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Abstract9

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 (CO2) emissions 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 atmosphere as CO2. Some fractions 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.
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1. Introduction24

The primary driving force for global climate change is25

emissions of the greenhouse gas carbon dioxide (CO2) from26

combustion of fossil-fuels. Clearing of forests has been an-27

other major contributor to the increasing concentration of at-28

mospheric CO2, although it is currently on the order of 25%29

of emissions from fossil-fuels. In order to understand the30

historic increase of atmospheric CO2 and the potential for31

additional build-up of CO2 in the atmosphere, the rate of re-32

lease of CO2 to the atmosphere has been estimated (Marland33

et al., 2001; Houghton and Hackler, 2001). These estimates34

of CO2 flows are based on the rate at which fossil-fuels are35

consumed and the rate at which land is converted from a land36

cover with high carbon density (e.g. forests and grasslands)37

to a land cover with low carbon density (e.g. croplands and38

urban areas).39

Estimation of CO2 emissions from fossil-fuels is com-40

plicated by the fact that fossil-fuels that are consumed are41

not necessarily oxidized immediately to CO2. A significant42

fraction of petroleum production, for example, is used as43

∗ Corresponding author. Tel.:+1-865-241-4850.
E-mail address: marlandgh@ornl.gov (G. Marland).

lubricants, plastics, asphalt, and other products that are oxi-44

dized over periods ranging from months to decades, or even45

longer. Some fossil-fuels find their way into products or46

landfills where they are not oxidized over periods of cur-47

rent interest for global climate change. Similarly, some frac-48

tion of the material removed from forests is not immedi-49

ately oxidized with the harvesting of the forest, but rather50

is converted into paper, packaging, lumber, etc. and is ox-51

idized over an extended period of time. In the US, 8% of52

fossil-fuel use is for non-energy purposes (US EPA, 2001), 53

and petrochemicals account for 7% of global oil consump-54

tion (Gielen, 1997). Some 12% of fossil-fuel consumption in55

Western Europe is for non-energy uses, and in The Nether-56

lands 26% of petroleum is used for synthetic organic chem-57

icals (Gielen, 1997). The challenge is furthered for national58

emissions estimates in that, for example, 75% of petrochem-59

ical products produced in The Netherlands are exported and60

not oxidized within The Netherlands.Skog and Nicholson 61

(1998) estimate that US wood consumption in 1992 in-62

cluded 147 million tonnes of carbon and that the increase63

in stocks of wood and paper products (in use and in land-64

fills) contained a mass of carbon that was equivalent to65

4.5% of US carbon emissions from fossil-fuel use in 1990.66

Buchanan and Levine (1999)have estimated that the typical,67

1 1462-9011/03/$ – see front matter © 2003 Published by Elsevier Science Ltd.
2 doi:10.1016/S1462-9011(03)00003-0
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small New Zealand home, with light wood framing, contains68

34 kg C/m2.69

If we want an accurate understanding of the flows of car-70

bon in the terrestrial system, and if we want accurate esti-71

mates of emissions of CO2 to the atmosphere, we need to72

focus on the flows of organic-derived materials with enough73

detail to accurately reflect the time path over which they are74

oxidized to CO2.75

There is further interest in estimating greenhouse gas76

emissions as concern rises about trying to mitigate anthro-77

pogenic changes in climate. The United Nations Framework78

Convention on Climate Change (UNFCCC) requires that79

countries submit a periodic inventory of their emissions of80

greenhouse gases. The Convention has been ratified by over81

185 countries and entered into force on March 21, 1994. The82

requirements of the UNFCCC would be strengthened with83

ratification of the Kyoto Protocol. The Kyoto Protocol seeks84

to add to the UNFCCC binding, quantitative national limits85

on the emission of greenhouse gases to the atmosphere. At86

the time of this writing, The Kyoto Protocol has not yet been87

ratified by enough countries to enter into force, although88

entry into force in the near future appears likely.89

Estimating emissions of CO2 from non-fuel uses of90

petroleum and wood products could be done with detailed91

statistics on the production and fate of all organic products,92

but the number and variety of products is very large and93

the accounting challenge would be considerable. We search94

for a simpler approach that will estimate the flow of CO295

to the atmosphere with sufficient accuracy, but will do so96

with methods and data that are widely accessible to ana-97

lysts interested either in understanding the global cycling98

of carbon or in monitoring efforts to reduce emissions to99

the atmosphere.100

2. Methods101

In 1984, Marland and Rotty described an approach for102

producing an annual inventory of CO2 emissions to the at-103

mosphere from consumption of fossil-fuels. This approach104

recognized that part of the fuel is oxidized promptly during105

combustion but that part of the flow is to fossil-fuel prod-106

ucts of varying life expectancy. They offered a simplified107

method for dealing with the fraction of fossil-fuel that goes108

to non-fuel uses. The basic approach ofMarland and Rotty109

(1984) is now embodied in guidelines for national inven-110

tories of greenhouse gas emissions published by the Inter-111

governmental Panel on Climate Change (IPCC, 1997) and112

it is the IPCC guidelines that are used in national reporting113

under theUNFCCC (2000). This approach provides a fun-114

damental simplification for dealing with durable products115

that is useful because of its simplicity and because it relies116

only on easily available, current year data. It can be used by117

any country, or other entity, with basic data on the supply118

and demand for non-fuel products. The approach is indeed119

a simplification, however, and is strictly valid under limited120

Fig. 1. The stockS of carbon in a pool of products will be increased by
the rate of production, flowJ, and decreased by rate of oxidation, flowB.
If the rate of oxidationB is less than the rate of productionJ, the stock
will increase. If flowB is a function of the stock,B = f (S), then it may
be possible to estimate the change in stock�S = J − B as a function
of J only.

conditions. In this paper we explore the conditions under121

which the Marland and Rotty/IPCC approach is appropriate122

and illustrate what is necessary in order to generate more123

accurate inventories of CO2 emissions. 124

Our concern is with the extent to which the rate of oxi-125

dation of products from fossil-fuels or forest harvest differs126

from their rate of production, i.e. the extent to which there127

is a net accumulation or loss of carbon in durable prod-128

ucts. With respect to an increase in the stock of carbon in129

long-lived petroleum products,Marland and Rotty (1984)130

wrote, “over long time scales the amount oxidized each year131

will equal the amount produced each year as long as the132

amount produced each year is nearly constant. When the133

average lifetime of the unoxidized materials is very long or134

when the amount produced each year is growing, there is135

a net amount that remains unoxidized.”Marland and Rotty 136

(1984)then suggested the assumption that for products with137

increasing rates of production, the annual increase in stocks138

(S in Fig. 1) could be approximated as a function of their rate139

of production (J in Fig. 1). In particular, they suggested that140

the increase in carbon stocks in products each year could be141

represented as a simple fraction of the annual production for142

certain categories of products, i.e.�S/J could be treated as a143

constant. As an example, Marland and Rotty suggested that144

an amount equivalent to “about 40% of the LPG and ethane145

produced from natural gas processing plants ends up in ma-146

terials which are not soon oxidized. (That is, for a given147

year, oxidation of current year production plus the sum from148

continuing oxidation of previous years’ production amounts149

to 60% of current year production.)” 150

The IPCC methodology books (IPCC, 1997) do not quite 151

convey the same nuance that we are concerned about the152

balance between production and destruction and, from them,153

the change in stocks over time; but they accomplish the same154

thing mathematically by assuming that some fraction of pro-155

duction goes into permanent storage while the remainder is156

oxidized in the year of production.Table 1shows the num- 157

bers suggested by theIPCC (1997)and, more recently, by158

theUS EPA (2001)to describe the relationship between the159

rate of current production of various products and the in-160

crease in stocks of those products. Numbers between 0 and 1161

suggest that carbon stocks are increasing over time as a frac-162

tion between 0 and 100% of the current rate of production.163
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Table 1
Coefficients suggested by the IPCC and US EPA for estimating the
annual rate at which the carbon contained in non-fuel petroleum products
accumulates in the products rather than being released to the atmosphere
as CO2

Fuel product Equivalent fraction of
annual production
stored in products
(IPCC, 1997)

Equivalent fraction of
annual production
stored in products
(US EPA, 2001)

Naphthaa 0.80 0.91
Lubricants 0.50 0.09
Bitumen 1.00 1.00
Coal oils and tars 0.75
Natural gasa 0.33
Gas/diesel oila 0.50 0.50
LPGa 0.80 0.91
Ethanea 0.80

The coefficient is multiplied by the annual production to get the increase
in stocks.

a When used as a feedstock.

An alternate approach to treating durable products is one164

that has evolved from the ideas ofOkken and Kram (1990)165

(see also, for example,Gielen, 1997). This approach (ma-166

terial flow analysis) tries to follow, statistically, the multi-167

tude of processes and products involved in the non-fuel uses168

of fossil-fuels and divides them into short- and long-lived169

products. The short-lived products are assumed to oxidize170

in the year of production and the long-lived products are as-171

sumed to persist indefinitely. The only deviation from this172

is that combustion of long-lived products at waste disposal173

facilities is captured and reported as emissions from waste174

disposal (organic materials placed in modern landfills can175

be expected to lose very little carbon mass over century176

time scales). In essence, this treatment assumes that there is177

no oxidation of products in use and oxidation of long-lived178

products is captured only if it results from waste combus-179

tion. The US national reports to the UNFCCC (US EPA,180

2001) follow this philosophy. The IPCC methodology also181

supports this approach and suggests 20 years as the demarca-182

tion between short- and long-lived products.Gielen (1997),183

in fact, suggests that only products with life times greater184

than 20 years should be considered for correction of the as-185

sumption that fossil-fuel products are oxidized immediately186

at consumption.187

One problem with the material flow analysis approach is188

that it requires finely resolved data on many more products189

and processes than treated in the IPCC methodology, and is190

therefore very data intensive. Even its proponents recognize191

that the approach will be of limited utility for many countries192

where data are less readily available than in the US and193

The Netherlands. Required data may often be proprietary or194

expensive to obtain.Gielen (1997)suggests that “whether195

the difference between the material flow method and the196

IPCC methodology warrants the far more elaborate material197

flow accounting calculations should be judged within the198

UNFCCC framework.”199

Non-fuel use of petrochemicals involves thousands of200

products, but even a detailed material flow analysis can fo-201

cus primarily on less than 50 chemicals that make up the202

bulk of production (Gielen and Patel, 1999). With sufficient 203

product and sectoral break-down, products and fates can204

be pointedly identified; but the method still assumes that205

each product is either oxidized immediately or not at all.206

Gielen (1997)writes, for example, “Contrary to the (IPCC)207

guidelines, all lubricants are considered short-lived appli-208

cations, because in the natural environment they are more209

readily converted into CO2 than, for example, plastics and210

because their ultimate conversion to CO2 cannot be traced211

from other statistics.”Gielen and Patel (1999)suggest, on 212

the basis of material flow analysis, that carbon storage in213

products is less than is estimated from the IPCC guidelines.214

In fact, the agreement between the two estimates for The215

Netherlands (IPCC method versus materials flow approach)216

reported byGielen (1997)seems remarkably good, within217

25%, given that he suggests the materials flow estimate may218

be±15%. 219

We continue to investigate the idea that the change in220

stocks of non-fuel products could be simply estimated as a221

function of their rate of production. In this paper, we explore222

the functional forms ofJ andB (Fig. 1) with respect to time 223

and show how the change in stocks (�S) is then related to 224

the rate of production (J). Our basic question is whether it is225

indeed reasonable to represent the annual change in stocks226

as a simple multiple of the current rate of production (i.e.227

�S = constant× J or �S/J = constant). When there is not228

a simple relationship between�S and J, we ask what ad- 229

ditional data are required in order to approximate the rate230

of oxidation of the carbon that is used for durable products.231

Our intention is to capture in this representation both the232

oxidation of products during waste processing and their ox-233

idation during use. The latter may be particularly useful for234

considering durable wood products. 235

For this paper, we have modeled the change in stocks of236

petrochemical and wood products using differential equa-237

tions to describe the rates of production and destruction.238

Solutions to the differential equations were achieved using239

the standard differential equations tools available on Maple240

software produced by Waterloo Maple Inc. The solutions of241

the equations are exact analytical solutions, not approxima-242

tions, that were then plotted in the desired formats. 243

3. Estimating stock change as a function of 244

production rate 245

3.1. A simple illustration 246

Consider a specific (new) product, derived from petroleum247

or wood. We assume that the product is produced at a con-248

stant rate and oxidizes during use with a half-life of 1 year.249

Oxidation is described here as a first order decay where the250

rate of decay is proportional to the amount of stock present251
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Fig. 2. When the rate of production of a product is constant atJ = 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). Simultaneously, the
ratio between the change in stocks and the rate of production (�S/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 constant atJ = 1 unit
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 production (�S/J)
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).

(Eq. (1)). The rate of production is a constantJ. The change252

in the stock in yeart will be described byEq. (2). The solid253

line in Fig. 2A shows that the stock will increase for about254

6 years after which it will remain constant indefinitely. In255

the simple approach described byMarland and Rotty (1984)256

and theIPCC (1997), we would say that for every year after257

year 6, there is no increase in carbon stocks in the product,258

the rate of oxidation in any given year is equivalent to the259

rate of production, and there is no product sent to long-term260

storage. A national inventory would show that the amount261

oxidized is equal to the amount produced for all years af-262

ter the 6th year. For years up to year 6, we could describe263

the increase in carbon stocks as a fraction ofJ (�S/J in 264

Fig. 2B, solid line), but the fraction would change rapidly265

with time as the steady state level of the carbon stock (about266

1.4 times the annual rate of production, seeFig. 2A) was 267

approached. 268

B(t) = kS(t) =
(

ln 2

τ1/2

)
S(t) (1)

269
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wherek is the rate coefficient for the oxidation andτ1/2 the270

half-life of the product.271

dS

dt
= J (t) − B(t) = J (t) −

(
ln 2

τ1/2

)
S(t) (2)

272

In the following sections, we explore circumstances where273

products have longer half-lives and/or the rate of production,274

J is not constant. We seek simple rules to characterize the275

rate of change in carbon stocks as a function of the rates276

of production and/or oxidation, and that may be useful for277

carbon-containing products in use on earth. After looking278

at several hypothetical situations, we examine real data for279

production of three products and examine the implications280

for estimating greenhouse gas emissions.281

3.2. Constant production282

With production constant and a short half-life for the prod-283

uct, the stock of product was seen (Fig. 2, solid line) to soon284

reach steady state, with no further increase in the stock of285

product. The time to steady state, however, increases with286

the half-life of the product. Consider the same circumstance287

as inFig. 2 (solid line), except that the half-life for oxida-288

tion of the product in use is 20 years. In this case, the stock289

of product will increase for some 120 years, and then will290

remain constant, so long asJ remains constant (Fig. 2A,291

dashed line).Fig. 2B(dashed line) shows that the annual in-292

crease in the stock (�S) drops from essentially 1.0 timesJ293

in the first year to 0.1J around year 70 and to near zero by294

year 120. The annual increase in stocks (�S) could not be295

accurately described as a simple fraction of the rate of pro-296

duction (J) without knowing the time since production began297

and the half-life. Although one might reasonably note that298

�S/J could be approximated as 0.05± 0.05 after year 70,299

this approximation does not accurately represent the first 70300

years of production; years during which stocks grow rapidly301

toward eventual stabilization at about 29 timesJ. To gener-302

alize, we can show that the level of carbon stocks actually303

stabilizes at a value equal toτ1/2/ln 2. For our purposes, we304

define this steady state to have been reached when the rate305

of stock change is only 0.01 times the production rate per306

half-life, i.e.�S/J = 0.01/τ1/2. This provides a useful def-307

inition of steady state that is appropriate even at very long308

half-lives, and steady state occurs uniformly after 6.11 (ap-309

proximately 6) half-lives.Table 2shows the time required to310

reach a steady state stock for different values of the half-life.311

From this simple illustration, we are able to demonstrate312

the contention ofMarland and Rotty (1984)that at constant313

rates of production and sufficiently long time scales (with314

respect to the half-life of the products under consideration),315

the annual rate of production will come into balance with the316

annual rate of oxidation, so that there is no annual increase in317

the stock of products. For times shorter than approximately318

six half-lives, the stock will increase each year, even with a319

constant rate of production. The annual increase in stocks is320

not, however, accurately described as a simple fraction of the321

Table 2
Approximate time required to achieve a steady state stock of products,
and the amount of that stock, when production is constant and decay is
first order; with different values for the product half-life

Rate of production
(mass units per year)

Half-life of
product
(years)

Steady state
stock of product
(mass units)

Time to
approximate
steady state
(years)

1 1 1.4 6
1 5 7.2 30
1 10 14.4 60
1 20 28.9 120
1 100 144.3 600

annual rate of production. In the early years of production,322

an amount equal to a large fraction of the annual production323

will add to the stock of products, but as the time approaches324

about six half-lives, the annual increase in the product stock325

will approach zero. The stock will stabilize at about 1.4326

times the annual rate of production times the half-life of the327

product (actually (1/ln 2) times the half-life). The critical328

parameter for describing the annual increase in stocks is the329

ratio between elapsed time and the product half-life. 330

4. Exponentially growing production 331

In an expanding global economy, we observe that the rate332

of production of many goods and services is not constant, as333

in the examples ofFig. 2, but is growing. Global population,334

for example, is one parameter driving production and it has335

been growing exponentially at a rate that is now about 1.3%336

per year (World Resources Institute, 2000). We consider the 337

relationship between the rate of production and the stock of338

a wood or petrochemical product, and we consider first the339

case for exponential growth in production. For exponential340

growth, the rate of production is described byEq. (3). 341

J (t) = J (t − 1)ert (3) 342

whereJ (0) = 1, andr is the exponential growth rate. 343

We continue to assume that product oxidation is a first344

order decay, i.e. that the rate of decay is proportional to345

the amount of product present (Eq. (1)). We look first at 346

a case with a low growth rate, 2% per year (r = 0.02), 347

and a short product life, half-life= 1 year. The solid line 348

in Fig. 3 shows that the stock (1) grows rapidly over the349

first 5 years (Fig. 3A); (2) continues to grow through time350

(Fig. 3A); and (3) can soon be described as a linear function351

of the production rate (Fig. 3B). The change in stock can352

be described as a simple fraction (about 1% in this case) of353

the rate of production after about year 6 (Fig. 3C). For the 354

sake of quantitative description, we define a steady state as355

the point at which the slope d(�S/J )/dt = 0.01/τ1/2. 356

The patterns observed in the solid lines ofFig. 3are main- 357

tained so long as growth in production is exponential and358

decay is first order. What changes with the durability of the359



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F6 E. Marland, G. Marland / Environmental Science & Policy 268 (2003) 1–14

product is the time required to reach a steady state relation-360

ship between stock change and production rate and the frac-361

tion of annual production at which this leveling out occurs.362

The dashed lines inFig. 3 show the relationships for 2%363
per year growth when the product half-life is 20 years. The364
early change in slope in the plot of stock versus time is less365
obvious for the dashed line inFig. 3A than for the solid line366

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 production rate.Fig. 3A (solid line) shows the
stock growing as a function of time.Fig. 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 with time (Fig. 3A, dashed
line). After the first 50 years, stocks are growing linearly as a function of the rate of production (Fig. 3B, dashed line) and the annual stock change is
roughly 40% of the annual rate of production (Fig. 3C, dashed line).

because of the slower onset of product decay, and it takes367

longer to establish a linear relationship between stock and368

production rate (Fig. 3B, dashed line versus solid line), but369

by the end of 50 years the system approaches steady state,370

with the stock growing continually at a rate that is about371

40% of the rate of production (Fig. 3C, dashed line). The372

longer the half-life of the products, the longer it takes to
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Fig. 3. (Continued ).

achieve the steady state of�S/J and the higher the fraction373

of production at which it stabilizes.374

Longer product half-lives lead to achieving balance be-375

tween production and oxidation at higher values of�S/J.376

Higher growth rates for production also lead to achieving377

balance with higher values of�S/J. We can, in fact, general-378

ize these relationships and solve algebraically for the steady379

state value of stock change versus production rate as a func-380

tion of growth rate and half-life (Eq. (4)), recognizing that381

the time required to reach this steady state also varies with382

growth rate and half-life.383

�S

J
= r

r + k
= 1

1 + m
(4)384

wherek = ln 2/τ1/2 as inEq. (1), r is the exponential growth385

rate from Eq. (3) andm is defined as the ratio between386

the doubling time of production (ln 2/r) and the half-life387

of the product.Eq. (4) provides a simple relationship be-388

tween the steady state value of�S/J and the rates of pro-389

duction and oxidation of the product, and it emphasizes that390

we need to know the rates of both production and oxida-391

tion.392

Fig. 4 shows how the ratio of stock change to production393

rate changes with the exponential growth rate of production394

and the half-life of the product. The figure ignores the early395

“settling in” period during which a larger fraction of pro-396

duction accumulates in the growing stock of product. Once397

this initial period of high growth is passed, the annual in-398

crease in stocks can be represented as a constant fraction of399

the rate of production, as described inEq. (4). The IPCC400

(1997)suggestion that 80% of the carbon in LPG used for401

feedstocks is stored in long-lived products, as an example,402

could thus be appropriate if LPG production is increasing at403
2% per year and the products have a half-life of 139 years,404
if LPG production is growing at 5% per year and products405
have a half-life of 55 years, or if LPG production is grow-406
ing at 10% per year and products have a half-life of 28407
years. We do not have an estimate of the half-life for these408
products. 409

The time required to achieve a constant ratio between410
stock change and production rate also varies with both the411

Fig. 4. When production is increasing exponentially and decay is first
order, the ratio of stock change to growth rate (�S/J) depends on both the
growth rate of production and the half-life of the product.�S/J increases
with both increasing growth rate and increasing half-life. Plotted here are
the contoured values of�S/J, 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
state relationship between the rates of growth and decay (seeFig. 5).
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Fig. 5. With exponential growth in production and first order decay of a
product, the annual increase in stocks will eventually become a constant
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
the rate of growth in production (seeEq. (5)). Here we show the time
required to achieve steady state in�S/J (defined as the point at which
d(�S/J )/dt = 0.01/τ1/2) as a function of half-life and the growth rate
of production.

production rate and the product half-life and we can solve412

for the time to steady state as a function ofr andk (Eq. (5)).413

Fig. 5 shows how time to steady state varies with half-life414

and the exponential growth rater.415

Tss = 4.24

(
1

r + k

)
(5)

416

where Tss is the time required for d(�S/J)/dt to reach417

0.01/τ1/2.418

In addition to the simple production and decay scenarios419

considered so far, there are a wide variety of mixed scenar-420

ios that one might envision to represent the use and fate of421

petrochemical and wood products. As examples: (1) a prod-422

uct could be used in two ways, each with its own half-life;423

(2) a product could be oxidized by two different processes,424

each with its own process half-life; (3) a product could be425

recycled or converted to a secondary product which subse-426

quently oxidized; or (4) a product could be oxidized to a lim-427

ited extent during use and then discarded to waste processing428

where oxidation continued at a different rate. In every such429

case the aggregate stock of products will grow continuously430

at a rate that can be described as a constant fraction of the431

primary production rate—so long as the rate of production432

of the product or products is growing exponentially, the rate433

of each product decay is a first order function of the size of434

its stock, and the time is sufficiently great with respect to435

the product half-life that steady state has been achieved. The436

time required to reach steady state in�S/J and the value of437

this steady state�S/J will be unique to the details of each438

case, but the basic relationships illustrated above will pre-439

vail. To illustrate this for some of the more complex sce-440

narios,Fig. 6A shows�S/J over time for a scenario with441

product recycle andFig. 6B shows the same for a scenario442

with production of two independent products with different443

half-lives.444

Fig. 6. (A) shows the annual ratio of stock change to production (�S/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 �S/J that would apply if the product were discarded after a single
usage. (B) shows�S/J 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 of�S/J 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 ap-446

proaches a constant value when growth is exponential, this447

is not the case for other forms of growth. We illustrate with448

the case when growth is linear. When production grows lin-449

early, each year’s production yields some growth in stocks,450

but the growth in stocks will be a continually declining frac-451

tion of production and never approaches a constant relation-452

ship with the rate of production.Fig. 7shows the case where453

production is 1 unit in the first year and increases by 1 unit454

per year, while oxidation of the product is again by first or-455

der decay with a half-life of 1 year. 456

Comparison ofFig. 7 with a case that is identical except457

for a longer half-life, now 20 years (Fig. 8), shows that at 458

a longer half-life, the stock builds up faster and the annual459

growth in stocks is a larger fraction of production, but the460

basic pattern is unchanged. The critical feature for our in-461

terest here is that for linear growth there is never a point462

at which the increase in stocks can be accurately repre-463

sented as a simple fraction of annual production. The same464

can be demonstrated for any other pattern of growth that is465
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Fig. 7. With production at 1 unit in the first year and increasing linearly
by 1 unit 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,�S/J declines continuously over time and does not
approach a constant value, as it would with exponential growth.

Fig. 8. With production at 1 unit in the first year and increasing linearly
by 1 unit 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,�S/J 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 case ofFig. 7, but �S/J will still decline
continuously toward zero.

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 value of�S/J can
be positive or negative and changes significantly over time (B). In the
example shown here, production starts at 1 unit 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 point at466

which �S/J approaches within some chosen increment of467

zero. 468

4.2. Declining production 469

The cases examined so far have involved production that470

is constant or increasing. As an illustration of the effect of471

declining production, we consider the case where produc-472

tion is at 1 unit in the first year and then declines in a linear473

way, going to zero after 50 years (Fig. 9). If the half-life of 474

the product is taken to be 5 years, the stock of product will475

build-up for 15 years, until the oxidation rate exceeds the476

production rate (Fig. 9A). After this 15th year, the stock will477

begin to decline and�S/J will become negative (Fig. 9B). If 478

we choose a longer half-life, the maximum stock accumu-479

lation will be larger and the point at which�S/J goes neg- 480

ative will move further out in time. In the current context,481

it is notable that although there is no simple factor to de-482

scribe the relationship between production and the increase483

in stocks, there is an annual net increase in the stocks that484

continues well into the period of declining production. There485

is a longer period where the annual change in the stock of486
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Fig. 10. The pattern of�S/J, 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 0.05 sint to the 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-487

tinuing to be produced.488

4.3. Changing rates or patterns489

All of the scenarios described thus far have assumed that490

we can identify patterns that describe production and oxida-491

tion as continuous functions of time. In fact, we can expect492

that there will often be changes with time: a leveling off493

of growth, for example, or a change in the way a product494

is used or disposed of, so that the half-life of the product495

changes notably. We might also encounter situations where496

the rate of production varies significantly from year-to-year,497

whether in a regular or “noisy” way. To show that these sit-498

uations yield results that conform to the patterns described499

above, and yet to recognize the kinds of dislocations that500

would need to be considered in emissions inventories, we501

describe briefly four scenarios in which there is a signifi-502

cant change in either the pattern of production or the pattern503

of oxidation over time.Fig. 10 illustrates the variation in504

�S/J over time for two cases with varying production func-505

tions and two cases with changes over time in the decay506

function.507

In Fig. 10A (dashed line), we assume that production508

can be described with an S-shaped, sigmoidal function,509

i.e. that production initially approximates exponential510

growth but eventually passes through an inflection point511

and then asymptotically approaches some constant level.512

The graph shows that�S/J starts toward the asymptote513

associated with exponential growth but transitions toward514

zero as the rate of growth in production approaches zero.515

To examine the effect of noise or variability in the pro-516

duction function, inFig. 10A (solid line), we have taken517

an exponential growth curve with 2% per year growth and518

superimposed a sine wave (i.e. added 0.05 sin(t) to the ex-519

ponential growth term). The plot of�S/J shows that our520

expectation of an eventual constant value for�S/J is main-521

tained, albeit with noise from the noisy input signal super-522

imposed.523

A change in the way products are used or disposed of, such524

as the conversion from waste dumps to modern landfills,525

might be represented by a change in the half-life of products.526

Fig. 10B illustrates the changing value of�S/J when the527

half-life of products changes from 5 to 20 years during year528

20. The figure reflects a large build-up in product stocks fol-529

lowing the stepwise increase in product half-life. In related530

fashion,Fig. 10Creflects a very rapid draw down in product531

stocks following an abrupt change in product half-life from532

20 to 5 years. When the half-life of the product decreases533

dramatically in year 20, the oxidation of products exceeds534

the rate of production for years 20–32.Fig. 10B and Cshow535

the eventual stabilization of production and oxidation at con-536

stant�S/J. These two figures illustrate that abrupt changes537

in the use of products could have very dramatic short-term538

effects on the best estimate of carbon storage in durable539

products.540

4.4. Alternate decay functions and spread-sheet 541

analyses 542

We have constructed the scenarios above using the as-543

sumption of first order exponential decay because this is544

among the simplest situations to treat mathematically and545

because we wanted to explore the possibilities and implica-546

tions of using the simple assumption of constant�S/J. There 547

are other decay schemes that should be explored and which548

might be more realistic representations of the oxidation of549

many durable products. One approach is to distribute prod-550

uct oxidation over many years according to the probability in551

each year that the product will oxidize in that year. A poten-552

tially useful function, a function often used to describe time553

to failure, is the gamma function. A typical gamma function554

has the form shown inFig. 11. This is a continuous probabil-555
ity distribution that can be fitted to very closely resemble the556
3-segment curve thatRow and Phelps (1996)use to describe557
the life expectancy of wood products. Other, more general-558
ized, gamma functions can be fit to the decay pattern seen in559
various products. The gamma function would describe the560
probability of oxidation as a function of time since produc-561
tion and would have a maximum probability corresponding562
to the nodal value of the product life, decreasing to zero563
to either side. The gamma function would then be used as564
the kernel of an integral to describe the distribution of stock565
produced at different times in the past that is oxidized at566
the current time. The general form of the model, including567
exponential growth of production, is given inEq. (6). 568

dS

dt
= ert−

∫
Γ (x−t)S(x − t) dx, fromx = 0 tot (6)

569

By contrast, for first order exponential decay, the entire570
stock is treated equally regardless whether it was produced571
last year or 40 years ago. Oxidation is simply a proportion572
of the total stock. 573

Fig. 11. A typical gamma function that might be used to describe the
probability of oxidation of durable products. In this example, the products
have a modal lifetime of 20 years and the probability of oxidation at
greater or lesser times is described by the curve. The area under the curve
is equal to 1.



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F12 E. Marland, G. Marland / Environmental Science & Policy 268 (2003) 1–14

Although we leave detailed mathematical examination of574

the gamma function for future inquiry, we note that so long575

as the right-hand side of the curve of the gamma function576

is basically an exponential decay, many of the qualitative577

aspects of the results discussed above for first order decay578

will prevail, particularly for asymptotic behavior. Use of a579

Γ function, or other probability distribution, to represent580

product oxidation could also mesh well with the discrete na-581

ture of collected data. The probability distribution could be582

incorporated into look-up tables to estimate the fraction of583

product oxidized in each year following initial production.584

This suggests a year-by-year, discrete tabulation of produc-585

tion and oxidation using spread-sheet analyses. Spread-sheet586

analyses would also accommodate production functions that587

could not be well described with exponential or other simple588

growth curves. It is likely that this sort of discrete analysis589

would provide the most accurate estimates of CO2 emissions590

over time, if time-series data were available on production591

and an accurate representation of the probability of oxida-592

tion over time could be constructed. In fact, this is exactly593

the kind of spread-sheet analysis of wood product oxidation594

carried out in many modeling exercises (see, for example,595

Schlamadinger and Marland, 1996). However, this type of596

analysis is very data intensive and is what we have tried to597

avoid by looking for simple, functional relationships among598

production, oxidation, and stock changes.599

5. Three real examples600

Having discussed the evolution of�S/J that might be601

observed for hypothetical patterns of product growth and602

decay, we examine three cases with real data on the rate603

of production over time. We have chosen to look at data604

for one petrochemical product and one forest product and605

we have selected data for two countries where the recent606

patterns of growth are very different. Data on lubricants607

for the US and China are from the United Nations Energy608

Statistics Office (UN, 2001) and data on lumber are from the609

Statistical Abstract of the US (US Census Bureau, 2001).610

Note that these data sets provide useful perspective for611

analysis, but they also address some ofGielen’s (1997)con-612

cerns about the reporting of emissions and treatment of prod-613

ucts that are traded in international commerce. The lumber614

statistics are not production statistics, but are for US con-615

sumption and include consideration of imports and exports.616

The lubricant data are also for consumption and have been617

calculated as domestic production plus imports minus ex-618

ports and minus any change of stocks in storage. The data619

do not include consideration of trade in final products, i.e.620

lumber as furniture or lubricants in engines.621

We do not have data on the rate of oxidation of these622

products. We assume that both are oxidized as a first order623

decay process, i.e. that the rate of decay is a function of the624

amount of stock in use. We do need to estimate a half-life625

for each product.Buchanan and Levine (1999)use 1 year626

as the average life for fuel wood and waste, 3 years for627

paper products, and 40 years for solid wood products. For628

comparison,Skog and Nicholson (1998)consider durable 629

wood and paper products under 11 product categories, with630

half-lives ranging from 1 year for most paper products to631

100 years for post-1980 single family homes. Recognizing632

the difference between the average life and the half-life, we633

take 40 years as the half-life for solid wood products derived634

from lumber. For lubricants, we assume that the half-life will635

be in the range of 2–5 years and use both of these values636

in the analysis. The half-life of lubricants could be notably637

different in the US and China as patterns of use, re-use, and638

disposal differ. The half-life could also be changing with639

time as patterns of recycle and disposal change. 640

The data on consumption of lubricants from 1970 to 1998641

in the US have considerable year-to-year variability and can642

be fit almost equally as well with a linear or an exponen-643

tial fit. Because we know that�S/J will behave best when644

growing production can be modeled with an exponential, we645

choose the best exponential fit. The growth rate is low with646

r = 0.0021 year−1. As the assumed half-life increases from647

2 to 5 years, the steady state value of�S/J increases from 648

0.006 to 0.014 and the time required to reach this steady649

state increases from approximately 12 to 30 years. The bot-650

tom line here is that (assuming we have the right range for651

the half-life) lubricant stocks in the US should have reached652

a steady state relationship between�S andJ and the annual 653

increase in stocks should be on the order of 1% of annual654

production. 655

Data for lubricant consumption in China from 1978 to656

1998 are less regular, but the best fit exponential can be657

found. The growth rate hasr = 0.051 year−1. As the as- 658

sumed half-life increases from 2 to 5 years, the steady state659

value of�S/J for China increases from 0.13 to 0.27 and the660

time required to reach this steady state increases from ap-661

proximately 11 to 22 years. Again, assuming that we have662

correctly bracketed the half-life, the pattern of growth in use663

of lubricants in China has been long enough that the steady664

state relationship between�S andJ should have been estab-665

lished, and the stock of lubricants in place in China should666

be growing annually at 13–27% of the annual rate of pro-667

duction. Comparison of these values for�S/J with those in 668

Table 1suggests that if the US and China were using the669

values suggested by the US EPA and the IPCC, respectively,670

they would be using values that are on the high side but of671

the correct order of magnitude, and would be properly ac-672

knowledging that the value should be higher for China than673

for the US. 674

Data for lumber consumption in the US are plotted in675

Fig. 12 along with the best exponential fit and the corre-676

sponding values of�S/J. With an assumed half-life of 40677

years, and the best fit exponential growth rater = 0.0175, 678

the value of�S/J will approach an asymptote at 0.502 (see679

Fig. 12B). The time required to reach this steady state would680

be 120 years. To the extent that lumber consumption in the681

US is accurately characterized by exponential growth and682
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Fig. 12. Data on consumption of lumber in the US are shown with the best fit exponential. The best fit is aty = 7 × 10−12 e0.0175t with R2 = 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 stocks
to the annual rate of production (�S/J) shown in (B). Values of�S/J show that after about 120 years, the annual increase in stocks will be constant at
0.502 times the annual production (data are fromUS Census Bureau, 2001; data are shown in the originally reported units, where 1 ft3 = 0.028 m3).

an unchanging half-life of 40 years, we would conclude that683

there is an increasing stock of products that is of an amount684

equivalent to approximately half of the current year’s pro-685

duction.686

6. Conclusions687

The IPCC methodology (IPCC, 1997), based on earlier688

work byMarland and Rotty (1984), assumes that we can de-689

scribe the annual increase in stocks (�S) of durable organic690

products as a constant multiple of the annual rate of produc-691

tion (J). We have shown that�S/J is a constant only when692

J can be characterized as an exponential function of time,693

the product oxidizes by a first order decay process, and time694

is long with respect to the half-life of the product. The as-695

sumption of constant�S/J may provide a useful estimate of696

the rate at which carbon is stored in durable products when697

we want to estimate the change in stocks (�S) with simple698

methods and limited data.699

However, the IPCC adopts a single value for�S/J and we 700

have shown that the value should depend on both the half-life701

of product oxidation and the exponent of the exponential702

growth in production. Our conclusion is that, although the703

demands on data remain modest, the use of a constant factor704

to estimate the change in stocks from current production705

requires some knowledge on the time history of production706

and an estimate of the product half-life. Use of the same707

value of�S/J for all countries or all producers is, therefore,708

not appropriate. Different rates of increase in production709

can yield vastly different rates of increase in stocks and710

poor estimates of the production function can lead to poor711

estimates of the increase in stocks. 712

It is clear that the steady state value of�S/J will be differ- 713

ent in different places, but it can also be different at different714

times in one place. As pointed out bySkog and Nicholson 715

(1998)for forest products, over time we can expect changes716

in production methods, the distribution of products, product717

half-lives, product recycle, etc. With proper recognition of718

historic patterns these changes produce predictable changes719
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in �S/J and can be accommodated in emissions inventories720

over time.721

Because the value of�S/J behaves best whenJ can be722

described with an exponential function, it seems appropri-723

ate to select an exponential fit for the history of production724

whenever appropriate. For all other circumstances it may be725

necessary to adopt discrete accounting, via spread-sheet for-726

mats, to convert historic production data and our best under-727

standing of the probability distribution of product oxidation728

into estimates of the net increase in product stocks. In ei-729

ther case, it is clear that separating products into short- and730

long-lived products, with a demarcation at 20 years (or at any731

other age), fails to recognize that there can be a substantial732

build-up of stocks for products with quite short half-lives.733

We note that the simple approach pursued here is not734

in conflict with the detailed statistical treatments being de-735

scribed byGielen (1997)andGielen and Patel (1999). The736

more product and sectoral definition that can be achieved,737

the better we are likely to be able to describe the rates of738

production and oxidation. The approach for estimating of739

CO2 emissions that is described here can be applied to data740

at virtually any level of aggregation, depending on the rich-741

ness of the data bases available.742

Whether the interest is for geochemical or political pur-743

poses, an accurate estimate of CO2 emissions to the atmo-744

sphere needs to confront the very large amount of carbon745

stored in durable petrochemical and forest products. The746

methodology proposed by theIPCC (1997)seems to offer747

reasonable first estimates so long as we are aware of the748

limitations and implications of the method and take better749

advantage of existing understanding on the history of pro-750

duction and the durability of products. Estimates of CO2751

emissions should be improved if estimates are based on all752

available data on consumption and durability. Better esti-753

mates seem possible but are likely to be very data intensive.754
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