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Abstract 

A thorough review is made of Climate Change Science, going into much greater detail than is 

typical of papers in Economics and specifically emphasising the hard thermodynamic limits of 

biological and physical processes. This theme is then continued in a historical review of 

theory relevant to Climate Change taken from Economics, Physics, Biology and Mathematics, 

clarified by extensive real-life historical time series plus calculations of fundamental 

thermodynamic limits ï which results in a series of pointed, uncomfortable truths that our 

culture & society prefers to overlook. 

Two types of ñcosts of climate changeò models are then placed under the microscope: (i) The 

Stern Report (2007) and (ii) The Limits to Growth (2004) ï both chosen as the two most 

widely known by the greater public. Both models are evaluated according to the scientific 

realities outlined in the previous two chapters, including going into some detail of the 

specifics of the models themselves through analysis of their source code implementations. 

Finally, the authorôs subjective opinion is given as to the quality of the models given the 

results of the prior chapter. I conclude that the models are primitive, but not much better than 

the state-of-the-art currently employed by the Intergovernmental Panel on Climate Change. 

The hard reality is that we do not sufficiently understand the nature nor causes of climate 

change, only that it is happening ï and thus building a realistic model is currently outside our 

capability. This is changing very quickly however ï the paper has tried, where possible, to 

include the very latest research on climate change and to show by just how much the ground 

is currently moving. 
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Introduction 

We stand at a fascinating point in human history: our behaviour, as a species, has begun to 

affect the entire planet and thus, from now on, what we do will not only affect our own 

destiny, but also that of the planetôs. It has only been in the last few decades that we have 

developed models sophisticated enough to approximate these processes, and no matter what 

oneôs opinion is on the matter, everyone can agree that the accuracy of these models remains a 

lot to be desired. 

This paper reviews two examples of the two main forms of Economic Climate Change 

modelling technique currently in widespread use. No claim is made that either is the best 

available in their particular field ï in fact, they are simply the two best known by non-

Economists ï but both are fairly representative of their fieldôs approach. 

One assumption that this paper makes is that the single most important Economic effect of 

climate change will be its effects on agriculture and thus upon the food supply
i
. In recent 

weeks we have seen a surge of violent protest in over a dozen countries over a mere 50% 

increase in the cost of basic grains ï indeed, this weekôs The Economist is dedicated to the 

issue (The Economist, 2008). This shows just how much of the worldôs population is 

extremely price sensitive to basic foodstuffs because of their grinding poverty ï indeed, 

should this price inflation continue, rising grain prices will rapidly wipe out all the progress 

made in reducing world poverty during the last ten years (The Economist, 2008). 

Most Economic models ignore the scientific realities underpinning the functioning of our 

biosphere and to emphasise that fact, a short overview of the science is made in ñChapter 1: 

Hard facts about Climate Change Scienceò. These are the óhardô cost boundaries which any 

Economic model must satisfy and this paper will zealously analyse how well the Economic 

models satisfy hard scientific realities. 

In ñChapter 2: Uncomfortable Truthsò we make clear some very uncomfortable truths 

regarding the true nature of our population and industrial growth. In particular we discuss the 

nature of Gross Domestic Product (GDP) and the nature of fundamental resource constraints. 

Having done all the groundwork in the first two chapters, we finally turn to the two types of 

Economic Climate Change model in ñChapter 3: Two Kinds of Climate Change Modelò. 
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Chapter 1: Hard facts about Climate Change Science 

It is rare to see in any paper about climate change (from an Economics perspective) an actual 

definition of climate change which almost certainly contributes to the often heated debates 

concerning it. It seems to me that few in Economics understand the details of how biology 

and physics actually work to keep the planet alive ï however, this being outside the scope of 

this paper, I have relegated most of those details to the endnotes. 

This paper simply takes climate change to mean ñsevere degradation of vital environmental 

support systems for planetary lifeò and specifically, by that, it means the following: 

¶ The primary system maintaining life on planet Earth is photosynthesis
ii
, that being the 

combination of carbon dioxide (CO2) with water (H2O) and red-blue low-entropy solar 

radiation (photons) into organic energy transport chemicals such as glucose 

(C6H12O6), releasing oxygen (O2) as waste. There are three kinds of photosynthesis
iii

, 

of which C4 photosynthesis fixes 30% of planetary carbon dioxide using modest 

amounts of water despite being only 5% of planetary biomass (Osbourne & Beerling, 

2006). Plants and animals then chemically react those organic energy transport 

chemicals with oxygen
iv
 at some later point to provide growth or movement. 

¶ The secondary system maintaining life on planet Earth is the Nitrogen-Phosphorous-

Potassium (N-P-K) cycle without which all photosynthesising lifeforms cannot exist
v
. 

Of this, by far the most important to climate change is the Nitrogen cycle because 

1.5% of a plantôs dry weight is Nitrogen and it is extremely energy expensive to fix it 

from the atmosphere
vi
. However, it could be a far worse concern in the long term that 

we probably passed the Phosphorous Peak in 1989
vii

. 

¶ There is no doubt, absolutely no doubt, that photosynthesis is the single most 

important factor which makes our planet different from any other. Specifically, its 

atmosphere contains a large amount of the highly chemically reactive oxygen which 

cannot persist in any chemical system approaching equilibrium ï thus, Earthôs 

atmosphere is a system far from chemical equilibrium and has stayed that way for 

some 2bn years
viii

. 

¶ Anything which modifies this process at a planetary scale is cause for great concern, 

and anything which retards this process at a planetary scale is a severe threat to all life. 
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This process is a hard scientific fact, and yet its extremely obvious consequences are routinely 

ignored by far too many serious commentators. The first, and most obvious conclusion is the 

proportional limi ting factors of photosynthesis: 

1. Sunlight 

2. Water 

3. Nitrogen 

Applying sufficient quantities of those three to any part of the planet usually produces a 

bounty of life in a very short time period. In most parts of the planet, the primary constraint 

on the quantity of life is severely limited by one of these (Taiz & Zeiger, 2006). 

It is therefore really rather amazing that human beings have gone to the extent that they have 

to interfere with these three factors without considering the wider consequences. Part of the 

problem is understanding them at all ï photosynthesis was not fully understood until 1966 

with the discovery of the Hatch-Slack pathway (Hatch, 2002) ï and even today no one is 

exactly sure which has precisely what effect, as every IPCC assessment report bravely admits. 

In fact, it is extremely worthwhile to delve quite deeply into the specifics of climate change. 

We did not arrive at this point by accident ï it resulted from a series of decisions usually 

made with the best of short-term intentions, but because we did not think our decisions 

through, we will shortly reap the long-term consequences. The fingerprints of the history of 

our choices are everywhere, they just need to be sown together and for that we need to 

summarise the most essential points such that we can unequivocally speak some 

uncomfortable truths in Chapter 2 below. 

More importantly, knowing the details allows a far deeper analysis of how well the climate 

change models work, how accurate they are and how well they model the costs of climate 

change mitigation ï only a proper knowledge of the science can illuminate that latter point. 

1.1 Greenhouse Gases 

According to the IPCC fourth assessment (IPCC, 2007), the following greenhouse gases are 

primarily responsible for warming the planet (in order of relative effect): 

1. Carbon Dioxide (CO2 379 ppm in 2005, has been 180-300 ppm during last 650,000 

years
ix
) 

2. Methane (CH4 1,774 ppb in 2005, has been 320-790 ppb during last 650,000 years) 
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3. Fluorine containing gases such as CFC, HCFC, HFC, PFC covered under the Montreal 

and Kyoto protocols. 

4. Nitrous Oxide (N2O 319 ppb, 270 ppb pre-industrial) 

5. Ozone (O3, too unstable to know pre-industrial levels) 

Their relative contributions to warming are as follows: 
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Figure 1: Components of Radiative Forcing (with error bars) according to the IPCC 

 

One must remember that the IPCC is a conservative consensus opinion that necessarily must 

adopt a ñwait and seeò approach when the science is not yet certain. One can particularly see 

this in the error bars above for the effect of aerosols, to which we turn next. 

1.2 Aerosol Pollution 

Industrial processes and the burning of coal and biomass produce a great deal of aerosol 

pollution e.g.; soot and other small particulates. This has two main effects relevant to climate 

change: (i) the particulates directly interfere with vital life processes within plants & animals 

and (ii) they indirectly interfere with the fundamentals of atmospheric processes. The latter is 

the more directly relevant to climate change, so we shall discuss this first. 
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As a much simplified description, airborne particulate causes increased cloud albedo 

(reflectivity), thus reflecting more sunlight back into space, thus reducing the amount of 

sunlight reaching the ground and thus, both reducing global heating and at the same time the 

rate of photosynthesis. It has been estimated that there has been an average drop in sunlight 

reaching the ground of 4% globally with 10% across the continental USA between 1960 and 

1990 (Liepert, 2002) with a slow improvement since then (Wild, et al., 2005). It is known that 

most water evaporation occurs due to direct solar radiation contact
x
, so this has a direct effect 

on atmospheric water vapour content ï additionally, the aerosols make clouds much finer and 

thus both thicker and less likely to rain. What this basically means is that the fresh water 

transport system has been substantially modified ï however, the long standing paradox of 

decreasing pan & sea evaporation rates combined with increased rainfall has recently been 

resolved, showing that net rainfall has increased but the distance it is transported has dropped 

(Brutsaert & Parlange, 1998)
xi
. Water is dealt with more substantially below. 

I should qualify this suggestion that aerosol pollution reduces global heating by bringing in 

some very new research just published last month in Nature. This very extensive review of 

multiple data sources has found that black carbon (soot), in aggregate, could contribute 

warming of as much as 55% of the increased CO2 levels. It has been discovered that different 

wavelengths of solar radiation either pass through or are absorbed by a complex web of 

interacting pollutants such that greenhouse gas radiative forcing is reduced, but is more than 

made up for by black carbon absorbing a disproportionate amount of sunlight reflected by 

clouds. In other words, while the pollutants do reduce heating at the surface, they have been 

greatly increasing it in the upper atmosphere at the same time as substantially reducing 

photosynthesis through dimming. Around 2W/m
3
 is being transferred from the ground to the 

upper atmosphere ï a huge amount in the context of the radiative forcing graph above 

(Ramanathan & Carmichael, 2008). 

The chances are that even slightly increased shading has a disproportionately high effect on 

planetary photosynthesis as the C4 kind, punching far above its weight in carbon dioxide 

fixation, particularly likes strong, direct sunlight and reacts very negatively to any shading at 

all (Osbourne & Beerling, 2006). Unfortunately, despite extensive searching, I have not been 

able to find any study analysing the historical contribution of C4 photosynthesis to our 

climate ï however, the results of the Osbourne & Beerling paper were simply not known until 

now. 
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It is important to not underestimate the effects of aerosol pollution on the human population. 

It has been estimated that rice yields (a C3 plant) in the Indian subcontinent alone between 

1995 and 1998 would have been 11% higher were the thick, brown cloud hanging overhead 

not there (Auffhammer, Ramanathan, & Vincent, 2006) ï and that figure explicitly does not 

include the effect of increased greenhouse gases on the rice, it solely accounts for albedo and 

rainfall effects. This I am sure is small comfort to those currently rioting there about food 

shortages (at the time of writing). 

Furthermore, aerosol pollution has severe effects on the human (and animal) respiratory 

system (Johansson, Norman, & Gidhagen, 2007): 

 

Figure 2: Excess Deaths from Selected Environmental Factorsxii 

 

Figure 3: Estimated Particulate Matter <10 ɛm pollution in World Cities > 100,000 population 

One can clearly see Asiaôs brown cloud. According to the World Health Organisationôs World 

Health Report 2002 from which the above table was derived, some 40% (22.4m) of the then 

PM10 
(µg/m3) 

¶¶  55--1144  

¶ 15-29 

¶ 30-59 

¶ 60-99 

¶ 100-254 
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56m people who died in the year 2000 were preventable (costing one third of global 

productive years
xiii

), so aerosol pollution alone caused 11.8% of the preventable deaths and 

4.7% of total annual deaths in the year 2000 (World Health Organisation, 2002). 

1.3 Water 

Table 1: Inventory of water at the Earth's surface (Pidwirny, 2006) 

Reservoir Volume in km
3
 % of Total Average Residence Time 

Oceans 1370,000,000 97.25 3,200 years 

Ice Caps and Glaciers 29,000,000 2.05 20 ï 100 years 

Groundwater 9,500,000 0.68 shallow: 100 ï 200 years 

Lakes 125,000 0.01 50 ï 100 years 

Soil Moisture 65,000 0.005 1 ï 2 months 

Atmosphere 13,000 0.001 9 days 

Streams and Rivers 1,700 0.0001 2 ï 6 months 

Biosphere 6000 0.00004  

 

Some 527,583km
3
 of water is evaporated by the hydrologic cycle annually which equals a 

transport of some 40PW (a petawatt is 10
15

W) of heat
xiv

 - note that only 120PW reaches the 

biosphere, so a full one third of the sunôs energy powers the cleaning of fresh water
xv

. Only 

9% (some 47,483km
3
) makes it onto land (Pidwirny, 2006). The IPCC reports that 

atmospheric water vapour has increased by 4% since 1970 and precipitation onto land has 

risen by 2% this past century, however the incidence of very high and very low periods of 

rainfall has increased (IPCC, 2007). 

Despite the tremendous amount of energy required for generating fresh water, it is probably 

the most consistently undervalued natural resource in developed countries due to heavy public 

subsidy (The World Bank, 2006) and favourable geographic location. However, for the 

population of any poor country or any country with a significant amount of land to the west of 

it
xvi

 (such as most of the Middle and Far East, Russia and east Africa), water is more 

important than any other resource because crops and industrial processes need large amounts 

of fresh water. In fact, one can link fresh water and crop quantities as shown in Appendix B. 
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There are two main types of water flow important to agriculture: blue and green (Portmann, 

Siebert, & Döll, 2006). Blue water is runoff i.e.; the water which exceeds the landôs 

absorption capacity and runs into streams, rivers etc. Green water is rainfall taken up by plants 

and reemitted through photorespiration. This latter kind is highly underemphasised by modern 

agriculture despite that it is the primary water supply in rainforests, and surprisingly that 80% 

of contemporary agricultural output is green water based (Rockström, 2003). Our emphasis on 

the former kind has led to rivers such as the Yellow River in China no longer reaching the sea. 

Considering this, agricultural techniques are highly inefficient with an average of 38% 

efficiency in developing countries (Food and Agriculture Organization, 2003) with a state-of-

the-art of 60% in Israel (Rosegrant, Cai, & Cline, 2002). Simple changes to practice such as 

use of no-till agriculture (already practised to some extent by 23% of US farms) or even 

throwing a clear plastic bag over crops can make a tremendous difference to water efficiency 

ï Rockström discovered a potential 500km
3
/yr saving against a total 6800km

3
/yr (Rockström, 

2003). Rather shockingly, Rockström also discovered that total human dependence on water 

is 65,000km
3
/yr which is 88% of total annual flow

xvii
 ï this means that there is not much slack 

left in the system. 

1.4 Nitrogen Fixation 

The details of how nitrogen is fixed from the atmosphere by Nature are in the endnotes
vi
 ï of 

more import to climate change is how humans have intervened in the process because it has 

probably caused more damage to fundamental natural systems than any other human 

action
xviii

. It has been long known that spreading animal manure upon cropland improves 

yields ï though precisely why was only relatively recently discovered in the 19
th
 century. 

Animal urine and faeces contain urea ((NH2)2CO) which is synthesised as a transport for 

removing the toxically alkaline ammonia (NH3) which is a waste by-product of metabolism
xix

. 

Urea is highly water soluble and contains more nitrogen than any other fertiliser (46.4%) ï an 

advantage for the animal during excretion and also to the farmer for application to crops, but a 

major disadvantage for rivers, lakes and coastal seas where the only limiting factor for algal 

blooms is sufficient nitrogen. 

Urea is broken down easily into ammonia and carbon dioxide, and so long as there is 

sufficient oxygen, aerobic bacteria will convert that ammonia by adding oxygen into a nitrite 

(e.g.; nitrous acid, HNO2) and then a nitrate (e.g.; nitric acid, HNO3). If there is insufficient 

oxygen however, anaerobic bacteria will convert nitrites or nitrates into nitrogen gas ï this is 



13 

 

why traditionally farmers ploughed their fields in order to aerate them. Imbalanced soil, where 

natural bacteria and fungi are not in a healthy balance, tends to produce excess intermediate 

Nitrogen-containing compounds because of a distorted conversion balance, and thus we get 

many of our most problematic Nitrogen-based aerosol pollutants as mentioned above. 

For almost the entire of human history, the lack of nitrogen has been the most important limit 

to agricultural output when there is sufficient fresh water. Apart from highly expensive 

shipments of bat guano or saltpetre from Latin America, there simply was no high 

concentration source of nitrogen apart from manure. 

All this changed with the invention of the Haber-Bosch ammonia synthesising process in 

1911. This uses a hydrogen source (typically natural gas) and high temperatures and pressures 

to produce ammonia from atmospheric nitrogen. There are few things which happen in history 

that really utterly change the future of the human race, but this was one of them ï as section 

2.3 details, most of the human beings alive today could never have been without the invention 

of this process and its resultant effects on food production. 

Unfortunately, we have used this process to fix  very large amounts of nitrogen indeed ï as 

reported in the January 2008 edition of Nature, we fix 160Tg per year while Nature fixes 

110Tg on land and 140Tg in the oceans. This has had a catastrophic effect on Natural 

systems, especially all water-rich habitats where algal blooms deoxygenate the water, thus 

causing a mass die out of organisms and thus rendering many rivers and lakes uninhabitable 

as well as severely depleting coastal fish stocks. Further problems include a large increase in 

acid rain (which acidifies soil, causing leaching of vital minerals and nutrients), it catalyses 

the breakdown of the ozone layer and it acts as an aerosol pollutant with substantial human 

health costs (covered above). Much more detail on these effects, and the uncertainties and 

paradoxes apparent in the carbon-nitrogen cycles, are in that Nature article (Gruber & 

Galloway, 2008) or indeed any IPCC report. 
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Chapter 2: Uncomfortable Truths 

As we have assumed that the single most important Economic effect of climate change will be 

its effects on agriculture and thus upon the food supply, before we can assess the climate 

change models, we need to understand fundamental resource limits, how effects of climate 

change are valued and how our food is grown. 

2.1 Fundamental Resource Limits 

I have worried before beginning this paper that I may be labelled by the end of it as a 

Malthusian catastrophist ï and I certainly acknowledge that the majority of those who 

predicted doom & gloom over the last few centuries have been proven most wrong. 

Nevertheless, I wish to make clear that the division is not a simple binary one of ñnay sayersò 

and ñyay sayersò ï rather the issue is somewhat more complicated, and knowing those details 

helps a lot. Before I begin, I should remind you of the three things which must be conserved 

according to the first and second laws of thermodynamics: (i) energy (ii) space (iii) time. This 

is important, because Physics allows you to substitute one or two for a lesser amount of the 

other, but there is no such thing as ñgetting something for freeò which unfortunately many 

standard Economic models assume (e.g.; the Solow growth model
xx

). 

Anything thus conserved is a ñfundamental resourceò i.e.; one which cannot be substituted. 

To date in our civilisationôs history, we have proved remarkably adept at substituting one 

form of energy, space or time for another when we reached some limit ï maybe we shall 

continue that trend, or maybe we wonôt (Chapter 3 discusses this in relation to the models). 

Climate Change is without doubt the most serious fundamental resource limit of all, because 

to put it frankly ï we only have one planet, and it is most certainly not substitutable
xxi

. 

2.1.1 Food and Population 

Thomas Malthus published his first edition of An Essay on the Principle of Population in 

1798. Much simplified, he had observed that population growth was compound whereas food 

production growth was linear (this wasnôt actually true ï but see below), which could only 

result in boom/bust cycles where the bust meant mass famine among the poor, thus reducing 

the excess population. The graph is extremely obvious to any Economist, but I include it 

anyway: 
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Figure 4: A Malthusian Food & Population Feedback model (with expansion of top right of graph) 

The model starts with food and population at 1.0 but with food increasing linearly at 2% p/a 

and the population at a compound of 0.5% p/a. If however the population exceeds the food, a 

reduction of growth is made of the difference between the food and population. As you can 

see above, this results in a chaotic harmonic characterised by long periods of population 

growth punctuated at semi-unpredictable times by famine. Of course, real populations know 

when food is running out and can act in anticipation ï however, the vicissitudes of weather 

make it far harder to predict in reality and thus this very simple model surprisingly captures 

something close to the truth (however do see below about sigmoid curves). 

Empirically, certainly for most of human history almost every society that has written down 

their history has written of regular famine ï for example, there were 1,828 famines in China 

during the 2,019 years between 108 BC and 1911 AD (Mallory, 1926) and from my reading 

of the timings, they look quite similar to my model above ï close, but not quite, to regular. 

Famine held the world population growth rate to around 0.05% between 400-800AD, 0.1% 

between 800-1200AD, 0.08% between 1200-1600AD, 0.3% between 1600-1800AD and since 

then (US Census Bureau, 2008): 
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Figure 5: World Population Growth Rate 1800-2006 

One can literally see the introduction of the second green revolution (described below in 

section 2.3) as it is brought firstly into western countries after the first World War, then 

developing countries after the second World War. Note how the growth curve approximates 

that of a normal (Gaussian) distribution ï weôll come back to that. 

In response to Malthusô 1798 essay, Pierre François Verhulst wrote a paper in 1838 which 

gave an improved population modelling equation called a logistic curve, the differential of 

which looks very similar to a normal curve (Verhulst, 1838): 

 

Figure 6: A logistic curve (also called a ñS-curveò) 

This is what happens to an ideal population with perfect information knowledge (i.e.; zero 

environmental feedback delay) in a constrained environment. To explain, at the start the 
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population grows unconstrained and thus it approximates exponential growth. Toward the 

middle, environmental constraints kick in and growth linearises, and towards the end growth 

goes into exponential decline. 

This is why to Malthus, or indeed many of the commentators since, growth can appear to be 

exponential or linear depending on how detailed your data is and how far its time span 

stretches. In fact, the whole history of the Universe and evolution on planet Earth is probably 

a series of compounded S-curves
xxii

 ï so whenever there is a significant technological/ 

evolutionary advancement, a new S-curve begins, the system shifts exponentially from the old 

toward a new equilibrium, then linearly, then exponentially slows down as it reaches the new 

equilibrium. If you take the second derivative (i.e.; the derivative of the S-curve), you get a 

bell curve (approximating a normal distribution). 

That second derivative in this context is actually very famous ï most educated people have 

heard of something called ñHubbertôs Peakò. This term came from M. King Hubbertôs 1956 

paper which predicted ñPeak Oilò when supplies would not run out, but their growth in output 

would stagnate and then fall (Hubbert, 1956): 

 

Figure 7: The original prediction of Peak Oil in US production from Hubbert's 1956 paper 

Hereôs world phosphorous production as mentioned earlier: 
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Figure 8: World Phosphorous Production (Déry, 2007) 

One can see how the bell curve has already passed its peak. 

So hereôs the first uncomfortable truth: Compound growth within constrained dimensions is 

always sigmoid ï and even if there are substantial delays in feedback (which cause gluts & 

crashes, or boom & bust i.e.; oscillations), over the very long term it still results in a sigmoid 

curve. We even have fairly conclusive evidence from the fossil record suggesting that this so 

despite quite a few short term deviations due to mass extinctions (Fountaine, Benton, Dyke, & 

Nudds, 2005). 

2.1.2 Energy and Industry 

Somewhat paralleling but also advancing Malthus, the great Economist W.S. Jevons wrote 

The Coal Question in 1865 which was the first work that I am aware of to substantially treat 

the Economics of a fundamental resource. Taking coal as the ñfoodò of industry, he projected 

that were Britainôs use of coal to continue its then exponential growth, a simple inability to 

extract it quickly enough would constrain Britainôs economy and thereafter, reduce it as the 

coal ran out ï which was entirely likely given the then known coal reserves (Jevons, 1865). 

This argument by Jevons is exactly the same applied to Peak Oil today, and it was the 

brilliance of Jevons to have covered most of the problem all the way back in the 19
th
 century ï 

he even predicted how the oil shock of the 1970ôs would cause efficiency improvements in 
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oil-using technology, thus causing an even greater increase in demand later on as the 

efficiency improvements opened up new forms of demand (the óJevons paradoxô). 

As we all know, the coal reserves never ran out
xxiii

 because oil came along to replace it. Many 

modern criticisers of Malthus and his contemporary form of Paul Ehrlich (who wrote The 

Population Bomb in 1968), have argued that technology makes our civilisation different from 

previous ones. Julian Simon, in a very famous paper entitled 'More People, Greater Wealth, 

More Resources, Healthier Environment' (Simon J. L., 1994), makes a good and strong 

argument that free market capitalism has always found substitutes for fundamental resources, 

so when the wood supply reached capacity it found coal, when the coal supply reached 

capacity it found oil and when the oil supply reached capacity after OPEC price rises in the 

1970ôs it found nuclear. However, in my opinion, there is a major fly in his logic: 

 

 

Figure 9: US Energy Breakdown in quadrillion BTU 1635-2000 (US Energy Information Administration)  

 

A substitute is only a substitute if it replaces the original ï as is very clear from this graph, 

wood, nor coal, nor any other energy source has ever actually declined ï they have plateaued 

for a while, but have always returned to their ascent such that the total energy consumption 

continues its meteoric rise. Let us have a look at food production per capita: 
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Figure 10: Food Production per Capita for selected areas (normalised to 1.0 = 1960) 

As one can see, world per capita food production has never dropped below 1960 levels ever 

nor does it show much sign of doing so any time in the near future with it standing at 1.35 

times the 1960ôs level in 2005. Even every subregion of the world has exceeded population 

growth except for Africa ï as every Economist knows, the famines of the last fifty years have 

been caused by allocation problems, not supply problems. How this was achieved by 

substituting fossil energy to gain more food (the second green revolution) is covered in 

section 2.3 below. 

Julian Simon wrote a very famous neo-liberal Economics book entitled The Ultimate 

Resource in which he advocates a major difference between ñengineeringò and ñeconomicò 

modelling of resources (Simon J. L., 1981). This very same difference is precisely what 

separates our two climate change models and is discussed in much greater detail in Chapter 3 
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ï but for now, I find Simonôs argument to be logically flawed and hereôs the next 

uncomfortable truth: 

From the empirical evidence, all of the ñsubstitutionsò in fundamental resources such as food 

and industrial energy have actually been augmentations of that resource ï the original 

resource carried on being used at near-maximum levels simultaneously. This is NOT the same 

as say the substitution of lignum vitae (a very hard, naturally lubricating wood originally used 

for shaft bearings) with sealed white metal bearings ï these are close substitutes, and one 

completely replaced the other due to lignum vitae resources becoming over-exploited. 

The uncomfortable truth is that fundamental resource limits have never actually been fixed by 

capitalism OR technology ï theyôve simply been made to hide. And unless we find some new 

energy resource (most pundits currently think it will be wind or nuclear ï which it wonôt 

because nuclear can only easily generate electricity, not hydrocarbons
xxiv

) to augment the 

current ones, we have a very big problem. Note that Jevons did discuss the use of oil as a 

substitute for coal, and he dismissed it thus: ñIt is evident, in short, that the sudden demand 

for the manufacture of petroleum, added to the steady and rising demand of the gas works, 

will use up the peculiar and finest beds of oil and gas-making coals in a very brief periodò 

(Jevons, 1865). He was wrong in the short term, but may well be quite right in the long term. 

It could be that we are aware of a new resource, but simply have underestimated its potential 

as Jevons did. Whatever it might be, it will have to be carbon-neutral at the very least, and 

while this author can think of many possible alternatives, they all come with caveats as bad as 

or worse than nuclear power
xxv

. 

2.2 Value and Gross Domestic Product 

It is highly important to cover GDP before discussing the climate change models for the 

simple reason that the models tend to state consequences of action or non-action in terms of 

effect on GDP. This can be highly misleading, because as we shall shortly see, GDP doesn't 

mean what most people think it means. 

Most people think GDP means "a measure of the economy" and in this they are absolutely 

correct. Unfortunately, they tend to think of that in positive terms, so for them when a 

politician or economist says "the economy is doing well" they take that to mean that people 

somewhat similar to themselves are experiencing an improving life (which usually means a 

rising income). 
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GDP's actual definition is the money market value of all final goods and services transactions 

in an economy in a year and it is invariably termed in whichever currency is the most 

important in the world (currently that's the US dollar). One can crudely adjust GDP for local 

cost differences via Purchasing Power Parity (PPP), but nevertheless one is still converting all 

kinds of human economic activity into a money value based on current market prices. 

This has very obvious problems. The first is that any kind of monetary human economic 

activity adds to GDP, so if crime jumps tenfold then GDP rises through the extra costs of 

imprisoning people, buying replacement goods for those stolen etc. Similarly, if climate 

change costs become onerous, GDP will rise to reflect the added human activity even if 

everyone's life becomes much less pleasant to live. 

The second problem with GDP is that it only values certain kinds of economic activity but not 

others. Traditionally, this meant that women's contribution to the home was not counted as no 

final goods or services transaction happened but this problem has diminished in the west as 

more women have started to work ï though not yet of course in developing nations. It doesn't 

count barter or non-monetary exchange so charity, community & volunteer work is left out. 

This results in a very significant proportion of human economic activity in developing 

countries being totally excluded. 

The third problem with GDP is that of the things it does value, it does so at current market 

prices according to current perceptions of value. This creates an automatic bias towards the 

status quo i.e.; Westerners, because it is our purchasing power which decides the relative 

value of things for the rest of the world and it is also us who sets accounting rules or world 

trade rules, and historically we have tended to bias them in favour of ourselves. 

One can adjust for the first two problems, so this is US GDP per capita adjusted for wealth 

gap effects, housework, volunteering, education, resource depletion, pollution, environmental 

damage, leisure time, military, capital item depreciation and debt: 
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Figure 11: 'Genuine Progress Indicator' for the US 1950-2002 (Redefining Progress, 2008) 

One huge effect of all three of these problems is that GDP effectively values a human life in 

terms of net contribution to a Western style mostly male monetary economy. Thus, one 

person generated in 2007 an average of (PPP adjusted) US$45,845 in the US economy 

whereas it was only US$309 in the Democratic Republic of the Congo (International 

Monetary Fund, 2008) ï realistically speaking, such an actual differential of human activity 

seems unlikely
xxvi

. 

All these issues majorly affect what is really meant by a statement such as "failing to curb 

carbon emissions to 1990 levels will  reduce GDP by 5%". I think a very clear example of this 

is Germanyôs GDP per capita during the second world war: 
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Figure 12: German GDP per capita 1930-1950 (Groningen Growth and Development Centre) 

Despite that bombs were raining down upon them and the population was falling, final goods 

and services transactions per capita rose at a very healthy rate during the war ï not least 

because as the less protected parts of the population (i.e.; the poorer ones) were killed off, a 

per capita index is bound to improve. 

This is the problem with using a measure such as GDP to gauge costs to society. The third 

uncomfortable truth is that talking about effects on GDP without some sort of negative 

production adjustment probably doesnôt tell us much that is useful except to what affects rich 

Western men. 

2.3 The Green Revolutions 

Most people alive today in the West (even the older ones) cannot remember what farms and 

fields used to look like ï they think that what they see today in the countryside has always 

been. This is an urban myth ï thanks to the second green revolution, fields today look quite 

unlike fields a century ago and thanks to the first green revolution, a Roman citizen would 

find much unusual in even the fields of a century ago. 

The first green revolution was the powerhouse of the original medieval expansion of Islam ï 

much improved agricultural techniques, later adopted by Western Europe, allowed the 

Muslim population to grow much faster than its neighbours
xxvii

 which in turn gave it the 

workforce and soldiers to invade its neighbours. In fact, most of what differs even in todayôs 
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agriculture from the Roman system was invented during the Islamic Golden Age: ideas such 

as cash cropping, scientific selective breeding of plant strains and livestock, modern concepts 

of flood irrigation and specialisation of crops to location and indeed a form of property rights 

all were strong features of the first green revolution ï and all are still considered to be at the 

heart of our own agriculture. As the simplest example, the Romans cropped once every two 

years, allowing the land to rest ï like us, the Muslims had four full harvests in the same time 

span, using ñartificialò (in the sense of it not being animal dung) fertilisers to maintain the soil 

(Watson, 1974). 

I should add at this point that I find Thomas Homer-Dixonôs argument in his 2007 book 

Upside of Down persuasive. This books details an extensive thermodynamic analysis of the 

Roman Empire undertaken by the author which concludes that the real cause of decline was 

exhaustion of soils through over-exploitation ï not political problems as is commonly held, 

though these certainly did not help (Homer-Dixon, 2007). Even with much improved 

scientific knowledge of soil operation, I would speculate that the decline of the Islamic Age 

had exactly the same cause ï the time spans are about the same for micro-nutrients to become 

depleted as is currently happening in rice fields even with advanced strains of rice 

(International Rice Research Institute, 2008). 

The second green revolution originates in the period between the world wars. The Haber-

Bosch method had made available hitherto unavailable amounts of nitrogen, but a big 

problem was that traditional strains of grain (invented by the Muslims) did not react well to 

large inputs of nitrogen because they grew too tall and big, and thus became top-heavy and 

prone to falling over which resulted in substantial crop loss. Scientists thus introduced by 

selective breeding dwarf genes from inbred varieties to shorten the crop and to remove the 

amount of energy invested in leaf or stem building (U.S. Department of Agriculture and 

Agricultural Research Service, 2006). As noted in Chapter 1, photosynthesis has a fairly fixed 

efficiency and thus in order to maximise yield for humans, investment of the plant in its 

other parts must be sacrificed (this is a requirement of the first law of thermodynamics, that 

energy will be conserved). 

By the 1960ôs, these special high-yielding strains of ñBurr-Leamingò maize (1921), ñGainesò 

wheat (1962) and IR8 rice (1966) had increased yields by 60% (U.S. Department of 

Agriculture and Agricultural Research Service, 2006), 67% (U.S. Department of Agriculture 



26 

 

and Agricultural Research Service, 2006) and 500% (Datta, Tauro, & Balaoing, 1968) 

respectively. But this came with five major costs: 

1. Abnormally high levels of nitrogen (e.g.; IR8 requires a trebling of nitrogen input, 

Datta, Tauro, & Balaoing, 1968) ï for without this, most high-yielding strains 

underperformed their Muslim predecessors because their stems would be too weak and 

leaves too small to grow well. 

2. Repeated application of pesticides because these new strains were much less pest 

resistant ï and additionally, as there are only a few high yielding crop strains, this 

leads to monoculture which greatly increases disease propagation rates. 

3. Increased weed control, as due to being much shorter, weeds tend to crowd out the 

grain plants. 

4. Much increased water requirements, as drought resistance was greatly impaired by the 

lower fibrous content of stalks and leaves ï this had been used be the plant to retain 

moisture. Appendix B shows how these new strains require 60-100% more water per 

metric tonne produced. 

5. Much reduced nutritional content, partially because the soil can only provide so many 

micro-nutrients per hectare, but also because the plant must expend energy on 

nutrition which had been bred out in favour of calorific content. 

In other words, one does not get something for free ï the iron laws of thermodynamics mean 

that all you can do is shift the allocation of energy investment. And to get these high 

calorific yields, much higher quantities of other inputs are required. 

So long as these crops remained mostly in the West, the problem was contained. 

Unfortunately, in response to imminent famine in India in the 1960ôs, the US supplied high-

yielding crop strains which did indeed allow the population of India to surge ï as noted in the 

population growth graph depicted in Figure 5. This example was rapidly copied by almost all 

developing countries with the notable exception of most of Africa. 

Now here comes the uncomfortable truth. Selective breeding has definite declining marginal 

returns and even if we fully understood genetic engineering, there is nothing that we can do 

about the fundamental efficiency limits of photosynthesis. I have calculated that there is a 

fundamental thermodynamic maximum of 40kW/hectare for C3 and 65.8kW/hectare for 

C4
xxviii

 photosynthesis that no technological advancement can break. Empirical testing has 

found lab-perfect maximums of 23.5kW/hectare and 41kW/hectare (due to some energy being 
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required for roots, stems and leaves ï water transport is already accounted for) and maximums 

in outdoor conditions of 7kW/hectare and 12kW/hectare
xxix

 (e.g.; the leaves donôt cover all of 

the ground etc). 

A simple calculation shows that IR8 rice (a C3 plant) already yields 4.7kW/hectare under 

ideal conditions in India
xxx

. This is already better than half perfect, and given that IR8 yields 

today have decreased by more than 20% when planted in identical conditions to 1970 

(International Rice Research Institute, 2008), it would suggest that one is already pushing 

hard at natural limits. Given that 200 kilograms of nitrogen is already added per hectare in 

modern rice farming (International Rice Research Institute, 2008), that nitrogenôs price is 

intimately linked to that of natural gas, that there isnôt much arable land not already in use
xxxi

, 

and furthermore that we have little more fresh water to go around, there appears to be 

extremely little room for manoevour. 

This is my point ï the last two green revolutions worked because there was one limiting 

factor, and surpluses in other factors were substituted in for that factor. We may be within 

thermodynamic and material limits of photosynthesis ï maybe we can double current yields 

by disseminating state-of-the-art techniques more widely into developing countries, but the 

BIG question is ñso what?ò 

Because all that means is that at most we could double our population once again and then we 

really have completely run out of road and famine is guaranteed on a scale numerically 

hitherto unknown in human history. The uncomfortable truth is that while high yielding crops 

were shared with developing nations for the best of intentions
xxxii

, it only saved tens of 

millions of lives in the short term. Humans, being humans, procreate, so for every person 

saved by the second green revolution in the 1960ôs, we caused the addition of around three 

more. In other words, we delayed the problem AND we made the eventual death toll much 

worse. It is well known that the rate of population increase is shrinking, but we are still 

projected to add another 50% to world population (US Census Bureau, 2008) and as shown in 

Figure 10, crop yields have plateaued in the US and Europe since the 1980ôs ï which suggests 

that for all the hyperbole of the supposed coming third green revolution as according to 

Monsanto, US crop yields have not significantly improved despite widespread planting of 

genetically engineered crops. 

No one is sure what will happen when inflation in the price of artificial fertiliser makes food 

too expensive to buy. Even the very best techniques in organic farming wonôt increase current 
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yields, so this means that available food calories are going to at best plateau while the 

population continues to increase ï right back to that Malthusian conclusion. We can gain 

some insight into the future through the current food price rise which is due to increased 

wealth allowing more people to eat meat. Meat multiplies its effective grain consumption by 

between five and ten times (Miller, 1971) so while grain per capita continues to rise, effective 

grain per capita is shrinking and hence there is an effective supply shortage. I have tried to 

find reliable data for the amount of grain going into biofuels production so I could generate a 

graph offsetting world grain production by its diversion into meat and biofuels, but the best I 

could find was a single paper written in 2007 before the current food crisis which did indeed 

predict it (Runge & Senauer, 2007) ï and sadly it was very short on numbers. 

Hereôs the fourth uncomfortable truth: we should have NEVER given food technology to 

populations who could not stabilise their numbers before that technologyôs S-curve usefulness 

runs out. Unless we can guarantee that adopting that technology simply does not postpone the 

problem until later, and makes it numerically much worse in the process, such kinds of short-

term thinking potentially consign many millions more to needless suffering. 

I personally donôt think saying ñwe didnôt knowò is good enough. We had, and still have, a 

moral duty to think about the consequences of our actions just a little bit further ahead than a 

few years from now. Indeed, had we done precisely this, possibly we could have avoided 

climate change itself when the first warnings were issued to society back in the 1970ôs. 

 

  



29 

 

Chapter 3: Two Kinds of Climate Change Model 

We have spent the last two chapters covering the basic science intimately underpinning 

climate change & agricultural production and then issues with how we measure, understand 

and value our world. It is now time to investigate how contemporary models perform when 

modelling the costs of climate change and the costs of its mitigation. Note that none of these 

models actually models climate change itself ï there are models which do, but they are 

outside the scope of this paper. 

As Julian Simon correctly said (Simon J. L., 1981), there are two main kinds of economic 

model: ñeconomicò and ñengineeringò. I canôt explain it better than him, so hereôs the direct 

quote: 

ñWhat Is the Best Way to Forecast Scarcity and Costs?  

There are two quite different general methods for forecasting costs of any 

kind: the economist's method and the technologist's (or engineer's) method. 

The engineering method is commonly used in discussions of raw materials, 

but I shall argue that the conclusions about costs reached with it are usually 

quite wrong because it is not the appropriate method.  

With the technical engineering method, you forecast the status of a natural 

resource as follows: (1) estimate the presently known physical quantity of 

the resource, such as copper in the earth that's accessible to mining; (2) 

extrapolate the future rate of use from the current use rate; and (3) subtract 

the successive estimates of use in (2) from the physical "inventory" in (1). 

(Chapter 2 discusses technical forecasts in greater detail.)  

In contrast, the economist's approach extrapolates trends of past costs into 

the future. My version of the economist's method is as follows: (1) ask 

whether there is any convincing reason to think that the period for which 

you are forecasting will be different from the past, going back as far as the 

data will allow; (2) if there is no good reason to reject the past trend as 

representative of the future as well, ask whether there is a reasonable 

explanation for the observed trend; (3) if there is no reason to believe that 

the future will be different than the past, and if you have a solid explanation 

for the trend--or even if you lack a solid theory, but the data are 

overwhelming--project the trend into the future.ò 

In a nutshell, an economic model projects past human perceptions of value into the future 

whereas an engineering model projects past physical processes into the future. In other words, 

the former is a kind of cognitive model whereas the latter is a kind of physical model. The 
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former implicitly assumes a trend of technological progress allowing continuing ñbusiness as 

usualò via ever improving substitution whereas the latter implicitly assumes fundamental 

(non-substitutable) limits. As we covered during the previous two chapters, neither is right 

nor wrong ï indeed as section 2.3 showed, we already can double agricultural yields in perfect 

outdoor conditions and half the absolute maximum of 40-60kW/hectare (i.e.; 20-

30kW/hectare, some three times higher again) could become possible someday. 

The Stern report is a tried & true economic model (which we will call ñtype Aò) of climate 

change whereas the Limits to Growth almost exclusively models physical transformations of 

things like water, soil, fossil fuels etc (which we will call ñtype Bò). Having clarified this, 

time for our own analysis: 

3.1 Model Type A ï The Stern Report 

The Stern report, published in 2006, commendably tries to estimate the effects of various 

kinds of climate change on the economy. In what I describe next I have mostly focused on its 

treatment of agricultural effects though of course there will be considerable costs incurred by 

more extreme weather patterns and such. 

Stern mostly bases his conclusions on feeding the IPCC third assessment data into an 

economic model called PAGE2002. This stochastic model gives out results in terms of 

statistical probabilities and thus Stern found it preferential because he could state probabilities 

of outcome. PAGE2002 is particularly notable for its inclusion of an Arrow-style ñlearning 

functionò
xxxiii

 which has a log-log relationship between technology usage and cost which can 

cause the ñtechnology lock-outò of environmentally benign technologies, but can also reduce 

the cost of abatement by 50% (Alberth & Hope, 2006) (i.e.; in simple words, PAGE2002 

takes account of the Jevons paradox described earlier). 

PAGE2002 is quite a simple model despite it incorporating endogenous technical change. It 

considers only three climate change gases plus aerosol cooling in eight world geographical 

zones, plus only three fixed (i.e.; fixed cost and effectiveness) abatement technologies (Hope, 

2006). It has been labelled by Richard Tol as the most pessimistic of the economic climate 

change models because it does not allow for climate change to benefit the economy due to it 

fixing a floor on the benefits and cost reduction of abatement technologies (Tol, 2006). 

The basic premise of Stern is that continuing economic growth (which he assumes will 

continue at the average rate of the last fifty years or so) means growth in greenhouse gas 
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emissions which could cause a rise in world atmospheric temperature. Should things continue 

as at present, it suggests a 77% to 99% chance of a temperature increase of 2C should 

effective CO2 levels exceed 550ppm and a 50% chance of exceeding a 5C increase by the end 

of the century (Stern, 2007). Thatôs rather important considering that the planet is already 

normally 4C warmer than average as we are currently at a warm glaciation point: 

 

Figure 13: Atmospheric history according to Vostok ice core 0-430,000 years (Petit, et al., 1999) 

As Vostok shows, we are at precisely the worst possible point to be pumping even more 

greenhouse gases into the atmosphere and we are all very aware of how many species become 

extinct with even a 2C temperature change (think ice ages, and these happened thousands of 

times more slowly giving life a chance to adapt). 

Stern covers four main economic effects from warming: 

1. Melting glaciers will increase flood risk ï important as much of the worldôs 

population lives near the coast. 

2. Declining crop yields in equatorial zones due to increased temperature and thus water 

requirements. 

3. Movement of equatorial diseases such as malaria north into highly populated Western 

countries. 


