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Overview

Many lines of evidence point to the capacity of energy technologies and systems to evolve, and hence adapt.  There are sustained differences in energy consumption at similar levels of economic development, and studies by Bashmakov (2008) and Newbery (2003) note the relative constancy of long-term national energy expenditures (as a proportion of income) despite large price variations.  Learning effects underline the extent to which energy technology development depends on the push and pull forces, and evolutionary economics underlines the evidence around path- dependence in complex systems. There is also tremendous inertia in energy systems.   This paper presents a modelling approach which seeks to analyse the implications of adaptability and inertia in energy systems, particularly for the economics of tackling climate change, and applies this to look at optimal trajectories in a cost-benefit framework. 
Methods

Analytically, an apparent drawback of much of the literature on induced innovation, evolutionary economics and path dependence, is that the individual processes and possibilities involved seem complex; together it seems they make for unmanageable complexity.  Moreover many factors are intrinsically hard to quantify; there are for example wide uncertainties in technology learning rates – the extent to which technology costs decline with volume. A recent article by Prof Nordhaus (2014) warned against ‘the perils of the learning model’, based upon such uncertainties.  He pointed out that it is hard to disentangle induced learning from other forms of learning, and hence the risk that technology learning rates (ie. cost reductions driven by scale) are exaggerated.  But assuming no capacity to adapt and learn in response to energy or environmental policy is clearly inconsistent with the evidence (Grubb et al., 2014).  Assuming something to be zero, just because it is hard to measure, may be the most misleading approximation of all. 

Consequently, this paper presents a simple analytic way to cut through many of the complexities.  We start with the classical notion of a default ‘baseline’ projection, in this case of energy and related global CO2 emissions. In contrast to this classical approach of defining a cost of lowering emissions related purely to the degree of reduction (abatement) below a baseline level, we explore the implications of making this cost also dependent on the rate of deviation from the baseline.  Making the abatement cost depend on the rate of abatement obviously is one way of capturing inertia.  Shifting the balance of costs from purely the degree of the effort, to the rate, also then enables a simplified way of representing the capacity of a system to adapt.  In a fully adaptive system, the costs would be only transitional. In this case the cost represents an investment in changing the pathway, incurred as long as we are trying to increase the degree of cutback from the reference case. After this investment however, the baseline has shifted and stays on that new (lower emitting) pathway at no extra cost.  

To keep things as simple as possible, the resulting model is denominated in terms of global CO2 emissions, the costs associated with their reduction, and the costs of their accumulation in the atmosphere. A moments thought suggests that the costs of emission reductions are likely to rise non-linearly both with the degree of abatement, and its rate.  We assume these costs rise quadratically, so that:

Abatement cost C(t) = Ca . ε(t) ² + Cb . (dε/dt) ²
where ε(t) is the degree to which emissions are below the baseline trend at time t, and dε/dt its rate of change. The degree and rate of abatement refer to the deviation at any time t from the ‘default’ or ‘business-as-usual’ trajectory, and the constants Ca and Cb  (listed as costa and costb in the model equations in the paper) represent the magnitudes of enduring vs transitional costs respectively.  The first term represents the ongoing cost element, with reversible consequences; the second term reflects inertia, ie. the cost of changing the level of abatement.  Lowering the ongoing component Ca and raising the transitional component Cb means that abatement cost (or effort) is increasingly dominated by the inertia of moving from one state to another, relative to the recurring costs of staying at any given distance from the ‘default’ path.  The ratio of Cb to Ca thus represents the adaptive capacity of the system:  raising Cb  and lowering Ca increases the influence of transitional costs, ie. efforts to overcome inertia which have an enduring impact in lowering the cost of subsequent cutbacks or altering the underlying pathway.

The task of applying this to studies of optimal global responses is greatly eased by the finding from the scientific community that global temperature change at a given time is closely related to cumulative emissions to that point.  This enables a simple representation of climate impacts linked to temperature change (the vast majority of ‘integrated assessment’ studies which try to compare the cost of cutbacks with the cost of avoided damages express climate damages in terms of global average temperature increase). A central estimate is that 500GtC cumulative emissions increases global temperature by about 1 deg.C (there are some time lags but they are of secondary importance for most practical emission trajectories).  In the results here, it is assumed that global damage increases in proportion to the square of temperature change: 
Annual damage from climate change at time t,

d(t) proportional to (temperature change) 2 = (E(t)/500)2
Where E(t) is the cumulative CO2 emissions in billion tonnes (gigatonnes) of carbon (GtC) at time t.  
Results

For the classical, non-adaptive/low inertia case, there is a substantial jump of initial abatement which then increases slowly as climate damages accumulate. The effort is defined by distance from the default trajectory, and the abatement cost directly reflects the assumed ‘social cost of carbon damages’ . The abatement cannot keep pace with the rising emissions of the reference case. This is broadly the result that emerged from many of the modelling studies embodying classical assumptions. Cumulative emissions from 2010 to the end of the century reach around 1500GtC.

In contrast, if the energy system itself is highly adaptive in the long run (offset by high inertia as discussed), the pattern is quite different/ The deviation from the default trajectory rises to exceed the ‘steady state’ level of the classical case after 10-15 years, and it carries on diverging. The optimal response in this case involves global emissions declining, reaching zero in the middle of the second half of the century. The corresponding cumulative emissions reach around 600GtC, after which atmospheric concentrations slowly start to decline. 
Note that the assumed damage associated with a given degree of climate change in the two cases is identical. It is the dynamics of response that differs. At first glance, this appears to be somewhat paradoxical – one might suppose that the effort would be less when inertial/transitional costs increase. Yet this is not the case, because abatement in the adaptive case is associated with an enduring change in trajectories. The benefits are not only those of the immediate emission reduction, but they extend over time - initial efforts carry through to a pattern of more extensive abatement spanning over decades.
In our central assumptions, the classical (non-adaptive) case, for the given assumptions, optimal expenditure on abatement starts at a little over $500bn/yr and then rises steadily, exceeding $3trillion/yr by the last decade of the century (Figure 1).  The optimal cost of initial action – to be more precise, the effort worth exerting – is substantially bigger in the adaptive case (because the benefits are much larger), but then declines. For the given assumptions, the initial effort is around $1.3trillion - almost three times the classical case – and declines towards $1trn/yr by mid century, continuing to decline thereafter.  
Conclusions

Rsponses which help to adjust the long-run trajectory, through the various mechanisms analysed, may be much more valuable than the value of cutting emissions alone. In our central assumptions, they are worth almost three times as much.  The ‘optimal’ investment numbers span a range remarkably similar to more detailed estimates of the investments required over the next few decades to approach yield something close to “2 deg.C”; the issue is how the energy system then responsds for the longer term, where total costs can range from less than $3trn/yr for an adaptive energy system, and over $10trn in the non-adaptive case. 
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