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Abstract

The United Nations Framework Convention on Climate Change (UNFCCC) requires that all parties to the convention periodically
report their emissions of greenhouse gases and the Intergovernmental Panel on Climate Change (IPCC) has published guidelines on how
to estimate these emissions. Estimating carbon dioxide)@Missions is complicated by the fact that consumption of fossil-fuels and
harvesting of forests do not necessarily mean that the contained C has been released to the atmosph&weras €&rtions of fossil-fuels
and harvested wood are incorporated into products that have lifetimes ranging from months to centuries. The IPCC methodology addresses
durable products by assuming that some prescribed fraction goes to permanent storage while the remainder is oxidized instantly. The
question posed here is whether the annual increase in stocks of durable products, i.e. the difference between the rates of production and
oxidation, can be reasonably estimated as a simple fraction of their current rate of production. Although the annual stock change can be
described as a simple fraction of annual production when production is growing exponentially and oxidation is a first order decay process,

a description of annual stock changes needs to consider how both production and oxidation are evolving with time, regardless of the
functional forms of these changes with time.
© 2003 Published by Elsevier Science Ltd.

Keywords: Carbon sequestration; Greenhouse gases; Wood products; Non-fuel hydrocarbons; Carbon cycle

1. Introduction lubricants, plastics, asphalt, and other products that are 0xd-
dized over periods ranging from months to decades, or even

The primary driving force for global climate change is longer. Some fossil-fuels find their way into products oss
emissions of the greenhouse gas carbon dioxide]@0m landfills where they are not oxidized over periods of cum7
combustion of fossil-fuels. Clearing of forests has been an- rent interest for global climate change. Similarly, some fraas
other major contributor to the increasing concentration of at- tion of the material removed from forests is not immedisg
mospheric C@, although it is currently on the order of 25% ately oxidized with the harvesting of the forest, but rathew
of emissions from fossil-fuels. In order to understand the is converted into paper, packaging, lumber, etc. and is ox-
historic increase of atmospheric g@nd the potential for  idized over an extended period of time. In the US, 8% ok
additional build-up of C@in the atmosphere, the rate of re- fossil-fuel use is for non-energy purpos&sS(EPA, 200}, s3
lease of CQto the atmosphere has been estimakédr{and and petrochemicals account for 7% of global oil consumps
et al., 2001; Houghton and Hackler, 200These estimates tion (Gielen, 1997. Some 12% of fossil-fuel consumption inss
of CO, flows are based on the rate at which fossil-fuels are Western Europe is for non-energy uses, and in The Nethes-
consumed and the rate at which land is converted from a landlands 26% of petroleum is used for synthetic organic chers-
cover with high carbon density (e.g. forests and grasslands)icals Gielen, 1997. The challenge is furthered for nationalss
to a land cover with low carbon density (e.g. croplands and emissions estimates in that, for example, 75% of petrochesa-
urban areas). ical products produced in The Netherlands are exported asod
Estimation of CQ emissions from fossil-fuels is com- not oxidized within The Netherland§kog and Nicholson 1
plicated by the fact that fossil-fuels that are consumed are (1998) estimate that US wood consumption in 1992 ine2
not necessarily oxidized immediately to QA significant cluded 147 million tonnes of carbon and that the increase
fraction of petroleum production, for example, is used as in stocks of wood and paper products (in use and in lanek
fills) contained a mass of carbon that was equivalent

* Corresponding author. Tek:1-865-241-4850. 4.5% of US carbon emissions from fossil-fuel use in 199@s
E-mail address: marlandgh@ornl.gov (G. Marland). Buchanan and Levine (199Bave estimated that the typical,s7

1462-9011/03/$ — see front matter © 2003 Published by Elsevier Science Ltd.
doi:10.1016/S1462-9011(03)00003-0



68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

101

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

ARTICLE IN PRESS

2 E. Marland, G. Marland/ Environmental Science & Policy 268 (2003) 1-14

small New Zealand home, with light wood framing, contains
34 kg C/nf.

If we want an accurate understanding of the flows of car-
bon in the terrestrial system, and if we want accurate esti-
mates of emissions of CCto the atmosphere, we need to
focus on the flows of organic-derived materials with enough

detail to accurately reflect the time path over which they are Fig. 1. The stockS of carbon in a pool of products will be increased by
oxidized to CQ the rate of production, flow, and decreased by rate of oxidation, fl&w

There is further interest in estimatin reenhouse 0as If the rate of oxidationB is less than the rate of productidn the stock
IS u ! ! ! ng g9 u 9 will increase. If flowB is a function of the stockB = f(S), then it may

emissions as concern rises about trying to mitigate anthro-pe possible to estimate the change in stack = J — B as a function
pogenic changes in climate. The United Nations Framework of J only.
Convention on Climate Change (UNFCCC) requires that
countries submit a periodic inventory of their emissions of
greenhouse gases. The Convention has been ratified by oveconditions. In this paper we explore the conditions under
185 countries and entered into force on March 21, 1994. Thewhich the Marland and Rotty/IPCC approach is appropriate
requirements of the UNFCCC would be strengthened with and illustrate what is necessary in order to generate more
ratification of the Kyoto Protocol. The Kyoto Protocol seeks accurate inventories of GQemissions. 124
to add to the UNFCCC binding, quantitative national limits Our concern is with the extent to which the rate of oxizs
on the emission of greenhouse gases to the atmosphere. Atlation of products from fossil-fuels or forest harvest differss
the time of this writing, The Kyoto Protocol has not yet been from their rate of production, i.e. the extent to which therer
ratified by enough countries to enter into force, although is a net accumulation or loss of carbon in durable prads
entry into force in the near future appears likely. ucts. With respect to an increase in the stock of carboruin
Estimating emissions of CGOfrom non-fuel uses of  long-lived petroleum productdylarland and Rotty (1984)130
petroleum and wood products could be done with detailed wrote, “over long time scales the amount oxidized each year
statistics on the production and fate of all organic products, will equal the amount produced each year as long as the
but the number and variety of products is very large and amount produced each year is nearly constant. When the
the accounting challenge would be considerable. We searchaverage lifetime of the unoxidized materials is very long o
for a simpler approach that will estimate the flow of £0 when the amount produced each year is growing, theresis
to the atmosphere with sufficient accuracy, but will do so a net amount that remains unoxidizetarland and Rotty 136
with methods and data that are widely accessible to ana-(1984)then suggested the assumption that for products with
lysts interested either in understanding the global cycling increasing rates of production, the annual increase in stocks
of carbon or in monitoring efforts to reduce emissions to (Sin Fig. 1) could be approximated as a function of their rates
the atmosphere. of production {in Fig. 1). In particular, they suggested thatso
the increase in carbon stocks in products each year could+be
represented as a simple fraction of the annual productionifar
2. Methods certain categories of products, i£5J could be treated as a3
constant. As an example, Marland and Rotty suggested that
In 1984, Marland and Rotty described an approach for an amount equivalent to “about 40% of the LPG and ethane
producing an annual inventory of G@missions to the at-  produced from natural gas processing plants ends up in ma-
mosphere from consumption of fossil-fuels. This approach terials which are not soon oxidized. (That is, for a givaar
recognized that part of the fuel is oxidized promptly during year, oxidation of current year production plus the sum frams
combustion but that part of the flow is to fossil-fuel prod- continuing oxidation of previous years’ production amounts
ucts of varying life expectancy. They offered a simplified to 60% of current year production.)” 150
method for dealing with the fraction of fossil-fuel that goes ~ The IPCC methodology booktRCC, 1997 do not quite 151
to non-fuel uses. The basic approachvdrland and Rotty convey the same nuance that we are concerned aboutithe
(1984)is now embodied in guidelines for national inven- balance between production and destruction and, from thesa,
tories of greenhouse gas emissions published by the Inter-the change in stocks over time; but they accomplish the same
governmental Panel on Climate ChangfeGC, 1997 and thing mathematically by assuming that some fraction of pnas
it is the IPCC guidelines that are used in national reporting duction goes into permanent storage while the remaindetsis
under theUNFCCC (2000) This approach provides a fun- oxidized in the year of productioffable 1shows the num- 157
damental simplification for dealing with durable products bers suggested by tHeCC (1997)and, more recently, byiss
that is useful because of its simplicity and because it relies the US EPA (2001Yo describe the relationship between thes
only on easily available, current year data. It can be used byrate of current production of various products and the ise
any country, or other entity, with basic data on the supply crease in stocks of those products. Numbers between 0 ard 1
and demand for non-fuel products. The approach is indeedsuggest that carbon stocks are increasing over time as a frac-
a simplification, however, and is strictly valid under limited tion between 0 and 100% of the current rate of productiass

J (production) —}+ Stock S —t+» B (oxidation)




164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199

ARTICLE IN PRESS

E. Marland, G. Marland/Environmental

Table 1

Science & Policy 268 (2003) 1-14 3

Non-fuel use of petrochemicals involves thousands -of

Coefficients suggested by the IPCC and US EPA for estimating the products, but even a detailed material flow analysis can fa-

annual rate at which the carbon contained in non-fuel petroleum products
accumulates in the products rather than being released to the atmospher

as CQ

Fuel product Equivalent fraction of
annual production

stored in products

Equivalent fraction of
annual production
stored in products

(IPCC, 1997 (US EPA, 200}

Naphth&@ 0.80 0.91
Lubricants 0.50 0.09

Bitumen 1.00 1.00

Coal oils and tars 0.75

Natural ga8 0.33

Gasl/diesel ol 0.50 0.50

LPG? 0.80 0.91

Ethané 0.80

The coefficient is multiplied by the annual production to get the increase
in stocks.
aWhen used as a feedstock.

cus primarily on less than 50 chemicals that make up the
Bulk of production Gielen and Patel, 1999With sufficient 203
product and sectoral break-down, products and fates gan
be pointedly identified; but the method still assumes thad
each product is either oxidized immediately or not at albs
Gielen (1997 )writes, for example, “Contrary to the (IPCC}o7
guidelines, all lubricants are considered short-lived apphs
cations, because in the natural environment they are move
readily converted into C@®than, for example, plastics andzio
because their ultimate conversion to £€annot be traced211
from other statistics.'Gielen and Patel (199%uggest, on 212
the basis of material flow analysis, that carbon storagezim
products is less than is estimated from the IPCC guidelinas.
In fact, the agreement between the two estimates for e
Netherlands (IPCC method versus materials flow approazia)
reported byGielen (1997)seems remarkably good, withirei7
25%, given that he suggests the materials flow estimate nay
be +£15%. 219

An alternate approach to treating durable products is one We continue to investigate the idea that the changezin

that has evolved from the ideas ©kken and Kram (1990)
(see also, for exampl&ielen, 1997. This approach (ma-
terial flow analysis) tries to follow, statistically, the multi-

stocks of non-fuel products could be simply estimated asa
function of their rate of production. In this paper, we explopez
the functional forms o andB (Fig. 1) with respect to time 223

tude of processes and products involved in the non-fuel usesand show how the change in stocksS) is then related to 224
of fossil-fuels and divides them into short- and long-lived the rate of productionJj. Our basic question is whether it ig2s
products. The short-lived products are assumed to oxidizeindeed reasonable to represent the annual change in staeks
in the year of production and the long-lived products are as- as a simple multiple of the current rate of production (i.ez
sumed to persist indefinitely. The only deviation from this AS= constantx J or ASJ = constant). When there is not2s
is that combustion of long-lived products at waste disposal a simple relationship betweetS and J, we ask what ad- 229
facilities is captured and reported as emissions from wasteditional data are required in order to approximate the rate
disposal (organic materials placed in modern landfills can of oxidation of the carbon that is used for durable producis.
be expected to lose very little carbon mass over century Our intention is to capture in this representation both the
time scales). In essence, this treatment assumes that there igxidation of products during waste processing and their axs
no oxidation of products in use and oxidation of long-lived idation during use. The latter may be particularly useful feas
products is captured only if it results from waste combus- considering durable wood products. 235
tion. The US national reports to the UNFCCOS EPA, For this paper, we have modeled the change in stockaasf
20017) follow this philosophy. The IPCC methodology also petrochemical and wood products using differential equar
supports this approach and suggests 20 years as the demarcéens to describe the rates of production and destructiess.
tion between short- and long-lived produdi&elen (1997) Solutions to the differential equations were achieved usirg
in fact, suggests that only products with life times greater the standard differential equations tools available on Maple
than 20 years should be considered for correction of the as-software produced by Waterloo Maple Inc. The solutions ai
sumption that fossil-fuel products are oxidized immediately the equations are exact analytical solutions, not approxima-
at consumption. tions, that were then plotted in the desired formats. 243
One problem with the material flow analysis approach is
that it requires finely resolved data on many more products
and processes than treated in the IPCC methodology, and i3. Estimating stock change as a function of
therefore very data intensive. Even its proponents recognizeproduction rate
that the approach will be of limited utility for many countries
where data are less readily available than in the US and3.1. A simpleillustration
The Netherlands. Required data may often be proprietary or
expensive to obtainGielen (1997)suggests that “whether Consider a specific (new) product, derived from petroleuwm
the difference between the material flow method and the or wood. We assume that the product is produced at a con-
IPCC methodology warrants the far more elaborate material stant rate and oxidizes during use with a half-life of 1 yeao
flow accounting calculations should be judged within the Oxidation is described here as a first order decay where dwe
UNFCCC framework.” rate of decay is proportional to the amount of stock present

244
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Fig. 2. When the rate of production of a product is constanf at 1 unit per year and decay is first order with a half-life of 1 year, the stock will
increase for about 6 years (six half-lives) before reaching a steady state near 1.4 times the annual rate of production ((A) solid line). Sigulianeous
ratio between the change in stocks and the rate of produci@®J) will decline rapidly for about 6 years before approaching an asymptote at 0, when

the rate of production is exactly balanced by the rate of oxidation ((B) solid line). When the rate of production of a product is coustarit uatit

per year and decay is first order with a half-life of 20 years, the stock will increase for about 120 years (six half-lives) before reaching a steady state
near 29 times the annual rate of production ((A) dashed line). Simultaneously, the ratio between the change in stocks and the rate of pri&d)ction (

will decline rapidly for about 120 years before reaching 0 when the rate of production is exactly balanced by the rate of oxidation ((B) dashed line).

(Eg. (1). The rate of production is a constahfThe change  oxidized is equal to the amount produced for all years adz
in the stock in yeat will be described byeg. (2) The solid ter the 6th year. For years up to year 6, we could describe
line in Fig. 2A shows that the stock will increase for about the increase in carbon stocks as a fractionldfASJ in 264
6 years after which it will remain constant indefinitely. In Fig. 2B, solid line), but the fraction would change rapidlyss
the simple approach describedidarland and Rotty (1984)  with time as the steady state level of the carbon stock (abzmat
and thelPCC (1997) we would say that for every year after 1.4 times the annual rate of production, $€g. 2A) was 267

year 6, there is no increase in carbon stocks in the product,approached. 268
the rate of oxidation in any given year is equivalent to the

rate of production, and there is no product sent to long-term g ;) — kS() = (In_2> S(t) 1)
storage. A national inventory would show that the amount T1/2 269
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wherek is the rate coefficient for the oxidation amg,, the Table 2
half-life of the product. Approximate time required to achieve a steady state stock of products,
and the amount of that stock, when production is constant and decay is
d_S — T — B = T (1) — <In 2) S 2) first order; with different values for the product half-life
dr T1/2 Rate of production  Half-life of Steady state Time to

In the following sections, we explore circumstances where (Mass units per yearproduct stock of product - approximate
products have longer half-lives and/or the rate of production, (vears) (mass units) ?;'zz?é’) state
J is not constant. We seek simple rules to characterize the 1 4 6
rate of change in carbon stocks as a function of the rates; 5 79 20
of production and/or oxidation, and that may be useful for 1 10 14.4 60
carbon-containing products in use on earth. After looking 1 20 28.9 120
at several hypothetical situations, we examine real data forl 100 144.3 600

production of three products and examine the implications

for estimating greenhouse gas emissions. . _
annual rate of production. In the early years of productianz

3.2. Constant production an amount equal to a large fraction of the annual productis
will add to the stock of products, but as the time approaches
With production constant and a short half-life for the prod- about six half-lives, the annual increase in the product staek
uct, the stock of product was sedfid. 2, solid line) to soon WI|| approach zero. The stock WI|| _stablllze at ak_)out 13%6
reach steady state, with no further increase in the stock oftimes the annual rate of production times the half-life of ther
product. The time to steady state, however, increases withProduct (actually (1/in 2) times the half-life). The criticadzs
the half-life of the product. Consider the same circumstance Parameter for describing the annual increase in stocks ishe
as inFig. 2 (solid line), except that the half-life for oxida-  ratio between elapsed time and the product half-life. 330
tion of the product in use is 20 years. In this case, the stock
of product will increase for some 120 years, and then will

remain constant, so long asremains constant{g. 2A, 4. Exponentially growing production 331
dashed line)Fig. 2B (dashed line) shows that the annual in- .
crease in the stockX(S) drops from essentially 1.0 timek In an expanding global economy, we observe that the rage

in the first year to 0.1 around year 70 and to near zero by ©f production of many goods and services is not constantzas
year 120. The annual increase in stocksS( could not be i the examples dfig. 2 butis growing. Global population,ss4
accurately described as a simple fraction of the rate of pro- for example, is one parameter driving production and it has
duction () without knowing the time since production began been growing exponentially at a rate that is now about 1.3%
and the half-life. Although one might reasonably note that Per year (Vorld Resources Institute, 2000Ve consider the 337
ASJ could be approximated as@® + 0.05 after year 70, ~ relationship between the rate of production and the stockaf
this approximation does not accurately represent the first 70@ wood or petrochemical product, and we consider first the
years of production; years during which stocks grow rapidly case for exponential growth in production. For exponentiad

toward eventual stabilization at about 29 tinde§o gener-  growth, the rate of production is described By. (3) 341
alize_,_we can show that the level of carbon stocks actually J(t) = J(t — 1)e't (3) 342
stabilizes at a value equal tg/2/In 2. For our purposes, we

define this steady state to have been reached when the ratevhere/(0) = 1, andr is the exponential growth rate. 343

of stock change is only 0.01 times the production rate per We continue to assume that product oxidation is a fiest
half-life, i.e. AS/J = 0.01/71/2. This provides a useful def-  order decay, i.e. that the rate of decay is proportionalste
inition of steady state that is appropriate even at very long the amount of product preserieq. (1). We look first at 346
half-lives, and steady state occurs uniformly after 6.11 (ap- a case with a low growth rate, 2% per year£ 0.02), 347
proximately 6) half-livesTable 2shows the time requiredto  and a short product life, half-life= 1 year. The solid line 348
reach a steady state stock for different values of the half-life. in Fig. 3 shows that the stock (1) grows rapidly over theo
From this simple illustration, we are able to demonstrate first 5 years Fig. 3A); (2) continues to grow through timesso
the contention oMarland and Rotty (1984hat at constant  (Fig. 3A); and (3) can soon be described as a linear functian
rates of production and sufficiently long time scales (with of the production rateHig. 3B). The change in stock cares2
respect to the half-life of the products under consideration), be described as a simple fraction (about 1% in this case}=nf
the annual rate of production will come into balance with the the rate of production after about yearfd. 3C). For the 354
annual rate of oxidation, so that there is no annual increase insake of quantitative description, we define a steady statesas
the stock of products. For times shorter than approximately the point at which the slope(d S/J)/dt = 0.01/11/>. 356
six half-lives, the stock will increase each year, even with a  The patterns observed in the solid lined=tj. 3are main- 357
constant rate of production. The annual increase in stocks istained so long as growth in production is exponential ased
not, however, accurately described as a simple fraction of thedecay is first order. What changes with the durability of the
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product is the time required to reach a steady state relation-because of the slower onset of product decay, and it takes
ship between stock change and production rate and the fracionger to establish a linear relationship between stock assl
tion of annual production at which this leveling out occurs. production rateKig. 3B, dashed line versus solid line), buiss
The dashed lines ifrig. 3 show the relationships for 2% by the end of 50 years the system approaches steady state,
per year growth when the product half-life is 20 years. The with the stock growing continually at a rate that is abogit
early change in slope in the plot of stock versus time is less 40% of the rate of production{g. 3C dashed line). Thear2
obvious for the dashed line fig. 3A than for the solid line longer the half-life of the products, the longer it takes to

1204

1004

a0 //

Stock /’/
B0+ /

(A) Time (years)

120 -
100 ~
80 o

Stock -
B0 "

401 /

20+

o0h 2 3 i g B 7
(B) Production

Fig. 3. When the rate of production of a product is growing at 2% per year and decay is first order with a half-life of 1 year (solid lines), the stock
will increase continually, but after the first 6 years or so, grows at a rate that is a constant fraction of the productitig.rage(solid line) shows the

stock growing as a function of timé&ig. 3B (solid line) shows that the relationship between stock and production rate is linear after the early settling in
time, andFig. 3C (solid line) shows the ratio of the annual increase in stocks to the annual production rate. When the rate of production of a product is
growing at 2% per year and decay is first order with a half-life of 20 years (dashed lines), the stock will increase continually wiigtiB® @ashed

line). After the first 50 years, stocks are growing linearly as a function of the rate of produEimn3@, dashed line) and the annual stock change is
roughly 40% of the annual rate of productiofig. 3C, dashed line).
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Fig. 3. (Continued).

achieve the steady state 4f5J and the higher the fraction
of production at which it stabilizes.

Longer product half-lives lead to achieving balance be-
tween production and oxidation at higher valuesAd¥J.
Higher growth rates for production also lead to achieving
balance with higher values &SJ. We can, in fact, general-

ize these relationships and solve algebraically for the steadyproducts.

could thus be appropriate if LPG production is increasing,gs
2% per year and the products have a half-life of 139 yeays,
if LPG production is growing at 5% per year and producig;
have a half-life of 55 years, or if LPG production is growgg
ing at 10% per year and products have a half-life of 2§
years. We do not have an estimate of the half-life for thegg

409

state value of stock change versus production rate as a func- The time required to achieve a constant ratio betwegp

tion of growth rate and half-lifeEq. (4)), recognizing that
the time required to reach this steady state also varies with
growth rate and half-life.
AS r 1

J r4+k 1+4m
wherek = In 2/t1/2 asinEq. (1) r is the exponential growth
rate fromEq. (3) andm is defined as the ratio between
the doubling time of production (In 2/ and the half-life

of the product.Eq. (4) provides a simple relationship be-
tween the steady state value A5/J and the rates of pro-
duction and oxidation of the product, and it emphasizes that
we need to know the rates of both production and oxida-
tion.

Fig. 4 shows how the ratio of stock change to production
rate changes with the exponential growth rate of production
and the half-life of the product. The figure ignores the early
“settling in” period during which a larger fraction of pro-
duction accumulates in the growing stock of product. Once
this initial period of high growth is passed, the annual in-

(4)

crease in stocks can be represented as a constant fraction dm

the rate of production, as describedHiq. (4) The IPCC
(1997) suggestion that 80% of the carbon in LPG used for

stock change and production rate also varies with both the

0.84 A AS[T=0.8
0edf e AS[]=0.7

0.4]

0.2{ B

30

20
Half Life

Fig. 4. When production is increasing exponentially and decay is first
order, the ratio of stock change to growth rateS(J) depends on both the
growth rate of production and the half-life of the produstS/J increases

ith both increasing growth rate and increasing half-life. Plotted here are
e contoured values akSJ, with a contour interval of 0.1 and the last

three contours labeled on the figure. These values are achieved only after

an extended period of growth in stocks and establishment of a steady

feedstocks is stored in long-lived products, as an example,state relationship between the rates of growth and decayHigee).
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Fig. 5. With exponential growth in production and first order decay of a (A) Tirne (years)
product, the annual increase in stocks will eventually become a constant 14
fraction of the annual rate of production. The time required to reach
this steady state relationship depends on the half-life of the product and nad

the rate of growth in production (se€q. (5). Here we show the time
required to achieve steady state A&J (defined as the point at which
d(AS/J)/dt = 0.01/71/2) as a function of half-life and the growth rate
of production.

production rate and the product half-life and we can solve
for the time to steady state as a functiorr eindk (Eq. (5).

Fig. 5 shows how time to steady state varies with half-life
and the exponential growth rate

1
Tss= 4.24
= a24( )

where Tgs is the time required for d{SJ)/dt to reach
0.01fr /2.

In addition to the simple production and decay scenarios
considered so far, there are a wide variety of mixed scenar-

(%)

ios that one might envision to represent the use and fate of

petrochemical and wood products. As examples: (1) a prod-
uct could be used in two ways, each with its own half-life;
(2) a product could be oxidized by two different processes,
each with its own process half-life; (3) a product could be

recycled or converted to a secondary product which subse-

quently oxidized; or (4) a product could be oxidized to a lim-

(Change in S0P

.

0 20 40 B0 60 100 120 140 160 180 200

Time (years)

0.4

0.2

(B)

Fig. 6. (A) shows the annual ratio of stock change to productiv®.J)
when production is increasing at 2% per year, the product has a useful
half-life of 10 years, 100% of the product is recycled through a second
usage, and the product is discarded and oxidized following its second
use (upper curve). For comparison, (A) also shows (lower curve) values
of ASJ that would apply if the product were discarded after a single
usage. (B) showa SJ for a product that is used in two ways, one with

a half-life of 5 years and one with a half-life of 20 years (center curve).
Production is still assumed to be growing at 2% per year. For comparison,
(B) also shows the values afSJ for a single product with a half-life

of 5 years (lower curve) or 20 years (upper curve).

4.1. Linearly growing production 445

Whereas the ratio of stock change to production rate agp-
proaches a constant value when growth is exponential, tais
is not the case for other forms of growth. We illustrate witias

ited extent during use and then discarded to waste processinghe case when growth is linear. When production grows lias

where oxidation continued at a different rate. In every such
case the aggregate stock of products will grow continuously

early, each year’s production yields some growth in stocks,
but the growth in stocks will be a continually declining fra@s:

at a rate that can be described as a constant fraction of theion of production and never approaches a constant relatisn-

primary production rate—so long as the rate of production
of the product or products is growing exponentially, the rate
of each product decay is a first order function of the size of
its stock, and the time is sufficiently great with respect to

ship with the rate of productiofrig. 7 shows the case wheress
production is 1 unit in the first year and increases by 1 umit
per year, while oxidation of the product is again by first osss
der decay with a half-life of 1 year. 456

the product half-life that steady state has been achieved. The Comparison ofig. 7 with a case that is identical exceptsz

time required to reach steady stateA®/J and the value of
this steady stat& §J will be unique to the details of each
case, but the basic relationships illustrated above will pre-
vail. To illustrate this for some of the more complex sce-
narios, Fig. 6A showsASJ over time for a scenario with

for a longer half-life, now 20 yeard={g. 8), shows that at 458
a longer half-life, the stock builds up faster and the annual
growth in stocks is a larger fraction of production, but theo
basic pattern is unchanged. The critical feature for our iaz
terest here is that for linear growth there is never a poist

442
443
444

product recycle anéFig. 6B shows the same for a scenario
with production of two independent products with different
half-lives.

at which the increase in stocks can be accurately reps-
sented as a simple fraction of annual production. The sasme
can be demonstrated for any other pattern of growth thates
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Fig. 7. With production at 1 unit in the first year and increasing linearly
by 1unit per year, and first order decay with a half-life of 1 year, the
stock will grow continuously as a function of time (see, for example,
Fig. 8A). However, ASJ declines continuously over time and does not

40 B0 80
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Time (years)

approach a constant value, as it would with exponential growth.

5000+

4000+

30004

Stock

2000+
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Fig. 8. With production at 1 unit in the first year and increasing linearly
by 1unit per year, and first order decay with a half-life of 20 years, the
stock will grow continuously as a function of time (A) (and identically
as a function of the annual rate of production, which is a linear func-
tion of time). However,ASJ declines continuously over time and does
not approach a constant value (B), as it does with exponential growth
(compareFig. 3C dashed line). With lower decay rates, the stocks will
build-up much more than in the casefify. 7, but ASJ will still decline

continuously toward zero.

B0 100 120 140 160 180 200
Tirme (years)

.

w

Stock

rJ

g 10 20 30 40 50
(A) Time (years)

Time (years)
20 30 40 50

{Change in S

Fig. 9. For declining production of a durable product, it is possible to
observe either increasing or decreasing product stocks, depending on the
time with respect to the onset of decline (A). The valueA®J can

be positive or negative and changes significantly over time (B). In the
example shown here, production starts at 1unit per year and declines
linearly to zero over 50 years. We assume that the product undergoes first
order decay with a half-life of 5 years.

less than exponential. We could, of course, chose a pointsat
which ASJ approaches within some chosen increment 4f
zero. 468

4.2. Declining production 469

The cases examined so far have involved production thvat
is constant or increasing. As an illustration of the effect ofi
declining production, we consider the case where produc-
tion is at 1 unit in the first year and then declines in a lineas
way, going to zero after 50 yearBig. 9). If the half-life of 474
the product is taken to be 5 years, the stock of product writs
build-up for 15 years, until the oxidation rate exceeds the
production rateKig. 9A). After this 15th year, the stock will477
begin to decline andn§J will become negativeKig. 9B). If 478
we choose a longer half-life, the maximum stock accunuas
lation will be larger and the point at whichS'J goes neg- 480
ative will move further out in time. In the current contexg:
it is notable that although there is no simple factor to dez
scribe the relationship between production and the increase
in stocks, there is an annual net increase in the stocks that
continues well into the period of declining production. Thetes
is a longer period where the annual change in the stockiasf
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Fig. 10. The pattern oASJ, the change in product stocks as a function of the production rate, when there is a change in the pattern of either production
(A) over time, or of product oxidation (C) and (D) over time. In (A) (dashed line) production is assumed to be growing along a sigmoidal curve with
the point of inflection at 20 years and an upper asymptote at 2 units of production per year. Oxidation is a first order decay with a half-life of 20 years.
In (A) (solid line), production is increasing at 2% per year with variability superimposed by adding 0.0fsthe exponential growth term. Products

are assumed to have a half-life of 10 years. In (B), production is assumed to be growing at 2% per year and the half-life of products changes abruptly
from 5 to 20 years in year 20. In (C), production is assumed to be growing at 2% per year and the half-life of products changes abruptly from 20 years
to 5 years in year 20.
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products is negative, even though additional product is con- 4.4. Alternate decay functions and spread-sheet 541
tinuing to be produced. analyses 542
4.3. Changing rates or patterns We have constructed the scenarios above using thesas-

sumption of first order exponential decay because thisis
All of the scenarios described thus far have assumed thatamong the simplest situations to treat mathematically ansl
we can identify patterns that describe production and oxida- because we wanted to explore the possibilities and implisa-
tion as continuous functions of time. In fact, we can expect tions of using the simple assumption of consta&J. There sa7
that there will often be changes with time: a leveling off are other decay schemes that should be explored and whieh
of growth, for example, or a change in the way a product might be more realistic representations of the oxidationsa$
is used or disposed of, so that the half-life of the product many durable products. One approach is to distribute pres-
changes notably. We might also encounter situations whereuct oxidation over many years according to the probabilityss
the rate of production varies significantly from year-to-year, each year that the product will oxidize in that year. A potessz
whether in a regular or “noisy” way. To show that these sit- tially useful function, a function often used to describe tinses
uations yield results that conform to the patterns describedto failure, is the gamma function. A typical gamma functicms
above, and yet to recognize the kinds of dislocations that has the form shown iRig. 11 This is a continuous probabil-gs
would need to be considered in emissions inventories, weity distribution that can be fitted to very closely resemble thg
describe briefly four scenarios in which there is a signifi- 3-segment curve th&ow and Phelps (1996ise to describe s,
cant change in either the pattern of production or the patternthe life expectancy of wood products. Other, more general
of oxidation over timeFig. 10 illustrates the variation in  ized, gamma functions can be fit to the decay pattern seeggn
ASJ over time for two cases with varying production func- various products. The gamma function would describe tg
tions and two cases with changes over time in the decay probability of oxidation as a function of time since produgg,
function. tion and would have a maximum probability correspondigg,
In Fig. 10A (dashed line), we assume that production to the nodal value of the product life, decreasing to zeq
can be described with an S-shaped, sigmoidal function, to either side. The gamma function would then be usedsas
i.e. that production initially approximates exponential the kernel of an integral to describe the distribution of stogk
growth but eventually passes through an inflection point produced at different times in the past that is oxidized 53§
and then asymptotically approaches some constant levelthe current time. The general form of the model, including,

The graph shows thanSJ starts toward the asymptote exponential growth of production, is given ky. (6) 568
associated with exponential growth but transitions toward

zero as the rate of growth in production approaches zero.— — e”—/l“(x—t)S(x —1t)dx, fromx =0tor (6)

To examine the effect of noise or variability in the pro- 569
duction function, inFig. 10A (solid line), we have taken By contrast, for first order exponential decay, the entisg
an exponential growth curve with 2% per year growth and stock is treated equally regardless whether it was produggd
superimposed a sine wave (i.e. added 0.03)sto(the ex-  |ast year or 40 years ago. Oxidation is simply a proportigpn
ponential growth term). The plot cAS/J shows that our  of the total stock. 573

expectation of an eventual constant value A&J is main-
tained, albeit with noise from the noisy input signal super-
imposed.

A change in the way products are used or disposed of, such
as the conversion from waste dumps to modern landfills, 0.041
might be represented by a change in the half-life of products.

Fig. 10Billustrates the changing value @&SJ when the 0.03
half-life of products changes from 5 to 20 years during year Probability

20. The figure reflects a large build-up in product stocks fol- 000
lowing the stepwise increase in product half-life. In related ' T
fashion,Fig. 10Creflects a very rapid draw down in product \~
stocks following an abrupt change in product half-life from 0.017 \
20 to 5 years. When the half-life of the product decreases
dramatically in year 20, the oxidation of products exceeds 0 . i . . - . _

the rate of production for years 20—-32g. 10B and Gshow 2 4 B0 80 100 120 140

the eventual stabilization of production and oxidation at con-

.StamASlJ' These two figures illustrate that abrgpt changes probability of oxidation of durable products. In this example, the products
in the use of products could have very dramatic short-term have a modal lifetime of 20 years and the probability of oxidation at
eﬁeé:ts on the best estimate of carbon storage in durablegreater or lesser times is described by the curve. The area under the curve
products. is equal to 1.

0.051

Fig. 11. A typical gamma function that might be used to describe the
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Although we leave detailed mathematical examination of as the average life for fuel wood and waste, 3 years éor
the gamma function for future inquiry, we note that so long paper products, and 40 years for solid wood products. bzmr
as the right-hand side of the curve of the gamma function comparison,Skog and Nicholson (1998)onsider durable 629
is basically an exponential decay, many of the qualitative wood and paper products under 11 product categories, with
aspects of the results discussed above for first order decayhalf-lives ranging from 1 year for most paper products ée
will prevail, particularly for asymptotic behavior. Use of a 100 years for post-1980 single family homes. Recognizicwg
I function, or other probability distribution, to represent the difference between the average life and the half-life, eee
product oxidation could also mesh well with the discrete na- take 40 years as the half-life for solid wood products derived
ture of collected data. The probability distribution could be from lumber. For lubricants, we assume that the half-life wilis
incorporated into look-up tables to estimate the fraction of be in the range of 2-5 years and use both of these valkses
product oxidized in each year following initial production. in the analysis. The half-life of lubricants could be notabbg7
This suggests a year-by-year, discrete tabulation of produc-different in the US and China as patterns of use, re-use, sszd
tion and oxidation using spread-sheet analyses. Spread-sheatisposal differ. The half-life could also be changing witize
analyses would also accommodate production functions thattime as patterns of recycle and disposal change. 640
could not be well described with exponential or other simple  The data on consumption of lubricants from 1970 to 1968
growth curves. It is likely that this sort of discrete analysis in the US have considerable year-to-year variability and can
would provide the most accurate estimates ob@@issions be fit almost equally as well with a linear or an exponesus
over time, if time-series data were available on production tial fit. Because we know thakSJ will behave best wheneaa
and an accurate representation of the probability of oxida- growing production can be modeled with an exponential, we
tion over time could be constructed. In fact, this is exactly choose the best exponential fit. The growth rate is low witts
the kind of spread-sheet analysis of wood product oxidation » = 0.0021 year'. As the assumed half-life increases fromz
carried out in many modeling exercises (see, for example, 2 to 5 years, the steady state valueAd¥J increases from sss
Schlamadinger and Marland, 199&lowever, this type of  0.006 to 0.014 and the time required to reach this steaaty
analysis is very data intensive and is what we have tried to state increases from approximately 12 to 30 years. The led-
avoid by looking for simple, functional relationships among tom line here is that (assuming we have the right range éar
production, oxidation, and stock changes. the half-life) lubricant stocks in the US should have reached

a steady state relationship betwe8 andJ and the annualess

increase in stocks should be on the order of 1% of annssal

5. Threereal examples production. 655
Data for lubricant consumption in China from 1978 texe

Having discussed the evolution afSJ that might be 1998 are less regular, but the best fit exponential cansbe
observed for hypothetical patterns of product growth and found. The growth rate has = 0.051year?!. As the as- ess
decay, we examine three cases with real data on the ratesumed half-life increases from 2 to 5 years, the steady state
of production over time. We have chosen to look at data value of ASJ for China increases from 0.13 to 0.27 and tleeo
for one petrochemical product and one forest product andtime required to reach this steady state increases from eap-
we have selected data for two countries where the recentproximately 11 to 22 years. Again, assuming that we haee
patterns of growth are very different. Data on lubricants correctly bracketed the half-life, the pattern of growth in uses
for the US and China are from the United Nations Energy of lubricants in China has been long enough that the steagly
Statistics Office N, 2007 and data on lumber are from the state relationship betweexSandJ should have been estabsss

Statistical Abstract of the USJS Census Bureau, 2001 lished, and the stock of lubricants in place in China shoukd
Note that these data sets provide useful perspective forbe growing annually at 13-27% of the annual rate of pra7
analysis, but they also address som&dadlen’s (1997 con- duction. Comparison of these values #&J with those in s6s

cerns about the reporting of emissions and treatment of prod-Table 1suggests that if the US and China were using tée®
ucts that are traded in international commerce. The lumbervalues suggested by the US EPA and the IPCC, respectivsly,
statistics are not production statistics, but are for US con- they would be using values that are on the high side butsaof
sumption and include consideration of imports and exports. the correct order of magnitude, and would be properly aecz
The lubricant data are also for consumption and have beenknowledging that the value should be higher for China tham
calculated as domestic production plus imports minus ex- for the US. 674
ports and minus any change of stocks in storage. The data Data for lumber consumption in the US are plotted éns
do not include consideration of trade in final products, i.e. Fig. 12 along with the best exponential fit and the correzs
lumber as furniture or lubricants in engines. sponding values oAS/J. With an assumed half-life of 40677

We do not have data on the rate of oxidation of these years, and the best fit exponential growth rate 0.0175, e7s
products. We assume that both are oxidized as a first orderthe value ofASJ will approach an asymptote at 0.502 (seeo
decay process, i.e. that the rate of decay is a function of theFig. 12B). The time required to reach this steady state wouskd
amount of stock in use. We do need to estimate a half-life be 120 years. To the extent that lumber consumption in the
for each productBuchanan and Levine (199%9se 1 year US is accurately characterized by exponential growth aael
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Fig. 12. Data on consumption of lumber in the US are shown with the best fit exponential. The best fitds7ak 10712 2017 with R? = 0.8642

(A). Using this production function, and assuming a half-life of 40 years for all products, yields values for the ratio of the increase in product stock
to the annual rate of productiol&J) shown in (B). Values ofASJ show that after about 120 years, the annual increase in stocks will be constant at
0.502 times the annual production (data are fid® Census Bureau, 200flata are shown in the originally reported units, where® 1t0.028 n¥).

683 an unchanging half-life of 40 years, we would conclude that However, the IPCC adopts a single value &f#J and we 700
684 there is an increasing stock of products that is of an amounthave shown that the value should depend on both the half-life
685 equivalent to approximately half of the current year’s pro- of product oxidation and the exponent of the exponentiat
686 duction. growth in production. Our conclusion is that, although thes
demands on data remain modest, the use of a constant ferotor
to estimate the change in stocks from current producties
687 6. Conclusions requires some knowledge on the time history of productiam
and an estimate of the product half-life. Use of the same
688 The IPCC methodologylPCC, 1997, based on earlier  value of ASJ for all countries or all producers is, thereforeps
689 work by Marland and Rotty (1984assumes that we can de- not appropriate. Different rates of increase in production
690 scribe the annual increase in stocksyj of durable organic  can yield vastly different rates of increase in stocks and
691 products as a constant multiple of the annual rate of produc-poor estimates of the production function can lead to poor
692 tion (J). We have shown thaaSJ is a constant only when  estimates of the increase in stocks. 712
693 J can be characterized as an exponential function of time, Itis clear that the steady state valued®J will be differ- 713
694 the product oxidizes by a first order decay process, and timeent in different places, but it can also be different at different
695 is long with respect to the half-life of the product. The as- times in one place. As pointed out I8kog and Nicholson 715
696 sumption of constanh §J may provide a useful estimate of  (1998)for forest products, over time we can expect changes
697 the rate at which carbon is stored in durable products whenin production methods, the distribution of products, produat
698 We want to estimate the change in stocksS| with simple half-lives, product recycle, etc. With proper recognition ofe
699 methods and limited data. historic patterns these changes produce predictable changes
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in ASJ and can be accommodated in emissions inventories Gielen, D.J., 1997. Potential GGemissions in The Netherlands due t@es
over time. carbon storage in materials and products. Ambio 26 (2), 101-106766
Because the value ok SJ behaves best whehcan be Gielen, D.J., Patel, M., 1999. The NEAT model non-energy use of GH&
described with an exponential function. it seems appropri- emission accounting tables. In: Proceedings of the first NEU (Naw@8
P o ! pp .p Energy Use)-CQ Workshop, International Energy Agency, Paris69
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mats, to convert historic production data and our best under- Analysis Center, Oak Ridge National Laboratory, Oak Ridge, T3
. - TR . . USA, NDP-050 athttp://cdiac.esd.ornl.gov 774
?ta“d'”g of the prObablhty.dIStrlbu“Qn of pl’OdUCt OXIdatlon. IPCC, 1997. Revised 1996 Guidelines for National Greenhouse Ga%
into eS“ma}te'S of the net Increase In pI’OdUCt'SIOCkS. In e~ |nventories (three volumes). Intergovernmental Panel of Climats
ther case, it is clear that separating products into short- and Change, Hadley Center, Meteorological Office, Bracknell, UK. 777
|ong-|ived productS’ with a demarcation at 20 years (Or atany Marland, G., Rotty, R.M., 1984. Carbon dioxide emissions from fosgits
other age), fails to recognize that there can be a substantial fuels: a procedure for estimation and results for 1950-1982. Telas

. . . . 36B, 232-261. 780
bwld—up of stocks for prOdUCtS with quite short half-lives. Marland, G., Boden, T., Andres, R.J., 2001. Global, regional, and natiorsl

We note that the simple approach pursued here is not co, emissions from fossil-fuel burning, cement production, and gzee
in conflict with the detailed statistical treatments being de-  flaring: 1751-1998. Carbon Dioxide Information and Analysis Centeg3
scribed byGielen (1997)andGielen and Patel (1999 he Oak Rid_ge National Laboratory, Oak Ridge, TN, USA, NDP-030 284
more product and sectoral definition that can be achieved, Nttp-//cdiac.esd.oml.gov 785

. . Okken, P.A., Kram, T., 1990. Calculation of actual £6missions from 786
the better we are likely to be able to describe the rates of fossil fuels. ECN-RX-90-048. In: Proceedings of the IPCC Preparataogr

prOdUCti_On.and OXid_ation- The approach for eStimating of  Workshop, Paris, May 22-23, 1990, ECN, Petten, The Netherlandsss
CO, emissions that is described here can be applied to dataRow, C., Phelps, R.B., 1996. Wood carbon flows and storage aftes
at virtually any level of aggregation, depending on the rich- timber harvest. In: Sampson, R.N., Hair, D. (Eds.), Forests and Gloted
ness of the data bases available Change, vol. 2. Forest Management Opportunities for Mitigatingl

Whether the interest is for qeochemical or political r- Carbon Emissions. American Forests, Washington, DC, pp. 27-58792
' ! 9 ! poliu pu Schlamadinger, B., Marland, G., 1996. The role of forest and bioenergg

poses, an accurate estimate of £énissions to the atmo- strategies in the global carbon cycle. Biomass Bioenergy 10, 275-3@Q.
sphere needs to confront the very large amount of carbonskog, K.E., Nicholson, G.A., 1998. Carbon cycling through woctds
stored in durable petrochemical and forest products. The products: the role of wood and paper products in carbon sequestratiog.
methodology proposed by tHRCC (1997)seems to offer Forest Prod. J. 48 (7-8), 75-83. o 7
ble first estimat | f th United Nations, 2001. 1998 Energy Statistics Yearbook. Departmeaeg
r.ea.sor)a e 'rs_ es 'ma es So long as we are aware 0 € of Economic and Social Affairs, Statistical Office, United Nationg99
limitations and implications of the method and take better v, 800
advantage of existing understanding on the history of pro- UNFCCC, 2000. Review of the implementation of commitments and &fi
duction and the durability of products. Estimates of CO other prgvisions of the conven_tion, UNFCCC guidelines on reportiage
emissions should be improved if estimates are based on all and review (Common Reporting Framework). FCCC/CP/1999/7 2a8
ilable data on consumption and durability. Better esti- hitp://www.unfcce.nt 804
aval . p . Y- . >~ United States Census Bureau, 2001. Statistical Abstract of the Uniesl
mates seem possible but are likely to be very data intensive.  states. US Department of Commerce, Bureau of the Census, Wegdg-
ngton, DC, USA. 807
United States Environmental Protection Agency, 2001. Inventory of @&
Acknowledgements Gre'enhoust_a gas emissions and sinks: 1990-1999. EPA 236-R-80d,
April, Washington, DC, USA. 810
World Resources Institute, 2000. World Resources 2000-2001: Peeaple
fThe Work(c))]f-f'GM ¥Vgs Support.(:-'(ij b_y tTe L(st De_paftment and Ecosystems, The Fraying Web of Life, Washington, DC, USA812
of Energy’s Office of Science, Biological and Environmen-
tal Research Program, and by NSF award ATM-9711602. _ . _ _ . .
Oak Rid Nati | Lab ¢ . d bv UT-Battell Eric Marland is an assistant professor in the Department of Mathematieas
a Idge National Laboratory IS managed by -Battelle giiences at Appalachian State University. He received his PhD in 1898

LLC for the US Department of Energy under contract from the University of Utah. He did post-doctoral studies at the Institutes
DE-AC05-000R22725. for Theoretical Dynamics at the University of California at Davis. 816

Gregg Marland is a senior staff scientist at Oak Ridge National Lab@&17

References ratory, where he has been on the staff since 1987. He has a PhD fsogn
the University of Minnesota. He previously served on the Faculty of 18t9

Buchanan, A.H., Levine, A.B., 1999. Wood-based building materials and diana State University and as a research staff member of the Institutesfor
atmospheric carbon emissions. Environ. Sci. Policy 2, 427-437. Energy Analysis at Oak Ridge Associated Universities. 821


http://cdiac.esd.ornl.gov
http://cdiac.esd.ornl.gov
http://www.unfccc.int

	The treatment of long-lived, carbon-containing products in inventories of carbon dioxide emissions to the atmosphere
	Introduction
	Methods
	Estimating stock change as a function of production rate
	A simple illustration
	Constant production

	Exponentially growing production
	Linearly growing production
	Declining production
	Changing rates or patterns
	Alternate decay functions and spread-sheet analyses

	Three real examples
	Conclusions
	Acknowledgements
	References


