
 

 

 

 

Modelling the Costs of Climate Change 

and its Costs of Mitigation: 

A Scientific Approach 

 

 

Niall Edward Douglas 

(BSc CompSci) 

 

040007747 

 

 

  



1 

 

Table of Contents 

Abstract .................................................................................................................................. 3 

Table of Figures and Graphs ....................................................................................... 4 

Introduction .......................................................................................................................... 5 

Chapter 1: Hard facts about Climate Change Science ................................... 6 

1.1 Greenhouse Gases............................................................................................................. 7 

1.2 Aerosol Pollution .............................................................................................................. 8 

1.3 Water .............................................................................................................................. 11 

1.4 Nitrogen Fixation ............................................................................................................ 12 

Chapter 2: Uncomfortable Truths ........................................................................... 14 

2.1 Fundamental Resource Limits ........................................................................................ 14 

2.1.1 Food and Population ................................................................................................ 14 

2.1.2 Energy and Industry ................................................................................................ 18 

2.2 Value and Gross Domestic Product ................................................................................ 21 

2.3 The Green Revolutions ................................................................................................... 24 

Chapter 3: Two Kinds of Climate Change Model .......................................... 29 

3.1 Model Type A ï The Stern Report ................................................................................. 30 

3.1.1 Critical Response ..................................................................................................... 32 

3.2 Model Type B ï Limits to Growth ................................................................................. 33 

3.2.1 Critical Response ..................................................................................................... 36 

3.3 Analysis of both models in the context of Hard Science ................................................ 36 

3.3.1 How do they handle the three main greenhouse gases? .......................................... 36 

3.3.2 How do they handle aerosol pollution? Is its differing effects upon C3 & C4 

photosynthesis distinguished? .......................................................................................... 37 

3.3.3 How do they handle fresh water? As Appendix B shows, fresh water = food. ....... 37 



2 

 

3.3.4 How do they handle rising costs of fertiliser due to rising costs of energy and thus 

falling of food production per capita? .............................................................................. 37 

3.3.5 How do they handle fundamental resources? Is energy, space and time conserved?

 .......................................................................................................................................... 37 

3.3.6 How do they handle overshoot? Do they accept logistic behaviour? How about the 

Hubbert curve? ................................................................................................................. 37 

3.3.7 Do they integrate the Jevons Paradox? How are the effects on welfare calculated?

 .......................................................................................................................................... 38 

3.3.8 Does it take account of synergies? .......................................................................... 38 

3.3.9 Does it take account of ecosystem (and thus agricultural) collapse due to rapid 

warming? .......................................................................................................................... 39 

Conclusion .......................................................................................................................... 40 

Appendix A: Top twenty six causes of Worldwide loss of DALYs ..... 43 

Appendix B: Correlation of Fresh Water and Crop Quantities for 

Selected Crops .................................................................................................................. 44 

Bibliography ...................................................................................................................... 45 

Notes ...................................................................................................................................... 49 

  



3 

 

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 
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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 


