries 38,004 

Subtotal, Input to 
Refineries (3,183,827: 

LPG from Natural 60,071 
Cas 

Total 3,243,898 

Amount 
Consump tion (lo3 Tons) 

Loss of mass in Refineries 112,934 (3.5%) 
(Used as fuel?) 

Energy Products (2,816,763): 

Inland Consumption by 
Nations 2,604,505 (80.3%) 

Bunkers (International) 152,039 (4.7%) 
Increase in Stocks 15.774 (0.5%) 
Loss in Commerce of 44,445 (1.4%) 
Products (Exports-Imports) 

Nonenergy Products (314,270): 

Rapid Oxidation 118,343 (3.6%) 
S l o w  or Nonoxidation 195,927 (6.0%) 

Total 3,243,967 

From: Rotty (1982) based on data from 1979 Yearbook of World Energy Statistics. UN 
(1981). 
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FUEL FRACTION NOT OXIDIZED 

As acknovledged in Equation I ,  a fraction of the fossil fuel prod-- 
each year is not oxidized during time frames of ioterest here. Part of Y 

unoxidized carbon results from incomplete combustion in burners (resul- 

i n  soot and unburned hydrocarbons) and part of it results from diversion f 
some of the produced "fuel" to nonfuel uses (e.g., use as raw materials 5 

the chemical industries). In this section we derive values for POL -- 
Equation 1 ,  the effective fraction of each year's production which is sun= 

oxidized. I n  both the fuel and the nonfuel cases the hydrocarbons - 
burned are oxidized in the environment with times varying from very sharz 

(weeks or months) to many years. 

oxidation could be approximated by an exponential decay law. In such = 
situation, over long-time scales the amount oxidized each year will e q u  
the amount produced each year aa long as the amount produced each year s 

nearly constant. When the average lifetime of the unoxidized materials > 
very long or  when the amount produced each year is growing, there is a n e  

amount that remains unoxidized. Attempting to estimate production growcr 
rates and decay rates for each unburned or incompletely oxidized hydrocarbm 

species would become extremely involved. Instead we have aggregated for alll 
liquid fuels and have made subjective estimates of the extent to whicr 
production and net oxidation are likely to differ during a given year- 

Although this 1s never fully satisfying it is important to recognize char 

most of the hydrocarbons are oxidized as fuels and that the data cited d a  
provide close bounds for the fractions which are likely not t o  be oxidizeb 

The probable error introduced through this aggregation and estimation pro- 

cedure is small in comparison to uncertainties in the fuel production datb 
and more rigorous examination of the noncombustion oxidation rates does n o t  

seem justified for the calculation of CO2 emissions. 

In the aggregate this slow (noncombustFar_ 

Natural Gas Produced but Not Oxidized 

Aa illustrated i n  Figure 1, most'of the natural gas produced i n  the 

U.S. is used for fuel. Data required to obtain the nonfuel use of natural 
gas globally are not available in formal references so we have based our 

598 



estimates on what data are available for the U . S .  Nonfuel gas use in the 
U.S. is no longer being published by the Department of Energy but we note 
the mean value for 1970-76 is 3.16 percent of production (Table 6 ) .  The 

lack of markets and infrastructure for using natural gas as a fuel leads to 
massive flaring at oil fields in some parts of the world and also Leads us 
to expect that the fraction of marketed gas that ends up in nonfuel uses may 
be significantly larger in those areas than in the U.S. On the other hand, 

the total world production is still dominated by countries like the U.S. ,  

the U.K.. Canada, and the Netherlands where gas is largely used as a fuel. 

Based on the data for the U.S. given in Table 6, we estimate that global 
nonfuel use of gas is about 3 percent of production. Because the nonfuel 

use is small, any error in basing the estimate on the biggest producers 
gives uncertainties that are small fractions of total marketed production. 

A large fraction of the nonfuel gas goes to ammonia production during which 
the carbon in the gas is mostly oxidized; the remainder to uses in which the 

carbon will be oxidized at varying rates over a period of years. The total 
quantity for nonfuel use has been increasing with time and, in accord with 
the principle that slowly oxidizing material decays exponentially with time, 

this suggests that a small amount of unoxidized gas accumulates each year. 

As a result of increasing nonfuel use and the production of long-lifetime 
products, we assume that, over time, an amount of carbon equivalent to two- 

thirds of the carbon in each year's nonfuel-use gas is oxidized during that 
year. Because nonfuel use is 3 percent of production, this is the same as 

assuming that. on the average, 1 percent of each year's produced gas remains 
unoxidized for long periods as a result of nonfuel uses. 

Because of incomplete combustion, a small amount of the carbon in the 
gas used as a fuel will not be oxidized and will remain as soot either 

around the burner, in the stack, or in the environment. Although the amount 

of unoxidized carbon is impossible to determine on a global scale, it is 
extremely small in modern conbustion systems and we use, as an upper limit, 
that 1 percent of the carbon in gas produced globally remains unoxidized 

during combustion processes. 
For natural gas the fraction of annual production remaining unoxidized 

each year is thus taken to be 0.02, i.e. 0.01 for unoxidized nonfuel uses 
and 0.01 for unoxidized carbon in combustion. The sequence of assumptione 
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Year Gas Productlon 

1976 540,599 

1975 545,124 

1974 580,788 

1973 615,784 

1972 618,768 

1971 618,582 

1970 601,309 

1970-76 average 

Nonfuel a s  X 
Sonfuel  Use of  Production 

17,415 3.22 

16.819 3.09 

20 ,109  3.46 

19 .813  3.22 

18 ,518  2.99 

18 ,369  2.97 

18 ,856  3.14 

3.16 

Gas production data from 1979 Yearbook of  World Energy S t a t i s t i c s ,  UN 
(1981) .  
Nonfuel use i s  from ApI (1977).  

(Heating value of U.S. natural gas  of 38,017 Kjoules/m’.) 
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here imposes an uncertainty on the gas oxidized of about one percent of the 
gas produced. Thus the fraction of gas oxidized is Fog * 0.98 f 0.01. 

Liquids Produced but Not Oxidized 

A key question for CO2 production from crude oil and natural gas 

liquids is the fraction of production which is burned or otherwise oxidized 
on a short time scale as opposed to that which ends up in e.g.. fibers, 

lubricants, or paving materials, snd is oxidized only over a longer 
interval. 

The United Nations statistics separate refinery output into energy 
products (aviation gasoline, motor gasoline, jet fuel, kerosene, gas-diesel 

oil, residual fuel oil, LPG, and refinery gas) and nonenergy products 
(naphthas, white spirits, lubricants; bitumen (asphalt), petroleum waxes, 

petroleum coke, and others) with the nonenergy products comprising 10.2 

percent of the total in 1979.  United Nations data also distinguish the 
components of natural gas liquids (natural gasoline, condensate, LPG, and 
”other natural gas liquids”). With the exception of some of the LPG, most 

of the natural gas liquids are consumed as fuels. 
Turning again to United States data for guidance. we find in Figure 2 

that about 12 percent of U.S. refinery output in 1981 is “other” products. 
Table 7 subdivides this “other” category and allows identification of petro- 

leum fractions which are used in ways that do not lead to immediate oxida- 
tion. In addition, a major fraction of the liquified petroleum gases and 
ethane in Figure 2 may not undergo prompt oxidation. The total remaining 
unoxidized depends to a large degree on both the amounts used in the petro- 
chemical industry and the way in which those products are used. Without a 

belabored analysis of the world petrochemical industry, we use U.S. data as 

an analog in making estimates of unoxidized carbon from UN data. Starting 

with the UN tabulations for refinery nonenergy products and the LPG and 

ethane from gas liquids plants, we estimate the fraction that is likely to 
remain unoxidized for long periods of time. 

Most of the LPG from refineries is probably consumed as fuel and the UN 
lists LPG as an energy product from refineries. Therefore, we estimate the 

amount of LPG and ethane that is used in the petrochemical industry as a 
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TABLE 7. 1981 U.S. REFINERY OUTPUT OF "OTHER" PRODUCTS 
(See Figure 2) 

(IO3 b b l )  

Natural Gasoline 

Unfractionated Stream 

Aviation Gasoline 

Petrochemical Feedstocks 

Special Naphthas 

Lubricants 

Wax 

Coke 

Asphalt 

Road Oil 

Still Gas for Fuel 

Miscellaneous Products 

DOE Reclassification (Adjustment) 

42,363 

182 

11,147 

208,861 

27,018 

55,958 

6,581 

91,868 

123,982 

760 

206,339 

36.213 

-98,214 

713,118 

From: U.S. Department of Energy (1982b). DOE/EIA-0340(81)/1. 
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fraction Of only the LPG and ethane produced in natural gas liquids plants. 
This does n o t  imply that all the LPG used in the petrochemical industry 

comes from gas processing plants, but only that the global quantity can be 
best estimated as a fraction of the LPG produced in gas processing plants. 
In the W . S . ,  the 232.76 million barrels of LPC and ethane sold for chemical 
and industrial uses in 1981 represents 50.7 percent of that produced in gas 
processing plants. The industrial sales include use as a standby fuel, in 

space heatlng, flame cutting, metallurgical furnaces, and plumber's torches. 

They also include sales for u6e as refinery fuel. Chemical use includes 
those gases employed as raw materials. solvents, and in the production of 

synthetic rubber. Data for 1981 are not available, but in 1979 the split 
was 80 percent to chemical use and 20 percent to industrial fuel use. Thus, 

the equivalent of (0.8)(50.7) - 40.6 percent of the LPG and ethane produced 

in U.S. natural gas liquids plants is used in applications in which oxida- 

tion occurs very slowly. Because the petrochemical industry outside the 

U.S. depends more heavily on feedstocks from refineries, especially certain 
napthas, we estimate that, on a worldwide basis, about 40 percent of the LPG 

and ethane produced from natural gas processing plants ends up in materials 

which are not soon oxidized. 
In the United Nations tabulation of nonenergy refinery products, what 

is defined as napthas is largely used as chemical feedstocks, and nearly 
half of the petrochemical feedstocks in Table 7 is naptha. This is a major 

feedstock to the western Europe petrochemical industry and we estimate that 

about 80 percent of the napthas produced globally remain unoxidized for long 

times in plastics, tires. and fabrics. 
A substantial part of the nonenergy refinery products is asphalt. Even 

when paved roads, parking areas, and roofs deteriorate or are removed, most 
of the asphalt remains in an unoxidized state. Thus, assuming that virtu- 

ally all of the UN reported asphalt production from petrolem refineries 
remains unoxidized for long periods Introduces a small overestimation. 

Petroleum waxes are used in manufacture of candles, polishes and water- 

proofing of containers, wrappings, etc. White spirits are used as paint 

solvents and as dry cleaning materials. Petroleum coke is mostly used in 
metallurgical processes and the fraction.of the carbon that remains unoxi- 

dized is probably small. We estimate these nonenergy products except 
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a s p h a l t  a r e  mostly oxld lzed  r a t h e r  promptly and t h a t  assuming f u l l  o x i d a t i o n  

incroduces small  e r r o r  o f  o p p o s i t e  s i g n  from assumlng t h a t  a l l  a s p h a l t  is 

not  ox id ized .  

The UN ca tegory  of  l u b r i c a n t s  g i v e s  u s  a problem because a non-negl i -  

g i b l e  p a r t  of l u b r i c a t i n g  o i l  is ox id ized  i n  use.  S p i l l a g e  and o i l  d r a i n e d  

from engines  a r e  f r e q u e n t l y  f l u s h e d  i n t o  o t h e r  waste l i q u i d  s t r e a m s  or 

disposed  of  i n  abso rban t s  or c o n t a i n e r s  i n  l a n d  f i l l s .  We have u s e d  t h e  

estimate t h a t  approximate ly  50 pe rcen t  of  l u b r i c a n t s  produced by p e t r o l e u m  

refineries remain unoxidized f o r  l o n g  p e r i o d s  of  t i m e .  

Our assumption i s  t h a t ,  a l l owing  f o r  e r r o r s  o f  b o t h  i n c l u s i o n  and omis- 

s i o n ,  t h e  q u a n t i t y  of l i q u i d  f u e l s  no t  ox id i zed  e a c h  y e a r  is ap,proximated by 

t h e  sum of 40 pe rcen t  of  t h e  LPG and e thane  from gas l i q u i d  p l a n t s ,  80 per- 

c e n t  of  t h e  napthas  from p e t r o l e m  reEineries, a l l  o f  t h e  a s p h a l t ,  a n d  50 

pe rcen t  of  t h e  l u b r i c a n t s .  T h i s  is summarized i n  Table  8. The c o n c l u s i o n  

is t h a t  6.5 t o  6.9 pe rcen t  o f  petroleum l i q u i d s  i s  n o t  soon o x i d i z e d  a n d  we 

adopt  6.7 pe rcen t  f o r  o u r  computat ions.  For comparison Hatch and Hatar 

(1977a) r e p o r t e d  t h a t  in 1974 6 .5  p e r c e n t  o f  world c rude  went i n t o  petro- 

chemicals .  Also, F l a v i n  (1980) e s t ima ted  t h a t  1979 p roduc t ion  o f  synthetic 

m a t e r i a l s  amounted t o  10 m i l l i o n  t o n s  of s y n t h e t i c  rubber ,  10 m i l l i o n  t o n s  

of  s y n t h e t i c  f i b e r ,  and 60 m i l l i o n  tons  of p l a s t i c .  The sum of the unoxi- 
d i z e d  LPG, e thane  and nap thas  i n  Tab le  8 i s  93.5 m i l l i o n  tons .  Our a n a l y s i s  

sugges t s  i t  is u n l i k e l y  t h e  t r u e  v a l u e  of  unoxid ized  l i q u i d s  i s  g r e a t e r  than 

8.7 percent  pr l e s s  than 4.7 p e r c e n t  o f  annual  p roduc t ion .  

Having based t h i s  a n a l y s i s  o n  d a t a  f o r  t h e  l a s t  decade ,  t h e r e  r e m a i n s  

t h e  q u e s t i o n  o f  changes i n  the unoxid ized  f r a c t i o n  d u r i n g  ea r l i e r  d e c a d e s  i n  

the 1950-1981 pe r iod .  United Nations d a t a  on nonenergy p roduc t s  f rom re f in -  
eries f o r  1970-1980 publ i shed  i n  t h e  1979 and 1980 Yearbooks o f  World Ene rgy  

S t a t i s t i c s  d i f f e r  markedly from t h o s e  publ i shed  i n  1976, t h e  most r e c e n t  

figures be ing ,  on ave rage ,  a f a c t o r  o f  1.33 larger  f o r  t h e  5 y e a r s  of  o-cer- 

l a p .  Thus. w e  assume t h a t  d a t a  f o r  nonenergy p roduc t s  b e f o r e  1970 are sub- 

ject  t o  s i z a b l e  r e v i s i o n  and a b e t t e r  estimate of  nonox ida t ive  uses can be  

ob ta ined  by app ly ing  a 1971-1980 ave rage  t o  t h e  c r u d e  p roduc t ion  u n i f o r m l y  

r a t h e r  t han  t r y i n g  t o  i t emize  nonenergy uses .  API (1975) d a t a  a l so  s u g g e s t  

t h a t  t h e  time dependent b i a s  i m p l i c i t  i n  c a r r y i n g  a c o n s t a n t  f r a c t i o n  back  

to 1950 i s  small. Lacking b e t t e r  i n f o r m a t i o n ,  we s h a l l  u s e  t h e  6.7 p e r c e n t  

f a c t o r  for t h e  e n t i r e  1950-1981 pe r iod .  
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40% of LPG 
6 Ethane from 
Gas Plants 

25,754 
25,989 
23,382 
23,169 
22.196 
21,864 
21,809 
21,232 
20,178 
18,477 

I 
80% of 
Naptha Asphalt 

58,541 97,941 
67,500 101,508 
66,025 97,760 
66,412 91,372 
65,853 85,904 
56,194 85,722 
70,862 88,141 
70,581 90,048 
60,749 83,568 
55,382 80,415 

TABLE 8. ESTIMATE OF WORLD PETROLEUM LIQUIDS PRODUCED BUT NOT 
OXIDIZED EACH YEAR (103 tons) 

50% of 
Lubricants 

19.649 
19,700 
18,448 
17,560 
16.543 
15,578 
17,196 
16,489 
15,201 
14.819 

1975 
1974 
1973 
1972 
1971 

% of 
Liqu 

Total Prod 

201,885 6 
214,697 6 
205,615 6 
198,513 6 
190,496 6 
179,358 6 
198,008 6 
198,350 6 
179,696 6 
169,093 6 

av. 6 

1976-1980 data from 1980 Yearbook of World Energy Statistics, UN (1982). 
1971-1975 data from 1979 Yearbook of World Energy Statistics, UN (1981). 
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The other situation for which we should make some adjustment in the Co2 

computation is the failure to achieve 100 percent combus'tion of fuels 
actually delivered to burners. Carbonaceous materials that are discharged 

not completely oxidized include those, like CO, which undergo complete 
oxidation fairly promptly in the environment; others, like soot, which do 
not oxidize in times of interest; and others, like methane, which oxidize in 
the environment at a rate such that some finite fraction is oxidized in the 

first and each succeeding year of interest. For this third class of com- 

pounds any difference between the total amount of carbon being oxidized in a 
given year and an estimate thereof based on full oxidization of current year 
discharge must be a consequence of an increase i n  production rate. The 

simple assumption of an equivalent fraction of material not oxidized during 
a current year will not introduce significant error so long as the total 

fraction of material i n  this class is small. 
To estimate the fraction of liquid fuel which goes to burners but is 

not fully oxidized, we used Environmental Protection Agency estimates of 
nationwide pollutant emissions in the U.S. In 1976,  U.S. emissions of 
hydrocarbons to the atmosphere amounted to 2 7 . 9  x IO6 tons, of which 14.7 x 

IO6  tons were related to transportation and oil and gas refining, produc- . 

tion, and marketing (Table 9). Another 1 .4  x IO6 tons were from stationary 
fuel. combustion sources. Of the 13 .4  x 106 tons of total suspended particu- 
lates discharged to the atmosphere, 1 . 3  x IO6 were from transportation and 
petroleum refining with another 4 . 6  x I O 6  from stationary fuel combustion 
sources. Table 9 lists emissions from many sources, but we are concerned 

here only with those associated with combustion of liquid fossil fuels, hav- 
ing already discounted quantities for nonfuel uses such as organic solvents. 

In these calculations we assume that half of the hydrocarbons and one- 
fourth of suspended solids from stationary fuel combustion represent carbon- 

aceous materials attributable to burning liquid fuels, the remainder Crom 
other fuels. Then, for the United States, 1 5 . 4  x IO6 tons of hydrocarbons 
and 2 . 5  x 106 tons of suspended carbonaceous particulate material represent 

incompletely oxidized liquid fuels from combustion applications. If this 
material undergoes oxidation in the environment over time (some of it very 

slowly), we can consider that some fraction of 17.9 x 106 tons represents 
the portion of the 1976 U.S. liquid fuel consumption .which should not be 

counted as C02 production. 
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TABLE 9 .  1976 U.S. EMISSION OF HYDROCARBONS AND 
TOTAL SUSPENDED PARTICULATES* 

(106 t o n s / y e a r )  

Source Category 

Transpor t a t ion  
Highway Vehic les  
Nonhighway Vehic les  

S t a t i o n a r y  Fuel  Combustion 
Electric Utilities 
I n d u s t r i a l  
R e s i d e n t i a l ,  Commercial and I n s t i t u t i o n a l  

I n d u s t r i a l  Proceases  
Chemicals 
Petroleum Ref in ing  
Metals 
Minera l  Products  
Oil and Gas Product ion  Market ing 
I n d u s t r i a l  Organic  Solvent  Use 
Other Processes '  

So l id  Waste 

Miscel laneous 
F o r e s t  W i l d f i r e s  and Managed Burning 
A g r i c u l t u r a l  Burning 
Coal  Refuse Burning 
S t r u c t u r a l  F i r e s  
Misce l laneous  Organic  Solvent  Use 

* From: U.S. Environmental P r o t e c t i o n  Agency ( 1 9 7 7 ) .  
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TSP 

1.2 
0.8 
0.4  

4 .6  
3.2 
1.1 
0.3 

6.3 
0.3 
0.1 
1.3 
3.2 
0 
0 
1.4  

0.4 

0.9 
0.6 
0.1 
0.1 
0.1 
0 

HC 

10.8 
9.3 
1.5 

1.4 
0.1 
1.2 
0.1 

9.4 
1.6 
0.9 
0.2 
0 
3.0 
2.9 
0.8 

0.8 

5.5 
0.8 
0.1 
0.1 
0 
4.5 



Hany of the hydrocarbons emitted, especially from engine exhaust-, are 
partially oxidized and hence highly reactive ( N R C ,  1979). Data on selected 
urban aerosols suggest that the aerosols are on the order of 20 percent car- 
bon and that 30-40 percent of this carbon is graphitic soot and the remain- 

der primary and secondary organic material (NRC. 1979). The total, 17.9 x 
lo6 tons, represents about 2.4 percent of the 751 x 10 6 tons of liquid fuels 

conslrmed in the U.S. in 1976. Because a fraction of the 17.9 x lo6 tons is 
oxidized in the environment in a realtively short time, something approxima- 

ting 1.5 f 1 percent of the liquid fuel that goes to burners each y-r 
remains in the environment unoxidized. 

The U.S. data cad only provide a useful approximation of the extent of 

unburned material globally. The amount unburned is clearly a small fraction 
of the total and we note that U.S. emissions of some materials have declined 

in recent years because of technological improvements. Our procedure prob- 
ably gives low estimate8 of global emissions of unburned carbon (and hence 

high CO2 estimates). In addition, the assumption of s constant 1.5 percent 
for the unburned fuel introduces some time-dependent bias in the estimate. 

The total mass of liquid fuels lost directly to the environment is not 

large i n  comparison to the amounC produced. Oil spills at sea amounted to 
237,600 tons in 1978 (UN Environment Programme, 1979) and there are smaller 
but much more numerous losses thoughout the processingldelivery system; 
Loss of organic compounds as liquid effluent at an oil-fired power plant is 
estimated to be on the order of 15 percent of the airborne hydrocarbons 

(UN Environment Programme, 1979). None of these is large enough to make a 
significant correction to the calculations already detailed. 

In summary, about 6.7 f 2 percent of the liquids produced end up in 
petrochemical applications where they are not sooa oxidized and another 

equivalent fraction of 1.5 *I percent passes through burners and is depos- 

ited in the environment without being oxidized. We believe the factor for 
oxidation of liquid fuel produced is PO1 - (1 - 0.082) - 0.918 f 0.03. 

Solid Fuels Produced but Not Oxidized 

Incomplete combustion results i n  the diecharge from boilers of coal 

The concentration of carbon dust, gaseous hydrocarbons, and unburned char. 
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monoxide (CO) i n  f l u e  gas  can be used as a f i r s t  o r d e r  i n d i c a t o r  of t h e  

completeness  of t h e  combustion p rocess  and d a t a  on CO emiss ions  c o l l e c t e d  by 

the  U.S. Nat iona l  Air  P o l l u t i o n  Con t ro l  Admin i s t r a t ion  (1970) 6how t h a t  

emission f a c t o r s  depend s t r o n g l y  on  t h e  t y p e  and s i z e  of t h e  coa l -burn ing  

un i t .  Carbon monoxide emiss ions  pe r  u n i t  of energy can  be two o r d e r s  of 

magnitude l a r g e r  from small a n d l o r  less e f f i c i e n t  u n i t s  t han  from l a r g e ,  

modern pulver ized-coa l  b o i l e r s .  Any a t t e m p t  a t  a g e n e r a l ,  t ime-independent 

f a c t o r  t o  compensate f o r  incomplete  combuscion must recognize  t h a t ,  f o r  

example. 82  pe rcen t  of t h e  U.S. c o a l  consumed in 1981 was burned in u t i l i t y  

b o i l e r s  whi le  o n l y  1 7  pe rcen t  was so burned i n  1949 ( F i g u r e  3) .  Transpor ta -  

t i o n  accounted f o r  15 pe rcen t  of  U.S. consumption i n  1949 and v i r t u a l l y  none 

i n  1981. Employing a c o n s t a n t  for t h e  unburned f u e l  f r a c t i o n  f o r  bo th  

c u r r e n t  U.S. e lec t r ic  u t i l i t y  b o i l e r s  and steam locomot ives  i s ,  o f  cour se ,  

on ly  marg ina l ly  j u s c i f i a b l e ,  and then  on ly  because t h e  t o t a l  f u e l  used in 

locomotives  ( f n  1949, f o r  example) was on t h e  o r d e r  of  one-tenth of  p r e s e n t  

s o l i d  f u e l  use.  

The United Nat ions  Environment Programme (1979) h a s  e s t i m a t e d  t h a t  of  

3 x lo6  tons of c o a l  burned i n  a 1000 MW(e) power p l a n t ,  860 tons of carbon 

end up i n  CO, 3000 tons as p a r t i c u l a t e s ,  and about  400 tons i n  unburned 

hydrocarbons.  If we assume, as a f i r s t  approximat ion ,  t h a t  t h e  Co and 

unburned hydrocarbons are soon f u l l y  ox id i zed  i n  t h e  environment (Chameides 

and Davis [I9821 show t h e  l i fe t imes o f  CO and  methane i n  t h e  atmosphere as 

about  65 days  and 7 y e a r s ,  r e s p e c t i v e l y )  whi le  t h e  p a r t i c u l a t e  matter 

remains l a r g e l y  unoxid ized ,  t h e  unoxidized f r a c t i o n  w i l l  amount to o n l y  0.14 

pe rcen t  of the carbon. By c o n t r a s t .  Harding (1920) h a s  w r i t t e n  "probably 

the worst f u e l  loss t h a t  a locomot ive  f i r eman  has  t o  contend w i t h  i s  t h a t  

which occur s  th rough the e scape  of unburned f i n e  c o a l .  When t h e  pe rcen tage  

of f i n e  c o a l  i s  v e r y  h igh ,  th is  loss may amount t o  one-quarter  or even one- 

t h i r d  of t h e  c o a l  f i r e d , "  and "even a t  b e s t  t h e r e  is c o n s i d e r a b l e  f u e l  loss 

through soot." 

Block and Dam (1976) compared the composi t ion  of  fly a s h  from an 

i n d u s t r i a l  b o i l e r  (24-hour c a p a c i t y  of  14 tons of c o a l )  w i t h  t ha t  of  a smal l  

home f u r n a c e  in Belgim (24-hour c a p a c i t y  o f  24 kg o f  coal). The concent ra -  
t i o n s  of  i n o r g a n i c  components i n  f l y  a s h  from t h e  home fu rnace  were 2-10 

t imes  s m a l l e r  t han  in t h e  i n d u s t r i a l  b o i l e r ,  appa ren t ly  due  t o  d i l u t i o n  w i t h  
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large emissions of unburned material. Unburned materiel comprised about 35 
percent of the fly ash from the home furnace. 

Another useful perspective can be obtained by examining data from 
current large coal conaumers. Data on combustion efficiency at the Tennes- 
see Valley Authority's B u l l  Run Steam Plant show that 1 percent of the stack 
ash is combustible matter; for the Shawnee Plant 5 percent is more typical, 
and during a recent period of poor performance the Widows Creek Plant ran 
between 9 and 20 percent combustible matter in the fly ash. Because these 

plants operate on pulverized coal with about 80 percent of the ash being 
collected by the stack precipitators, this is probably representative of the 

average fraction of unburned coal. Taking a representative value of mean 
ash content for the coal of about 12 percent, between 0.14 and 2.7 percent 
of the combustible fraction of the coal remains unburned. Typical values 
are near 0.7 percent and the lower limit is similar to the UNEP number cited 
above. The Belgian home mentioned above was burning anthracite with 3.1 
percent ash, implying that 1.1 percent of the coal was discharged unburned. 

With this information it see.- reasonable to assume that about 1 f 1 
percent of the carbon in coal currently supplied to furnaces is discharged 

unoxidized. Using this fraction over the,full 1950-present interval prob 

ably introduces a time-dependent bias because the number has almost certain- 

ly been decreasing with time. 
The orher adjustment for unburned coal has to do with coal which is 

used for nonfuel purposes. Figure 3 shows the flow of U.S. coal from the 
mine to the sectors in which it is ultimately consumed and allows identifi- 

cation of the principal portion which is not used as a fuel. Of coal which 
is used for coking, two by-products form the bases for a very large chemical 
industry--the crude light o i l  and crude tar of Figure 3 .  The quantities of 
light o i l  and tar shown i n  the figure are given i n  coal equivalents by heat- 

ing value. Of the coal tar fraction, some 21 percent is typically used for 
fuel while benzene (21 percent). creosote o i l  (20 percent), and road tars 

(17 percent) are the other principal products (Wainwight, 1977). Benzene, 

toluene, and xylene typically account for 75 percent of the crude light oil. 
Thus it appears that about 7 5  percent of the coal equivalents which are 

accounted for as light oil and tar represent the coal which ends up i n  

applications where oxidation is long delayed. From U.S. data, Table 10 
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TABLE 10. LIGHT O I L  AND TAR PRODUCED FROM COAL I N  
U.S. COKE PLANTS 

( i n  millions of ton8 coa l  equivalent by heating value) 

Crude Light Oil Coal t o  % Coal Converted t o  
Year and Crude Tar Coke Plants Light O i l  and Tar 

1980 3.630 60.510 6.00 

1979 

3.677 64.773 5.68 1978 

1977 4.034 70.488 5.72 

1976 

1975 

1974 

1973 

1972 

4.014 69.944 5.74 

4.363 76.838 5.68 

4.398 75.840 5.80 

4.676 81.828 5.71 

5.013 85.366 5.87 

5.037 79.560 6.33 

1971 4.612 75.477 

1970 5.251 87.543 

1969 5.363 84.731 

6.11 

6 .OO 

6.33 

12-yea~ Mean 5.91 

From: U.S. Department of Energy (1982~. 1982d) and U.S. Bureau.of Nines 
(1973). 
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shows t h a t  on average 5.91 pe rcen t  of  t h e  c o a l  go ing  t o  coke p l a n t s  e n d s  up 

as l i g h t  o i l  and crude  t a r .  and 75 pe rcen t  of t h a t ,  o r  4.4 percent  has  

o x i d a t i o n  long  delayed.  Using t h i s  number and  s t a t i s t i c s  f o r  world coke,  w e  

can estimate t h e  f r a c t i o n  of t h e  g l o b a l  c o a l  product ion  t h a t  does no t  e n t e r  

t h e  CO2 rou te .  This  c a l c u l a t i o n  of  t h e  mass o f  U.S. nonfue l  c o a l  u s e  a g r e e s  

w i t h i n  5 percent w i t h  t h e  numbers compiled by Dupree and West (1972).  

There  a r e  t h r e e  o t h e r  c o n s i d e r a t i o n s  a s s o c i a t e d  w i t h  c o a l  product ion  

t h a t  cou ld  a f f e c t  CO2 releases. These a r e  burn ing  of wasted c o a l  on aban- 

doned m i n e  l a n d s ,  methane v e n t i l a t e d  from c o a l  mines,  and t h e  u s e  o f  SO2 

s c r u b b e r s  a t  coal-burning p l a n t s .  

Chaiken (1980) c i tes  a 1968 U.S. Bureau of Mines su rvey  t h a t  found 292 

waste banks on f i r e  and i n  a 1977 su rvey  261 c o a l  d e p o s i t s  in t h e  U.S. were 

c l a s s i f i e d  as burning. The 292 waste banks con ta ined  an e s t ima ted  49 

mi l l l o r .  t a n s  of c o a l .  Even i f  a l l  of t h i s  c o a l  was burned over  a ten-year 

pe r iod  i t  would s t i l l  amount t o  less than 1 pe rcen t  of  U.S. c o a l  consump- 

t i o n .  Although i t  i s  d i f f i c u l t  t o  estimate tonnages involved ,  burning i n  
c o a l  d e p o s i t s  i s  probably no g r e a t e r  t han  bu rn ing  on waste p i l e s .  The U.S. 

Environmental  P r o t e c t i o n  Agency (1977) has e s t ima ted  t h a t  c o a l  r e f u s e  burn- 

i n g  c o n t r i b u t e s  0.3 percent  of  U.S. carbon monoxide emiss ions ,  bu t  because 

r e f u s e  burning occur s  i n  a n  oxygen-def ic ien t  environment ,  t h e  c o n t r i b u t i o n  

t o  carbon monoxide d i s c h a r g e  shou ld  be a much l a r g e r  f r a c t i o n  than  t h e  con- 

t r i b u t i o n  t o  carbon d iox ide  d i scha rge .  Thus much less than  0.3 percent  of 

t h e  C02 emiss ions  can  be a t t r i b u t e d  t o  t h i s  sou rce ,  and ignor ing  t h i s  a s  a 

s o u r c e  o f  C 0 2  seems t o  be j u s t i f i e d .  

I n  cons ide r ing  methane v e n t i l a t e d  from c o a l  mines,  t h e  con ten t  of  g a s  

i n  coa lbeds  v a r i e s  cons ide rab ly  b u t  Sc ience  A p p l i c a t i o n s ,  Inc .  (1980) esti- 

mates a n  average  of  6.25 c u b i c  meters per ton i n  bi tuminous c o a l  and an thra-  

c i t e ,  2.5 c u b i c  meters per  t o n  i n  subbi tuminous c o a l ,  and 1.25 cub ic  meters  

per t o n  i n  l i g n i t e .  Coal mined i n  the U.S. i n  1979 was composed o f  622 

m i l l i o n  t o n s  of bituminous c o a l ,  109 m i l l i o n  t o n s  of subbi tuminous,  43 
m i l l i o n  t o n s  of l i g n i t e ,  and 4 m i l l i o n  t o n s  o f  a n t h r a c i t e  (U.S. DOE, 1981). 

The r a t i o  among t h e  f o u r  t y p e s  is .799/.140/.055/.006 (a l though t h i s  h a s  

been changing i n  r ecen t  years w i t h  i n c r e a s i n g  amounts of  lower g rade  c o a l  

being used)  and us ing  methane emiss ion  rates of  6.25/2.50/1.25/6.25 c u b i c  
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meters pe r  ton r e s p e c t i v e l y ,  t h e  t o t a l  methane emiss ions  from U.S. c o a l  

mined i n  1979 were ( a t  a n  ave rage  of 5.45 m3/ton) 4.24 x 109m3. Fully 

ox id ized ,  t h i s  would produce 2.16 x 10l2g C as CO2. Again t h i s  number is a 

v e r y  small f r a c t i o n  o f  a p e r c e n t  o f  t h e  emiss ions  from c o a l  burning and w i l l  

be ignored.  

Th'e u s e  o f  SO2 sc rubb ing  a t  c o a l  burning p l a n t s  is s t i l l  a t  a s u f f i -  

c i e n t l y  small s c a l e  tha t  i t  too  c a n  be  s a f e l y  ignored  a s  a s o u r c e  of  CO2 t o  

t h e  atmosphere.  Coal w i t h  1.5 p e r c e n t  S and 7,000 cal/gm (12,6000 B t u l l b )  

would d i s c h a r g e  2.381 l b  SO2 p e r  m i l l i o n  Btu (1.025 Kg/Kjoule). If SO2 

emiss ions  were l i m i t e d  t o  the c u r r e n t  0.6 l b  SO2 p e r  m i l l i o n  Btu,  scrubbi'ng 

would have t n  c o l l e c t  1.781 l b  SO2 p e r  m i l l i o n  Btu o r  0.0112 t o n s  S p e r  ton 

of coa l .  Approximating t h e  SO2 scrubbing  reac t ion  as a s t o i c h i o m e t r i c  

exchange of  C f o r  S i n  the gas phase  means tha t  t h e  c o l l e c t i o n  o f  0.0112 

t ons  S would release 12/32 (0.0112) - 0.0042 t ons  o f  carbon p e r  ton  of  coa l .  

Widespread u s e  of  SO2 sc rubb ing  i n  t h e  f u t u r e  could  r e a u l t  i n  a small  bu t  

measurable  increase in t h e  CO2 emiss ion  r a t e .  

The conc lus ion  a t  t h i s  p o i n t  is t h a t  from t h e  t o t a l  mass o f  c o a l  mined 

(in t o n s  c o a l  e q u i v a l e n t  o n  a 7,000 c a l / g  b a s i s )  w e  w i l l  s u b t r a c t  4.4 per- 

cent o f  the mass which goes  t o  coke  p l a n t s  (about  0.8 p e r c e n t  o f  t h e  c o a l  

mined) t o  accommodate long-term nonoxida t ive  u s e s ,  and s u b t r a c t  1 percen t  of 

t h e  remainder t o  accommodate the f r a c t i o n  which passes  through f u r n a c e s  

wi thout  be ing  ox id ized .  Our f a c t o r  f o r  ox id i zed  f r a c t i o n  o f .  world s o l i d  

f u e l  p roduc t ion  i s  t h u s  PO, - (1 - 0.008)(1 - 0.01) - 0.982 f 0.02. 



CARBON CONTENT OF FUELS 

T h e  remaining component r equ i r ed  t o  c a l c u l a t e  CO2 emissions .is t h e  

g l o b a l  average carbon c o n t e n t  of each  f u e l  group ( C i  i n  Equation 1). 

Because carbon c o n t e n t  is c o r r e l a t e d  w i t h  h e a t i n g  v a l u e ,  and because t h e  U N  

t a b u l a t i o n  o f  g a s e s  i s  i n  t e r a j o u l e s  and o f  s o l i d s  i n  t ons  of c o a l  equiva- 

l e n t  a t  7000 c a l o r i e s  pe r  gram, t h e  r e s u l t i n g  c a l c u l a t i o n s  a r e  s t r a i g h t -  

forward.  

Gases 

Although t h e r e  a r e  composi t iona l  d a t a  a v a i l a b l e  for many i n d i v i d u a l  

n a t u r a l  g a s e s ,  we have been unab le  t o  l o c a t e  any s t a t i s t i c a l  summary of  t h e  

composi t ion of  n a t u r a l  g a s e s  produced o v e r  l a r g e  geographic  areas. From t h e  

a n a l y t i c a l  d a t a  f o r  252  wel lhead samples  of wet g a s  from 17 states  a s  ansl-  

yzed by t h e  U.S. Bureau of  Mines i n  1976 (Moore, 1977). w e  e l imina ted  those  

few samples l e a s t  l i k e l y  t o  be produced as f u e l s  o r  i n d i c a t i n g  contaminat ion 

( i .e. ,  t hose  w i t h  h e a t i n g  v a l u e s  less than  8010 kcal/m3 I900 Btu/SCF] o r  

oxygen c o n c e n t r a t i o n s  g r e a t e r  t han  0.2 p e r c e n t ) .  For t h e  remaining d a t a ,  a 

mean composi t ion was c a l c u l a t e d  f o r  samples  from each  s ta te  having d a t a  

a v a i l a b l e ;  then  t h e s e  s t a t e  means were weighted acco rd ing  t o  t h e  marketed 

p roduc t ion  f o r  tha t  s t a t e  and a "weighted mean" f o r  the United S t a t e s  as a 

whole was c a l c u l a t e d  (Tab le  11, column 1). This we c a l l  t h e  1976 U . S .  

r e f e r e n c e  gas .  For comparison a s i m i l a r  "weighted mean" from t h e  373 sam- 

p l e s  ana lyzed  i n  1970 (Cardwell  and Benton, 1971) was c a l c u l a t e d  and, u s i n g  

t h e i r  1970 d a t a ,  s imp le  unweighted n a t i o n a l  means and s t anda rd  d e v i a t i o n s  

were t a b u l a t e d  (Tab le  1 1 ,  columns 2 ,  3, and 4). 
S i m i l a r l y ,  174 non-U.S. samples f rom 18 c o u n t r i e s  were used t o  calcu- 

la te  i n d i v i d u a l  coun t ry  means; d a t a  from t h e s e  18 c o u n t r i e s  were combined 

w i t h  t h e  U.S. d a t a  by we igh t ing  each a c c o r d i n g  to 1970 product ion s ta t is t ics  

t o  produce a world mean composi t ion (Tab le  11, column S ) ( d a t a  from Moore, 

1976). This a g g r e g a t i o n  i n c l u d e s  c o u n t r i e s  which r e p r e s e n t  75 percent  of 

t h e  world p roduc t ion  bu t  does  no t  i n c l u d e  t h e  USSR. 
The 1976 U.S. r e f e r e n c e  gas composi t ion  (Table  11, column 1) should 

c l o s e l y  d e s c r i b e  n a t u r a l  gas r e p o r t e d  by t h e  U.S. Bureau of Mines and U.S. 

6'15 
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1976 
U.S. Ref- 

erence Gas 

Methane 

Ethane 

Propane 

Other Hydro- 
carbons 

eo2 

Other 

1970 
Weighted 
U.S. Mear 

TABLE 11. COMPOSITION OF NATURAL GAS 
( i n  volume percent) 

( c i r c a  1970) 
Weighted 
World Mean 

89.24 

4.52 

1.95 

1.54 

0.78 

2.42 

1976 
Adjusted 
Dry Gas 

92,88 

3.91 

0.62 

-- 

-- 
2.59 

- 

8a .32 

4.65 

2.12 

1.53 

0.92 

2.46 

1970 
Unweighted U.S. 

Standard 

89.32 

4.66 

2.04 

1.56 

0.65 

2.33 

Deviation 

kca1/m3 

(BtulSCF) 

Mean 

9685.60 9723.69 9859.31 1010.85 9680.26 9 102.62 

(1088.39) (1092.66) (1107.90) (113.59) (1087.78) (1022.87) 

86.63 

5 -02 

2.57 

1.88 

0.63 

3.26 

Higher Heating Value 

9.63 

3.52 

2.56 

-- 

1.11 

-- 



Department of Energy, a s  "marketed product ion."  Marketed product ion means 

wet gas  and the " e x t r a c t i o n  loss" shown i n  the  gas f low accounts  r e p r e s e n t s  

p rocess ing  t o  remove l i q u i d s  which subsequent ly  appear  i n  t h e  accounts  as 

" n a t u r a l  gas  l i qu ids . "  The change in gas  composi t ion which occurs  du r ing  

t h e  removal of n a t u r a l  gas  l i q u i d s  r e s u l t s  in a reduct ion  of h e a t i n g  value.  

For dry  n a t u r a l  gas  d e l i v e r e d  t o  customers in 1976, t he  American Cas Associ-  

a t i o n  (1979) r e p o r t s  9086 k a l / m 3 .  Taking t h e  1976 r e fe rence  g a s ,  assuming 

removal of 20 pe rcen t  of t h e  e t h a n e .  72 pe rcen t  of the  propane (Hatch and 

Matar, 1977b),  all of the  h e a v i e r  hydrocsrbons ,  and a l l  of the HzS. C 0 2 ,  and 

H20. t h e  r e s u l t i n g  gas  (Table  11, column 6), has  a c a l c u l a t e d  h e a t i n g  va lue  

of 9103 Kcal /m . This a d j u s t e d  "dry gas" shou ld  c l o s e l y  resemble t h e  compo- 

s i t i o n  of gas  d e l i v e r e d  t o  U.S. customers in 1976 and t h a t  counted by the  UN 
as gas  product ion .  For o t h e r  y e a r s  the composi t ion should be c l o s e l y  

approximated by us ing  t h e  same wet gas  composi t ion and a d j u s t i n g  t o  t h e  

h e a t i n g  va lue  of d e l i v e r e d  gas .  as publ i shed  by the  American Gas Assoc ia t ion  

(see Table  12). Th i s  is done by removing a p p r o p r i a t e  amounts of " n a t u r a l  

gas l i q u i d s , "  e thane  and h e a v i e r  hydrocarbons and r ecogn iz ing  t h a t  t h i s  

removal has become i n c r e a s i n g l y  e f f i c i e n t  w i th  t i m e .  

3 

The 1976 a d j u s t e d  d r y  gas  c o n t a i n s  0.550 grams of carbon pe r  l i t e r  a t  

0 ° C  and, wi th  t h e  s e p a r a t e d  CO2 inc luded ,  would d i s c h a r g e  0.555 grams of 

carbon pe r  l i t e r  as C 0 2  when comple te ly  ox id ized .  Adjusted t o  60°F (15.6"C) 

t h e  tempera ture  a t  which U.S. gas  volumes are measured, and assuming i d e a l  

gas  behavior ,  t h i s  amounts t o  525.4 gC/m3 or 57.75 gC/lOOO Kcal. Doing s i m -  

i l a r  c a l c u l a t i o n s  f o r  the o t h e r  mean gas  composi t ions ,  we found t h a t  the 

carbon conten t  pe r  u n i t  of energy  could be c l o s e l y  r ep resen ted  by a l i n e a r  

r e l a t i o n s h i p  wi th  h e a t i n g  va lue .  

This r e l a t i o n s h i p  is expres sed  by the e q u a t i o n ,  - 57.357 + 1.459 x (&" - 8898) Eq. 2 cg 
where Cg is t h e  amount of carbon,  ( i n  gC/lOOO Kcal), and is the 

h i g h e r  h e a t i n g  va lue  of the g a s  (in K c a l / m 3  a t  15.6 "C). Equat ion 2 shows 

t h a t  the carbon con ten t  p e r  u n i t  of energy of t h e  gas  is not very s e n s i t i v e  

t o  t h e  h e a t i n g  va lue  of t h e  gas .  Even though t h e  h e a t i n g  va lue  of "average" 

n a t u r a l  gas has  changed s l i g h t l y  with t i m e  (as shown in Table 1 2 j ,  l i t t l e  

in fo rma t ion  is lost  by assuming a time averaged h e a t i n g  value.  The 1970-80 

world average is 8884 Kcal/m3 (37,172 Kjoules/m3).  For the fo l lowing  

reasons  we have adopted the upward rounded va lue  of 8 ,900 ka l /m3:  
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TABLE 12. MEAN HEATING VALUE OF DRY NATURAL GAS 

1980 

1979 

1978 

1977 

1976 

1975 

1974 

1973 

1972 

1971 

1970 

1969 

1965-1968 

1964 and b e f o r e  

9068 

9068 

9086 

9086 

9112 

9086 

9139 

9175 

9175 

9175 

9175 

9184 

9211 

8825 

8839 

8851 

8852 

a864 

8874 

8893 

8921 

8924 

8429 

8956 

NOTES: 

(a) 

(b)  

From American Gas A s s o c i a t i o n  (1979) ,  e x c e p t  1979 v a l u e  from U.S. DOE 
(19808) .  
These v a l u e s  are d e r i v e d  by u s i n g  a r e p r e s e n t a t i v e  ( c o n s t a n t )  h e a t i n g  
v a l u e  of g a s  from i n d i v i d u a l  c o u n t r i e s  as r e p o r t e d  i n  t h e  1980 Yearbook 
o f  World Energy S t a t i s t i c s ,  UN (1982) .  and c a l c u l a t i n g  a weighted mean, 
based on annual  product ion  statist ics.  The weighted means are based on 
t h e  6 c o u n t r i e s  t h a t  have dominated world gas product ion  o v e r  t h e  l a s t  
decade: U.S., USSR, Nether lands .  Canada, IIK, and Ronania. The d e c l i n e  
i n  t h e  h e a t i n g  v a l u e  so determined is a consequence of changing f r a c -  
t i o n s  of world t o t a l  be ing  s u p p l i e d  by t h e  U.S.S.R. and Nether lands.  
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I .  Heat ing va lues  f o r  i n d i v i d u a l  c o u n t r i e s  a r e  no t  w e l l  known, but 

t h e  UN r e p o r t s  l a r g e r  va lues  f o r  most s m a l l  p roducers  n o t  inc luded  

Ln our  ave rage ,  

2 .  The pre-1970 va lues  were probably  h i g h e r  because  U.S. g a s  made up 

a l a r g e r  f r a c t i o n  of t h e  t o t a l ,  

3. The carbon c a l c u l a t i o n  is no t  v e r y  s e n s i t i v e  t o  small changes i n  

h e a t i n g  vs lue .  

The r e g r e s s i o n  e q u a t i o n  t h e n  g i v e s  

Cg - 57.36 gC/lOOO Kcal. 

Th i s  is e q u i v a l e n t  t o  Cg = 13.70 t o n s  C / t e r a j o u l e ,  and i m p l i e s  t h a t  

“average”  n a t u r a l  g a s  c o n t a i n s  510 gC pe r  c u b i c  meter. The v a l u e  f o r  carbon 

c o n t e n t  of  g a s e s  ob ta ined  by t h i s  procedure  a p p e a r s  t o  be a c c u r a t e  t o  w i t h i n  

f 2 p e r c e n t .  

For f l a r e d  g a s  there are no d a t a  f rom which t o  estimate t h e  carbon 

c o n t e n t  d i r e c t l y .  Because f l a r e d  g a s  is l a r g e l y  a s s o c i a t e d  gas  from o i l  

f i e l d s  i t  seems u n l i k e l y  t h a t  i t s  h e a t i n g  v a l u e  is as low as i s  sugges ted  by 

t h e  h e a t i n g  v a l u e  we have used f o r  OUT g l o b a l  mean g a s  ( h e a v i l y  a f f e c t e d  by 

S o v i e t  gas ) .  Although some g a s  is f l a r e d  w i t h o u t  p rocess ing ,  i n  o t h e r  cases 

g a s  l i q u i d s  are recovered  b e f o r e  f l a r i n g .  In view of  t h e s e  c o n s i d e r a t i o n s ,  

t h e  assumption t h a t  g a s  f l a r e d  g l o b a l l y  h a s  a carbon c o n t e n t  c l o s e  t o  that 

of d r y  gas marketed i n  t h e  U.S. (525 gC/m3) appea r s  reasonable .  Because 

f l a r e d  g a s  a lmost  c e r t a i n l y  c o n t a i n s  more ca rbon  than  t h e  “average”  g l o b a l  

gas (510 gC/m3), and g a s  w i t h  more than  540 gC/m3 would be  most unusua l ,  the 

u n c e r t a i n t y  on t h e  a s s m e d  v a l u e  o f  525 gC/m3 (0.525 x lo3  gC/m3) is t aken  

t o  be  f 3 pe rcen t .  

L iquids  

Crude o i l  is a complex c o l l e c t i o n  of  hydrocarbons w i t h  about  600 i n d i -  

v i d u a l  hydrocarbons i d e n t i f i e d  t o  d a t e .  The American Petroleum I n s t i t u t e ’ s  

d e t a i l e d  a n a l y s i s  of  Ponca C i t y  Crude i s o l a t e d  some 295 hydrocarbons which 

made up 60 p e r c e n t  of  t h e  t o t a l  c rude .  “The remaining 40 percent .  undoubt- 

e d l y  c o n s i s t s  of  thousands of compounds many o f  which w i l l  never  be i d e n t i -  

f i e d ”  (Kunt,  1979, p.  34). Petroleum i s  t h e  raw material f o r  a n  e s t i m a t e d  

7,000 end-use chemica ls .  Thus t h e  a n a l y s i s  of c rude  p e t r o l e u o ’ f o r  CO2 emis- 
sions could  be ex t remely  complex. 

619 



V a r i a t i o n s  i n  petroleum a r e  most o f t e n  expressed  i n  terms o f  i t s  

s p e c i f i c  g r a v i t y  a t  60°F (15OC). The AF'I g r a v i t y .  where 

API g r a v i t y  = - 131.5, 
s p e c i f i c  g r a v i t y  

Eq .  3 

i s  an i n d i c a t i o n  of t h e  molecular  s i z e ,  carbonlhydrogen r a t i o ,  a n d  hence 

carbon con ten t  of a c r u d e  o i l .  Coleman e t  a l .  (1978) have assembled analy-  

t i c a l  d a t a ,  i n c l u d i n g  API g r a v i t y ,  f o r  800 impor t an t  U.S. c rudes  r ep resen t -  

ing major f i e l d s  and producing fo rma t ions .  The g r a v i t i e s  of  t h i s  sample 

v a r i e d  from 8.9 O A F ' I  ( s p e c i f i c  g r a v i t y  - 1.0078) t o  62.9 "MI ( s p e c i f i c  

g r a v i t y  - 0.7279) w i t h  a mean o f  34.75" API ( s p e c i f i c  g r a v i t y  0.8511) and a 

s t anda rd  d e v i a t i o n  o f  7.71 'MI. There is a similar d i v e r s i t y  among major 

world sou rces  of  c rude  and even f o r  t h e  U.S. t h e  mean of 34.75 'API is only  

i n d i c a t i v e  because i t  t r e a t s  a l l  800 a n a l y s e s  e q u a l l y  wi thou t  regard  f o r  

product ion  r a t e .  According t o  Carter (1979) ,  t h e  average g r a v i t y  of world 

c rude  v a r i e d  between 32.0 and 32.9 'API f o r  t h e  years 1970-1979 and might be 

expec ted  t o  drop  o n l y  s l i g h t l y  lower over  t h e  nex t  5 years. C a r t e r  shows 

North American ave rages  between 31.8 and  32.2 f o r  t hose  years. 

For c o n v e r t i n g  volume t o  mass u n i t s  t h e  U.N. (1982) assumes U.S. crude  

oil has  a s p e c i f i c  g r a v i t y  o f  0.848 (35.4 O A P I ) .  We used U.N.  s ingle-coun- 

t r y  va lues  f o r  s p e c i f i c  g r a v i t y  and took  t h e  weighted average  v a l u e  f o r  t h e  

10 l a r g e s t  c rude  producing  c o u n t r i e s  i n  1978 (77  pe rcen t  of  t h e  t o t a l ) .  The 

result was a s p e c i f i c  g r a v i t y  of  world c rude  of 0.857 (33.6 'API). Consid- 

e r i n g  t h i s  i n  combinat ion w i t h  -Carter's c o n c l u s i o n ,  world average c rude  

appea r s  t o  have a n  API g r a v i t y  of  32.5" 2". 

I n  Figure 4 we have p l o t t e d  p e r c e n t  carbon v e r s u s  AF'I g r a v i t y  f o r  a few 

t y p i c a l  North American c rudes  (Marks, 1978).  There is a good correspondence 

between p e r c e n t  carbon and g r a v i t y  w i t h  32.5 'AF'I sugges t ing  a composicion 

of about  85.25 p e r c e n t  carbon. Brame and King (1967) g i v e  a range  of 79.5- 

87.1 percen t  carbon f o r  c r u d e s ,  w i t h  a mean o f  84.5 pe rcen t  carbon and Hunt 

(1979) also lists 84.5 p e r c e n t  as t h e  carbon c o n t e n t  of  c rude  o i l .  The mean 

carbon c o n t e n t  of  c r u d e  o i l  w i l l  Vary s l i g h t l y  from year t o  year  as t h e  
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d i s t r i b u t i o n  of sources  changes,  and w e  conclude t h a t  C1 85.0 f 1.0 per- 

cent  carbon should adequa te ly  d e s c r i b e  t h e  mean composition of world c rude  

o i l  dur ing  the  per iod  of in terest  h e r e .  Because n a t u r a l  gas  l i q u i d s  com- 

p r i s e  only 3 percent  of t h e  t o t a l  l i q u i d s .  l i t t l e  e r r o r  can be i n t roduced  by 

apply ing  t h i s  f a c t o r  t o  t h e  sum oE c rude  pe t ro leum and n a t u r a l  gas  l i q u i d s ,  

as poin ted  o u t  above. 

S o l i d s  

As i n d i c a t e d  e a r l i e r ,  t h e  UN now a t t e m p t s  t o  e v a l u a t e  c o a l s  and tabu- 

l a tes  product ion i n  t h e  energy u n i t s  "tons c o a l  equ iva len t "  a t  7000 callgm. 

The c o r r e l a t i o n  between h e a t i n g  v a l u e  and carbon content  s u g g e s t s  t h a t  we 

can e s t a b l i s h  estimates f o r  carbon c o n t e n t  u s i n g  the knowledge t h a t  t h e  UN 
has  cons idered  t h e  h e a t i n g  va lue  in t h e i r  pub l i shed  product ion  d a t a .  That 

the  c o r r e l a t i o n  between h e a t i n g  v a l u e  and carbon con ten t  is good but no t  

p e r f e c t  i s  seen  c l e a r l y  in attempts t o  write formulas  f o r  c a l c u l a t i n g  heat- 

ing  va lue  from chemical a n a l y s e s .  For  example,  one such a t t empt  a r r i v e d  a t  

t h e  formula: 

AH" - 146.58C + 568.788 i 29.45 - 6.586 - S1.33(0 + N) Eq. 4 
where AH" i s  t h e  h i g h e r  h e a t i n g  v a l u e  in B t u / l b  and C, H, S. A, and ( W N )  
are weight pe rcen t s ,  r e s p e c t i v e l y ,  of carbon,  hydrogen, t o t a l  s u l f u r .  a s h ,  

and oxygen p l u s  n i t r o g e n  by d i f f e r e n c e  ( a l l  on a mois ture- f ree  b a s i s ) .  

While t h i s  was the mst  s u c c e s s f u l  of f i v e  pub l i shed  equa t ions  which were 

eva lua ted  by t h e  I n s t i t u t e  f o r  Gas Technology (1978). when c a l c u l a t e d  and 

measured va lues  f o r  775 U.S. c o a l s  ( i n c l u d i n g  l i g n i t e s  and subbituminous 

c o a l s )  were compared, t h e  average  of t h e  a b s o l u t e  v a l u e  of t h e  d i f f e r e n c e s  

was 93 B t u l l b  (52 cal lg) .  It is clear t h a t  whether  t h e  p r e c i s e  e x p r e s s i o n  

of Equation 4 i s  used, having  the h e a t i n g  va lue  of coal makes i t  p o s s i b l e  t o  

e s t i m a t e  the carbon c o n t e n t .  

A higher  h e a t i n g  v a l u e  of 7000 c a l / g  i s  a reasonab le  s t a n d a r d  f o r  c o a l  

e q u i v a l e n t s  and until r e c e n t l y  i t  was the s t a n d a r d  employed in t h e  UN d a t a  

t a b u l a t i o n s .  To de termine  t h e  factor  C, t o  be used  in Equat ion 1. it is  

then  necessary  t o  e s t a b l i s h  the ave rage  carbon con ten t  of 7000 c a l / g  coal. 

Although the  carbon c o n t e n t  of s o l i d  f u e l s  fs v a r i a b l e ,  f o r  7000 ca l lg  coal 

c l o s e  d e f i n i t i o n  is p o s s i b l e .  For  the Zubovic e t  a l .  (1979) compi l a t ion  of 
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c o a l  ana lyses  (mean h e a t i n g  value of 7090 c a l / g )  the a r i t h m e t i c  mean carbon 

content  waa 70.9 pe rcen t  f o r  t h e  491 samples fo r  which u l t i m a t e  a n a l y s e s  

were a v a i l a b l e .  These were samples wi th  h e a t i n g  va lues  varying from 4706 t o  

8307 c a l / g  and carbon con ten t  from 48.2 t o  85.9 pe rcen t .  For the 26 samples 

w i t h  h e a t i n g  values  between 6900 and 7100 c a l / g  the mean h e a t i n g  value was 

6997 kca l /kg  and the  mean carbon c o n t e n t  70.7 pe rcen t .  "Coal e q u i v a l e n t "  is 
thus  assumed t o  c o n t a i n  70.7 p e r c e n t  carbon. We suggest  Cs - 70.7 pe rcen t  

carbon d e s c r i b e s  c o a l  e q u i v a l e n t  w i t h i n  fZ p e r c e n t ,  a l though i t  does appear  

t h a t  the carbon f r a c t i o n  per  u n i t  h e a t i n g  v a l u e  i n c r e a s e s  s l i g h t l y  f o r  low 

grade c o a l s .  

The h ighe r  h e a t i n g  value of c o a l  is a commonly measured value and most 

of the d i s c u s s i o n  above has been based on h i g h e r  h e a t i n g  value.  However, in 

i ts  most r e c e n t  t a b u l a t i o n s  the  IJN has  a t tempted  t o  base c o a l  e q u i v a l e n t s  on 

lower h e a t i n g  va lue  ("ne t  h e a t  va lue"  in t h e i r  terminology)  while s t a y i n g  

with a 7000 c a l / g  b a s i s .  The re fo re  we must  make some adjustment .  To use 

the UN d a t a  set f o r  c o a l  p roduc t ion  w i t h  c o a l  composition in fo rma t ion  based 

on t he  h i g h e r  h e a t i n g  v a l u e ,  the c o a l  composi t ion  f a c t o r  must i nc lude  a mul- 

t i p l i e r  which s imul t aneous ly  c o n v e r t s  tons  of c o a l  e q u i v a l e n t  from a lower 

t o  a h i g h e r  h e a t i n g  value b a s i s .  Th i s  f a c t o r  is based on U.S. d a t a  and 

assumes only t h a t  t h e  r a t i o  of &"/&IL is t h e  same f o r  average world 

c o a l  a s  f o r  U.S. c o a l .  Table 3 shows, by y e a r ,  t h e  AH" of U.S. c o a l s  a s  

r epor t ed  by the  U.S. Bureau of Mines and DOE and the  h e a t i n g  value assumed 

by the IJN in conver t ing  t o n s  of U.S. c o a l  t o  tons c o a l  e q u i v a l e n t .  By 

inc lud ing  a f a c t o r  of ~ H H / W L  in t he  m u l t i p l i c a t i o n  w e  e f f e c t i v e l y  

r e v e r t  t o  s 7000 c a l / g  b a s i s ,  and this  can be regarded simply a s  a 

h e a t i n g  value adjustment  f a c t o r .  It should be changed i f  t he  UN a l t e r s  i t s  

account ing b a s i s  in the  f u t u r e .  

From the  h e a t i n g  va lues  used by the  UN in t a b u l a t i n g  U.S. c o a l  produc- 

t i o n  in t he  1980 Yearbook of World Energy S t a t i s t i c s  (Table 3) the mean 

h e a t i n g  value adjustment  f a c t o r  f o r  1970-1979 d a t a  is found t o  be 1.055. We 

assume t h i s  f a c t o r  is a p p r o p r i a t e  f o r  world coa l .  Combining the composition 

and h e a t i n g  value adjustment  f a c t o r s ,  the e f f e c t i v e  carbon con ten t  of world 

average c o a l  is found t o  be C, p (0.707)(1.055) 3 0.746 ? 0.02. We'empha- 

s i z e  t h a t  t h i s  is uniquely  a p p r o p r i a t e  f o r  t h e  UN c o a l  s t a t i s t i c s  r epor t ed  

on a *'net hea t  va lue"  b a s i s .  
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CALCULATION OF CO2 EMISSIONS AND ESTIMATION OF ERROR 

The computation of C02 emissions from fossil fuel burning is accom- 

plished by multiplying the factors developed above and summarized in Table 
13. The fuel data taken from the 1980 Yearbook of World Energy Statistics 

(UN, 1982) and the calculated values for CO2 emissions are presented and 
summed in Table 14. (The 1981 fuel and C02 emissions are estimated from 
incomplete data for that year as compiled in UN quarterly reports.) A large 

number of assumptions and approximations are embodied in these computations 
but in every case the values are rather well bounded. We have tried to draw 

these approximations in such a way as to acknowledge the uncertainties but 
to show also that the results cannot lead to large errors in the calculation 

of CO2 emissions. 
Because liquids provide probably the worst case for accumulation of 

errors, assembling and contemplating all of the errors and approximations 

contained in the calculation of CO2 emissions from liquids provides bounds 
for other fuels as well. Global production data can be used as a surrogate 

for annual consumption if identifiable nonoxidative uses are subtracted. 
Changes in stocks are small compared to production and, over a series of 

years, must contain positive and negative numbers summing to near zero. 
Assuming that crude oil and natural gas liquids could be summed on a mass 
basis introduces little error because of the demonstrated small difference 
in mean carbon content and the small contribution of NGLs to the total. 

Global fuel production numbers compiled by the United Nations are consistent 
with numbers published elsewhere and represent the best efforts of a staff 

dedicated to the sole task of bringing together all of the available lnfor- 

mation. A l l  production data are subject to revision as additlonal informa- 

tion becomes available but ultimately all data depend on the reporting of 
individual nations and production companies. The error estimates for pro- 

duction data (* 8 percent for liquids) are judgments made after discussing 
global and some individual country data with the UN staff plus discussions 
with others more familiar with U.S. data. 

The most speculative numbers in our computation are those that relate 

to how crude oil is ultimately used and the rate at which it is oxidized. 
It is absolutely clear, however, that over 9 0  percent of crude is used for 
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TABLE 13. FACTORS AND UNITS FOR CALCULATING ANNUAL CO2 EMISSIONS 

FROM GLOBAL FUEL PRODUCTION DATA* 

COQ - (P i ) (FOi ) (C i )  

From Natura l  Gas Product ion 

co 

Pg 
Fog = E f f e c t i v e  f r a c t i o n  ox id ized  i n  year  of p roduc t ion  - 0.98 f 1% 

Cg 

= C O ~  emiss ions  i n  l o 6  t ons  c 
*g 

= Annual product ion  i n  thousands of lo1' j o u l e s  ( +  = 10 %) 

- Carbon content  in l o 6  t o n s  pe r  thousand lo1' j o u l e s  = 0.0137 t 2% 

From Crude Oil and Natural Gas Liquids  P roduc t ion  
6 COZ1 = C O 2  emissions i n  10 

PI 
FO1 = E f f e c t i v e  f r a c t i o n  ox id ized  in year of p roduc t ion  = 0.918 f3% 

C 1  

t o n s  C 

= Annual product ion  i n  l o 6  t o n s  (f L. 8%) 

= Carbon content  in tons  C pe r  ton c r u d e  o i l  = 0.85 f1X  

From Coal Production 

C O ~  = C O ~  emissions i n  l o 6  t o n s  c 
P, = Annual product ion  i n  l o 6  t o n s  c o a l  e q u i v a l e n t  ( *  - 11.2%) 

FO, = E f f e c t i v e  f r a c t i o n  ox id ized  i n  yea r  of  p roduc t ion  = 0.982 t 2% 

C, = Carbon content  i n  tons  C pe r  ton  c o a l  e q u i v a l e n t  = 0.746** f 2% 

From Na tu ra l  Gas F l a r i n g  
6 COQ = C 0 2  emissions i n  10 

Pf 

FOf 

Cf 

t o n s  C 

= Annual gas f l a r i n g  in l o 9  c u b i c  meters ( *  - 20%) 

= E f f e c t i v e  f r a c t i o n  ox id ized  i n  y e a r  of  f l a r i n g  = 1.00 + 1% 

* Carbon content  in tons  p e r  thousand c u b i c  meters - 0.525 f 3% 

3 All masses a r e  in metric t o n s  (10 kg) .  

**The 0.746 v a l u e  i n c l u d e s  a h e a t i n g  va lue  ad jus tment  t o  r ecogn ize  t h a t  t h e  
carbon c o n t e n t ,  developed on a h i g h e r  h e a t i n g  v a l u e  b a s i s ,  must be 
i n c r e a s e d  when used wi th  UN p r o d u c t i o n ' d a t a  (UN. 1982) based on "ne t"  O K  

l o v e r  hea t ing  va lues .  
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6 1  

Notes: Table  14 

1. 

2. 

3 .  

4. 

5. 

Data from 1980 Yearbook of  World Energy S t a t i s t i c s ,  U N  (1982). and Data 
Tape of UN Energy S t a t i s t i c s .  

Data from 1980 Yearbook of World Energy S t a t i s t i c s ,  U N  (1982), and Data 
Tape of U N  Energy S t a t i s t i c s .  Numbers a r e  t h e  sum of  c r u d e  o i l  and 
n a t u r a l  g a s  l i q u i d s ,  bo th  i n  mass u n i t s .  

Data from Data Tape o f  U N  Energy S t a t i s t i c s ;  0.810 c o a l  equ iva lency  
f a c t o r  used f o r  hard  c o a l  produced i n  Poland ( i n  m i l l i o n s  o f  t o n s  o f  
c o a l  e q u i v a l e n t  where c o a l  e q u i v a l e n t  means n e t  h e a t i n g  v a l u e  of  7,000 
cal /gram).  

1950-70 d a t a  from R o t t y  (1974). 
1971, 1972 d a t a  from U.S. Department o f  I n t e r i o r  (1974). 
1973 d a t a  from U.S. Department of  Energy (1979). 
1974-1978 d a t a  from U.S. Department of Energy (1980b) .  
1979-1981 d a t a  are estimates by au tho r s .  

All 1981 produc t ion  va lues  are estimates based on midyear d a t a .  

The d a t a  t a p e s  of UN Energy S t a t i s t i c s  were employed w i t h  t h e  a s s i s t -  
ance of J. E. Horwedel, Carbon Dioxide In fo rma t ion  C e n t e r ,  Oak Ridge 
Nat ional  Labora tory .  
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f u e l s  t h a t  a r e  burned w i t h i n  a s h o r t  t ime o f  p roduc t lon  and e r r o r s  of  on ly  a 

few percent  o f  t o t a l  C02 emiss ions  are p o s s i b l e  a s  a r e s u l t  of accoun t ing  

inadequac ies  wi th in  t h e  f r a c t i o n  remaining unoxid lzed .  The f r a c t i o n  n o t  

ox id i zed  r e s u l t s  from both  nonfue l  u s e  and cornbustion i n e f f i c i e n c i e s . '  The 

assumption of  98.5 f I percent o x i d i z a t i o n  e f f e c t i v e l y  recognizes  t h a t  CO 

and most unburned o r  p a r t i a l l y  ox id i zed  hydrocarbons w i l l  soon be o x i d i z e d  

i n  t he  environment whi le  s o o t  w i l l  remain unoxid ized  f o r  l ong  p e r i o d s  of 

t ime. Although recogniz ing  t h a t  we have committed e r r o r s  of bo th  omiss ion  

and i n c l u s i o n ,  w e  have l i s t e d  a v a r i e t y  of  nonfue l  petroleum p roduc t s  t h a t  

have long l i f e t i m e s  be fo re  o x i d a t i o n ,  and  have assumed t h a t  t h e  ,sum c l o s e l y  

approximates  t h e  f r a c t i o n  of  petroleum which i s  no t  ox id i zed  each  yea r .  

Recent year  d a t a  sugges t  t h i s  i s  abou t  6.7 pe rcen t  o f  product ion  and w e  con- 

c l u d e  t h a t  e r r o r s  of  g r e a t e r  than * 2 percen t  of  p roduc t ion  are u n l i k e l y .  

One problem i s  t h a t  t h i s  f r a c t i o n  (and t h e  combustion e f f i c i e n c y )  a r e  func- 

t i o n s  o f  time and p l a c e  and w e  are f o r c e d  t o  r e l y  on r e c e n t  U.S. d a t a  t o  

i n f e r  long-term g l o b a l  averages .  If t h e  f r a c t i o n  of f u e l  go ing  i n t o  long- 

l i f e t i m e  p roduc t s  has  been i n c r e a s i n g  o v e r  t h e  l a s t  s e v e r a l  decades ,  u s e  of  

e s t i m a t e s  o f  t h a t  f r a c t i o n  based o n  p r e s e n t  d a t a  w i l l  r e s u l t  i n  CO2 emis- 

sions t h a t  a r e  s l i g h t l y  too low f o r  e a r l i e r  years. However t h i s  will be ,  a t  

l eas t  p a r t i a l l y ,  compensated by a n  i n c r e a s e  i n  f u e l  combustion e f f i c i e n c y  

w i t h  time. The d a t a  c i t e d  above a l s o  sugges t  t h a t  nonfue l  u ses  of c o a l  and 

n a t u r a l  gas  have been dec reas ing  w i t h  time whi l e  average  c o a l  combustion 

e f f i c i e n c y  has  been i n c r e a s i n g  w i t h  t i m e .  Data are not  a v a i l a b l e  t o  t r y  t o  

d i s c e r n  q u a n t i t a t i v e l y  the  e f f e c t  o f  changing nonfue l  uses and i n c r e a s i n g  

combustion e f f i c i e n c i e s  on t h e  growth ra te  of C02 emis s ions .  

. .  

There a r e  enough d a t a  publ i shed  on t h e  composi t ion of  world c r u d e s ,  

p a r t l y  because s o  much of vo r ld  c rude  enters i n t o  i n t e r n a t i o n a l  commerce, 

that  we can b e  q u i t e  conf iden t  i n  e s t a b l i s h i n g  i t s  mean carbon c o n t e n t .  

E r r o r s  in t h e  procedures  and t h e  c a l c u l a t i o n s  stemming from carbon c o n t e n t  

O r  from f r a c i o n  ox id ized  are much smaller than  t h o s e  from f u e l  d a t a .  

W i t h  p r e s e n t  g l o b a l  f u e l  d a t a ,  e r r o r  l i m i t s  cannot  be a s s igned  w i t h  

s c i e n t i f i c  p r e c i s i o n ,  bu t  r a t h e r  t h e  va lues  i n d i c a t e d  r e p r e s e n t  o u r  sub- 

j e c t i v e  judgment f o r  a n  approximate 90 percent  conf idence  i n t e r v a l  o v e r  

d i s t r i b u t i o n s  no t  u n l i k e  normal. This i s  d i s t o r t e d  somewhat when w e  recog- 

n i z e  t h a t  some of  t h e  f a c t o r s  u sed  a r e  dominated by d a t a  from t h e  most 
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recent  t h i r d  of t h e  d a t a  sequence and t h a t  t i m e  dependent b i a ses  have been  

introduced by employing cons t an t  m u l t i p l i e r s  f o r  the e n t i r e  1950-1981 

per iod.  Working l a r g e l y  in energy u n i t s  shou ld  suppress  t ime-dependent,  

Systematic  e r r o r s  in t he  f u e l  product ion  and f u e l  composi t ion d a t a .  but f u e l  

combustion e f f i c i e n c y  and nonfue l  use have a lmost  c e r t a i n l y  undergone 

systematic changes not  recognized in our  c a l c u l a t i o n .  S ince  these  changes 

a f f e c t  q u a n t i t i e s  which a r e  of t h e  o rde r  of a few pe rcen t  and t h e  q u a n t i -  

t i es  are then  s u b t r a c t e d  from u n i t y ,  any ad jus tments  can g ive  only  small  

changes in n e t  CO2 product ion  o r ' i t s  r a t e  of increase. 

We have e s t ima ted  the o v e r a l l  u n c e r t a i n t y  a s s o c i a t e d  w i t h  C 0 2  emiss ions  

by the a n a l y s i s  dep ic t ed  in Table 15. In 1980 t h e  C 0 2  emiss ions  from each  

f u e l  group were d iv ided  a s  fo l lows :  14 p e r c e n t  from n a t u r a l  gas ,  47 p e r c e n t  

from l i q u i d  f u e l s ,  37 percent  from s o l i d  f u e l s ,  and 2 percen t  from f l a r i n g  

gas. Using these  percentages  as weight ing  f a c t o r s  on t h e  u n c e r t a i n t i e s  f o r  

each f u e l  group, t h i s  a n a l y s i s  sugges t s  t h a t  the estimates on t h e  g l o b a l  

t o t a l  emiss ions  of C 0 2  from f o s s i l  f u e l s  p re sen ted  i n . T a b l e  14 have a n  

u n c e r t a i n t y  of between 6 and 10 p e r c e n t ,  depending on how one chooses t o  

aggregate  t h e  u n c e r t a i n t i e s .  

The u n c e r t a i n t y  in t h e  va lue  used f o r  f u e l  produced i s  independent  of 

t he  u n c e r t a i n t y  in t h e  e s t i m a t e  f o r  f r a c t i o n  ox id ized  and the  e s t i m a t e d  

carbon con ten t .  The u n c e r t a i n t y  in t h e  product  of t h e  t h r e e  terms is e a t i -  

mated by t h e  square root  of t he  sum of t h e  squa res  of t h e  u n c e r t a i n t y  in 

each i n d i v i d u a l  component. However, in summing t h e  u n c e r t a i n t i e s  f o r  C 0 2  

emissions from each f u e l  type t o  o b t a i n  an o v e r a l l  u n c e r t a i n t y  f o r  g l o b a l  

C 0 2  emiss ions  independence I s  not assured .  I f  t h e  d a t a  f o r  each f u e l  t ype  

were t o t a l l y  independent ,  the square-root-of-the-sum-of -the-squares would be 

the  a p p r o p r i a t e  procedure and the  e s t ima ted  u n c e r t a i n t y  would be 6.06 per-  

cen t .  In a t  least a few cases, i t  is l i k e l y  t h a t  d a t a  f o r  g a s e s ,  l i q u i d s  

and/or s o l i d s  a r e  developed and t a b u l a t e d  in t h e  same o f f i c e  or even by t h e  

same i n d i v i d u a l  and e r r o r s  of t he  same type may occur  in d a t a  f o r  more than  

one f u e l  type.  In t h i s  case compensating e r r o r s  would not  occur  and t h e  

cumulative u n c e r t a i n t y  could be as much as I f i  /cEJ, 10.16 pe rcen t  in 

t h i s  case (see  Table 15). The e s t ima ted  u n c e r t a i n t y  in the f i n a l  emis s ion  

numbers of between 6 and 10 percent  is based on a 90 percent  conf idence  

i n t e r v a l .  
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F 

Gases 

Liquids  

So l ids  

Gas Flared  

TABLE 15. UNCERTAINTIES I N  C02 EMISSIONS ( X )  

E l  
Fue 1 

Produced 
(PI 

10 

8 

11.2 

20 

I I 3 

1 I 10.25 

1 1 3 I 20.25 

Weighted** 
Emissions 

i 4 3  

1.47 

4.01 

4.28 

0.41 

T o t a l  Uncer ta in ty :  a .  If u n c e r t a i n t i e s  [ l ( f  /LFI2] = 6.06 
f o r  t h e  i n d i v i d u a l  1 1  
f u e l s  are mutua l ly  
independent .  

b. If u n c e r t a i n t i e s  f o r  If  - 10.16 
t h e  i n d i v i d u a l  f u e l s  i 1  
are not  independent .  

* E j  is t h e  u n c e r t a i n t y  in t h e  f a c t o r s  P, FO, and C f o r  a given f u e l  
type  i. 

** Weighted by 1980 weight ing  f a c t o r  f i  = 1980 emiss ions  from i t h  
f u e l  type d iv ided  by t o t a l  1980 emiss ions .  
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The u n c e r t a i n t y  o f  6 t o  10 percen t  is a p p l i c a b l e  t o  C02 emiss ions  f o r  a 

g i v e n  y e a r ,  but t h e  u n c e r t a i n t y  i n  t h e  r e l a t i v e  change from y e a r  t o  year  is 

a d i f f e r e n t  problem. Growth rates a r e  de te rmined  by l i n e a r  l e a s t  squa res  

f i t t i n g  of t h e  loga r i thms  o f  t h e  annual  emis s ions  and t h u s  conf idence  i n  
growth rates can  be  d i f f e r e n t  from conf idence  i n  annua l  va lues .  There is a 

memory component i n  t h e  annual  f u e l  d a t a ;  t h a t  is, f u e l  p roduc t ion  d a t a  f o r  

a g iven  yea r  a r e  in f luenced  by, and hence no t  t o t a l l y  independent  o f ,  t h e  

prev ious  year's d a t a .  One of  t h e  checks employed by t h e  UN is t h a t  r e p o r t e d  

product ion  d a t a  m u s t  demonst ra te  c o n t i n u i t y  w i t h  t h e  p rev ious  y e a r ' s  values .  

In  a d d i t i o n ,  some time-dependent b i a s  may be in t roduced  by the c a l c u l a t i v e  

procedure used. However, i f  we assume t h a t  t h e r e  is a c o n s t a n t  exponen t i a l  

growth i n  C02 emiss ions  f o r  a p a r t i c u l a r  p e r i o d ,  t h e n  w e  can u s e  some s imple  

s t a t i s t i c s  t o  estimate conf idence  l i m i t s  on the annua l  growth rate. Assum- 

ing  t h a t  t h e  y e a r l y  emiss ions  are independent ,  and t h a t  the s t a t i s t i c a l  

d e v i a t i o n  from c o n s t a n t  exponen t i a l  growth is the aame as the s t a t i s t i ca l  

d e v i a t i o n  i n  t h e  i n d i v i d u a l  annual  emis s ions ,  and t h a t  f 8 p e r c e n t  is t h e  90 

percent  conf idence  bound o n  i n d i v i d u a l  v a l u e s  we c a l c u l a t e  tha t  t h e  annual  

growth r a t e  f o r  t h e  pe r iod  1950-1973 is 4.46 f 0.24 percen t .  For t h e  per iod  

1973-1981 i t  is 1.86 f 1.13 percent .  

Because of  the memory i n  the d a t a  system, d a t a  p r e c i s i o n  can  be  much 

g r e a t e r  than  d a t a  accuracy;  t h e  u n c e r t a i n t y  i n  i n d i v i d u a l  v a l u e s  is n o t  

r e f l e c t e d  i n  t h e  d i f f e r e n c e  between s u c c e s s i v e  annua l  va lues .  Thus, i n  

de te rmining  y e a r  t o  y e a r  d i f f e r e n c e s ,  u s i n g  annua l  v a l u e s  c a l c u l a t e d  t o  f o u r  

s i g n i f i c a n t  f i g u r e s  is n o t  i n a p p r o p r i a t e .  

To reduce t h e  u n c e r t a i n t y  i n  t h e  f i n a l  result would r e q u i r e  t h a t  t h e  

r e l i a b i l i t y  ( o r  conf idence  i n )  t h e  f u e l  p roduc t ion  d a t a  be  s u b s t a n t i a l l y  

improved. It is shown c l e a r l y  i n  Table  15 t h a t  most of  the u n c e r t a i n t y  i n  

c a l c u l a t i n g  C02 emiss ions  from f o s s i l  f u e l s  comes d i r e c t l y  from t h i s  source.  

Developing improved conf idence  i n  t h e  UN f u e l  S ta t i s t ics  f o r  even t h a t  small 

group of  c o u n t r i e s  t h a t  produce most o f  t h e  wor ld ' s  f u e l ,  would r e q u i r e  a 

major e f f o r t .  

We have made no a t t empt  t o  examine C02 emiss ions  p r i o r  t o  1950. E s t i -  

mates  of Keel ing (1973) remain t h e  o n l y  s o u r c e  ex tend ing  back t o  1860. 

There is v i r t u a l l y  no d i f f e r e n c e  between t h e  results p resen ted  h e r e  f o r  t h e  

e a r l y  1950's and Kee l ing ' s  va lues  f o r  t he  same p e r i o d  (e.g., 1618 x lo6 t o n s  
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C f o r  1950 c a l c u l a t e d  h e r e  compares wi th  1613 x IO6 ton8 carbon c a l c u l a t e d  

by Keeling).  Although t h i s  appa ren t  agreement makes it e a s y  t o  combine d a t a  

€or t h e  two p e r i o d s  i n t o  a s i n g l e  sequence, w e  c a u t i o n  t h a t  t h e  two s e r i e s  

have been developed by d i f f e r e n t  methods from d a t a  sets having d i f f e r e n t  

uncer. taint  ies. 

The on ly  o t h e r  s i g n i f i c a n t  c o n t r i b u t i o n  of CO2 emissions from indus- 

t r i a l  a c t i v i t i e s  appea r s  t o  be r e l a t e d  t o  cement manufacture.  Cement pro- 
d u c t i o n  c o n t r i b u t e s  abou t  2 perceu t  a d d i t i o n a l  t o  t h e  t o t a l  COT emiss ions .  

Cement d a t a  have not been reexamined h e r e  and for a complete d a t a  set of 

i n d u e t r i a l  C02 r e l e a s e s ,  cement d a t a  from R a t t y  (1982) should be added t o  

t h e  f o s s i l  f u e l  d a t a  d e r i v e d  here .  
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CONCLUSIONS 

An impor t an t  outcome of t h i s  exercise i s  t h a t  an independent  examina- 

t i o n  o f  t h e  f u l l  computation of  CO2 emiss ions  from f o s s i l  f u e l s  has  been 

completed and no fundamental  o v e r s i g h t s  i n  t h e  e a r l i e r  methods o f  Keel ing  

and of Rot ty  have been found. D i f f e r e n c e s  from t h e  e a r l i e r  r e s u l t s  a r e  

minor,  w e l l  w i t h i n  t h e  u y e r t a i n t y  l i m i t s  i n  t h e  d a t a  a v a i l a b l e .  A t  t h e  

same t i m e  we emphasize t h e  u n c e r t a i n t i e s  i n  t h e  r e s u l t s ,  and any e f f o r t  

toward a g l o b a l  carbon ba lance  should acknowledge t h a t  CO2 produc t ion  nun- 

b e r s  r e p o r t e d  t o  t h r e e  o r  f o u r  s i g n i f i c a n t  f i g u r e s  a r e  none the le s s  s u b j e c t  

t o  s u b s t a n t i a l  u n c e r t a i n t y .  

The CO2 emiss ions  g iven  i n  Table  1 4  are d i sp layed  i n  F igu res  5 and 6. 

F igu re  5 shows g r a p h i c a l l y  t h e  ra te  a t  which CO2 emiss ions  have been growing 

and t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  t h e  v a r i o u s  f u e l s .  This f i g u r e  shows the 

e a r l y  dominance of  t h e  emiss ions  from c o a l  and t h e  r a p i d  i n c r e a s e  i n  

emis s ions  from l i q u i d s  between 1950 and t h e  e a r l y  1970s. The d i s r u p t i o n  of 

t h e  growth i n  emiss ions  t h a t  accompanied t h e  d rama t i c  change i n  energy 

p r i c e s  and a v a i l a b i l i t y  beginning  i n  1973 is c l e a r l y  e v i d e n t  and appea r s  t o  

be  most ly  a consequence of  reduced u s e  o f  o i l  and gas .  

In Figure 6 t h e  pe rcen tages  shown a re  average exponen t i a l  growth r a t e s  

c a l c u l a t e d  by l inear  least s q u a r e s  f i t t i n g  of  t h e  loga r i thms  of  t h e  annual  

emiss ions .  Although t h e  t r e n d s  i n d i c a t e d  i n  F igure  6 f o r  t h e  pe r iod  follow- 

i n g  1973 a r e  baaed on only n i n e  p o i n t s  and hence are s u s c e p t i b l e  t o  some 

adjus tment  as a d d i t i o n a l  y e a r s  are added t o  t h e  d a t a ,  t h e  change i n  growth 

rates around 1973 is q u i t e  e v i d e n t .  The pre-1973 4.5 p e r c e n t  annua l  r a t e  of  

growth in C02 emiss ions  from a l l  f o s s i l  f u e l s  has  been reduced t o  less than 

h a l f  tha t .  Carbon d i o x i d e  emiss ions  from oil and g a s  show the 1973 change 

even more c l e a r l y .  The appa ren t  small i n c r e a s e  shown i n  t h e  growth race in 
c o a l  product ion  fo l lowing  1973 must be cons ide red  i n  terms of  the r e l a t i v e l y  

s h o r t  p e r i o d  ove r  which t h e  2.57 pe rcen t  annual  r a t e  was determined.  The 
b a s i c  change in t o t a l  f o s s i l  f u e l  u s e  t h a t  occu r red  i n  1973 could  be q u i t e  

impor t an t .  Rates  of growth of CO2 emiss ions  that  were o c c u r r i n g  wi th  "cheap 

energy" are  u n l i k e l y  i n  t h e  near f u t u r e .  

Although t h e  e s t ima ted  u n c e r t a i n t y  i n  t h e  CO2 emiss ions  is about  10 

p e r c e n t ,  t h e  t r e n d  of  i n c r e a s i n g  emiss ions  from f o s s i l  f u e l s  is f i rmly  
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e s t a b l i s h e d .  There may be a sma l l  time-dependent e r r o r  i n  t h e  emissions 

c a l c u l a t i o n  bu t  t h e  1950-1973 annual  growth rate c a n n o t . b e  f a r  from t h e  4.5  

percen t  pe r  year  c a l c u l a t e d  here  and,  a l though  no t  y e t  w e l l  de f ined ,  

t h e  growth r a t e  fo l lowing  1973 is abou t  h a l f  t h e  e a r l i e r  r a t e .  Even p r i o r  
t o  t h e  1981-82 r e c e s s i o n  ( d u r i n g  which t h e  emiss ions  a c t u a l l y  decreased f o r  

two consecu t ive  y e a r s )  t h e  reduced growth rate was c l e a r l y  e v i d e n t .  
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