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Time for global action: an optimised cooperative approach
towards effective climate change mitigation

A. Galan-Martin?, C. Pozo®, A. AzapagicS, I. E. Grossmann?, N. Mac Dowell® and G. Guillén-
Gosalbez®”

The difficulties in climate change negotiations together with the recent withdrawal of U.S. from the Paris Agreement call
for new cooperative mechanisms to enable a resilient international response. In this study we propose an approach to aid
such negotiations based on quantifying the benefits of interregional cooperation and distributing them among the
participants in a fair manner. Our approach is underpinned by advanced optimisation techniques that automate the
screening of millions of alternatives for differing levels of cooperation, ultimately identifying the most cost-effective
solutions for meeting emission targets. We apply this approach to the Clean Power Plan, a related act in the U.S. aiming at
curbing carbon emissions from electricity generation, but also being withdrawn. We find that, with only half of the states
cooperating, the cost of electricity generation could be reduced by USS$41 billion per year, while simultaneously cutting
carbon emissions by 68% below 2012 levels. These win-win scenarios are attained by sharing the emission targets and
trading electricity among the states, which allow exploiting regional advantages. Fair sharing of dividends may be used as a
key driver to spur cooperation since the global action to mitigate climate change becomes beneficial for all participants.
Even if global cooperation remains elusive, it is worth trying since the mere cooperation of a few states leads to significant
benefits for both the U.S. economy and the climate. These findings call on U.S. to reconsider its withdrawal but also boost

individual states to take initiative even in the absence of federal action.

Introduction

Climate change has been in the international political agenda
as a collective commitment since the United Nations
Framework Convention on Climate Change entered into force
more than twenty years ago®. Despite the efforts made so far,
coordinating global actions on climate change mitigation and
identifying solutions that satisfy a diverse group of
stakeholders is still a major challenge facing the world today?-
8 The standard negotiation approach of defining regional and
national targets, reflecting a ‘fair’ allocation of responsibilities
among the countries involved, has thus far proved ineffective®"
11 Some of the main obstacles in reaching global agreements
have been the conflicting interests and competing priorities of
different countries, which in turn have determined their
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willingness to act towards mitigation of climate change?. As a
result, the agreed mitigation strategies might not be the most
effective but simply those capable of achieving consensus.
Recently, the U.S. announced its withdrawal from the 2015
Paris Climate Agreement, arguing that it was unfair for the U.S.
economy. To tackle climate change more successfully’?>~7 and
avoid domino effects of other countries potentially pulling out
of the Agreement, alternative approaches will be needed. In
this contribution, we argue that quantifying the benefits of
cooperation and sharing them fairly through compensation
mechanisms could provide a basis for more effective
mitigation agreements, allowing implementation of the most
cost-efficient technologies in the right places?181

To demonstrate how the proposed approach would work, we
apply it to the U.S., as an illustrative case of a multi-state
region which could be extrapolated at the global level.
Specifically, we quantify the benefits of adopting a centralised
global action to reduce CO; emissions for different levels of
cooperation among states using the targets defined in the
Clean Power Plan? (CPP), one of the main elements of the
Obama Administration’s strategy for meeting the U.S. Paris
commitments. The CPP was enacted by the Environmental
Protection Agency (EPA) on the 3™ August 2015 and has been
the U.S. flagship programme in climate change mitigation until
the 28t March 2017, when the current Administration issued
an Executive Order?! to review the rule so as to suspend,
revise or rescind the CPP22. As a result of this review, the new
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Administration has decided to repeal the CPP, which has raised
the question of whether the U.S. might still be able to meet its
commitments made under the Paris Agreement. Essentially,
the CPP aimed to curb CO; emissions from the power sector by
35% from 2012 baseline levels by establishing individual CO,
emissions targets for 47 out of 50 states (Alaska, Hawaii and
Vermont are excluded). The targets, which varied greatly
across the states, were based on the capacity of each state to
implement three mitigation strategies, namely, switching from
coal to natural gas power plants; increasing the share of
renewables; and improving plant and heat-rate efficiency. The
CPP followed the so-called “production-based” approach to
climate change mitigation, which considers only direct CO,
emissions, as opposed to a “consumption-based” method
whereby both direct and indirect emissions in the supply chain
are taken into account; the latter are also referred to as
“embodied” or “cradle to grave” emissions. With the CPP
being rescinded, it is timely to investigate how its targets could
be attained while benefiting the U.S economy, the claim to the
opposite being the main reason for its withdrawal. This is
important not only because the U.S. is the second global
emitter of GHG emissions?3, but also because elucidating the
value of cooperation at local and regional levels can potentially
provide a roadmap on how to tackle more complex
negotiations at the multi-national level, such as the Paris
Agreement.

Emissions Reduction Cooperation Model

To carry out our analysis, we developed a mixed-integer linear
programming model (MILP), referred to as ERCOM (Emission
Reduction Cooperation Model). ERCOM is capable of
identifying the most cost-effective ways of meeting the
electricity demand while not exceeding the total CO, emissions
ceiling, in this case that imposed by the CPP. In short, given the
electricity demand in each U.S. state, costs (power plant
construction, operation, maintenance and connection to
electricity grid) and CO, emissions for each electricity
technology and their potential location, ERCOM minimises the
cost of electricity generation in the U.S. for the year 2030 (the
CPP target year) considering different levels of cooperation
among the states. Hence, the MILP model automates the
screening of millions of partnership alternatives so as to
ultimately identify the most cost-effective collective action
towards carbon mitigation for a given level of cooperation. An
outline of the model is provided next, while a detailed
description of the mathematical formulation, data and
assumptions is given in section 1 of the ESIt.

In essence, ERCOM contains standard equations to model the
energy system designed to meet specific reliability of
electricity supply together with a set of constraints that enable
the assessment of the benefits of cooperating when
implementing CO, strategies. In the
cooperative approach, each region is forced to keep its
emissions below a specific regional limit, in this case based on
the CPP targets for each state. This can be expressed in
compact form as follows:

abatement non-
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where x;; are continuous variables denoting the amount of
electricity generated by each technology i in each region j; cL-Tj
is a cost vector that multiplies the amount of electricity
generated by each technology with its cost level; em;; is the
vector containing emission coefficients for each technology i in
each region j; g, is the emission target for region j; A;; is the
technical matrix of constraints to be met by the energy
system; while a;; is the corresponding vector of right-hand
side parameters, such as the electricity generation potential
for each technology i in each region j.

In the cooperative approach, emissions limits can be met
either in cooperation or individually. More precisely, by
sharing emission targets, each region is allowed to emit above
its quota of emissions as long as others compensate for these
extra emissions. This multi-regional cooperative approach can
be modelled in a simplified manner as follows (see section 1.2
in ESIT for details on the original formulation of ERCOM):
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In the above model we consider two types of regions j, those
that belong to the partnership P and meet aggregated targets
(j € P) and those outside the partnership, and therefore
satisfy individual targets (j € P). To model the decision to
participate in the partnership, we introduce binary variable y;,
which works as follows. When region j belongs to the
partnership (j € P), y; will take a value of one and equation
(2b) will be enforced for all the members of the partnership,
that is, the total emissions of the regions that cooperate
should not exceed the summation of their targets (note that
some individual targets can be exceeded provided the
aggregate is satisfied). If region j does not belong to the
partnership (j € P), y; will be zero and equation (2c) will then
force every such region to meet its individual target. It is worth
noting that equations 2b and 2c are simplified expressions,
since the definition of set P actually requires reformulated big-
M constraints and the linearization of nonlinear terms (see
equations S1-S7 in ESIT for further details). Then, the level of
cooperation can be controlled via equation (2d), where
parameter CS represents the number of regions in the
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partnership (i.e. the total number of binary variables that can
take a value of one). Finally, B; is an additional matrix that
models the practical implications of belonging to the
partnership. This matrix includes carbon emission equations
(Eqs.S1-S8t), resources availability constraints (Eqs.S9-S14t),
(Eqs.S15-S197),
distribution constraints (Eqs.S20-S271), a demand satisfaction
constraint (Eq.528%) and equations
calculations (Eqs.S30-S34+).

Essentially, ERCOM identifies the most cost effective collective

operational constraints transmission and

related to costs

action towards carbon mitigation for different levels of
cooperation, each entailing different numbers of regions
cooperating in partnerships (from the case in which regions act
independently from each other, CS = 0, to the case where all
cooperate, CS = |/|). The model determines optimal capacities
of electric power technologies in each state, inter-state
electricity flows (note that inter-state transmissions are only
allowed between states within the partnership) and electricity
trades with Canada required to potentially meet each state’s
power demand in 2030 considering region-specific abatement
curves for each state (see section 1.2.2 of the ESIt for a
detailed description of the data). The following electricity
sources are included in the model: coal, natural gas (including
carbon capture and storage, CCS, for both), nuclear, hydro,
solar, wind, geothermal and biomass. Potential use of each
resource is limited by its regional availability, but the model
allows an exchange of fossil fuels and biomass among states.
The reliability of supply is ensured by identifying an optimal
mix of base-load and intermittent technologies. The
cooperation between the states is established through
electricity trading and sharing of their emission targets,
allowing one state to exceed its target as long as another
offsets its emission excess. By establishing cooperation among
states, the model can exploit regional abatements costs,
thereby identifying solutions that are more efficient globally.
In this way, ERCOM goes beyond other energy systems
optimisation models, such as MARKAL/TIMES, NEMS and
SWITCH?*28, to explore the gains of tackling climate change
mitigation through cooperation. As far as we are aware, this is
the first time such an approach has been proposed.

Results and discussion
Benefits of increasing cooperation

We consider a complete range of optimal solutions to explore
the benefits of inter-state cooperation, from no cooperation to
full cooperation among all the states. In the case of no
cooperation, the states act independently from each other,
with no trade of electricity among them and each aiming to
meet independently the individual emissions reduction target
set by the CPP. In this instance, the electricity generation costs
are minimised in each state separately. This leads to solution A
in Figure 1, with the total cost of electricity generation in 2030
across all the states being 4% below the actual cost in 2012,
despite a 15% higher demand. The total reduction in CO;
emissions is almost double the overall U.S. CPP reduction
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target: 67% vs 35%. This is achieved by exploiting the
economic competitiveness of low-carbon options?®=3! which
allows curbing of CO, emissions while decreasing the overall
costs. Further details on this solution can be found in Section
2.1in ESIT.
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Figure 1 Optimal cost (primary axis) and emissions (secondary axis) of electricity
generation in the U.S. in 2030 as a function of the level of cooperation. Blue dots
represent the minimum cost solution obtained with the ERCOM model for each level of
cooperation (in 2012 USS) while red squares and the red-shaded region represent the
level of emissions reduction attained (in % with respect to 2012 levels). Solution A
corresponds to the case where all states satisfy their CPP targets individually, whereas
in solution B all the states cooperate together. The U.S. situation for 2012 is depicted
with a red triangle.

At the other end of the scale, we consider cooperation of all
the states through electricity trade and emissions sharing,
therefore forming a global partnership. In this case, instead of
focusing on the individual states and their emission targets, we
consider that the U.S. acts as a whole coordinated entity to
minimise the total electricity costs, subject to the overall CO,
reduction target of at least 35% at the country level. The
calculated optimal solution is denoted by point B in Figure 1.
As shown, the electricity cost is reduced by 12% compared to
solution A, equivalent to a saving of more than US$33 billion
per year. Compared to the actual costs in 2012, the saving
amounts to billion US$46/yr; these savings are discussed
further in the next section. Thus, full cooperation guided by
optimisation tools such as ERCOM can bring enormous
benefits to a national economy, leading to the most cost-
effective reduction of CO, emissions from the electricity
sector. Indeed, the savings attained are of the same order of
magnitude as the expected combined benefits that the
implementation of CPP would bring through mitigation of
climate change and avoidance of related health impacts,
estimated between US$26 and USS$45 billion in 2030%°. In
addition to the costs reduction, the overall CO, emissions are
decreased far beyond the 35% target - 70% compared to the
base line year. Furthermore, in the case of no-cooperation,
CO, emissions are reduced by a further 3%. These findings
that, contrary to the claims of the Trump’s
Administration, pursuing climate change mitigation can bring
significant benefits not only for the climate but also for the
U.S. economy.

We then calculate optimal solutions involving the cooperation

show

of different number of states, obtaining the cooperation curve
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depicted in Figure 1. At first, the total electricity cost drops
considerably with a small number of states involved in
cooperation (~10) and then continues to decline marginally up
to the point where 43 states are cooperating (see the
cooperation curve in Figure 1). Beyond this point, involving the
remaining four states (depicted with purple dots in Figure 1) in
the global U.S. partnership incurs no further cost or emission
benefits - while they may still participate formally in the
electricity trade and emission sharing, in practice they behave
independently so neither extra economic or environmental
benefits are attained. The cooperation curve divides the
search space into two regions, providing a lower bound (i.e.
minimum limit) on the total cost that could be attained when a
given number of states cooperate. The region below the curve
is therefore empty where no feasible solutions exist that entail
lower cost than the ones on the curve. The region above the
curve contains feasible solutions but they are suboptimal
compared to those on the curve. These suboptimal solutions
would eventually emerge from decentralised negotiation
schemes that may converge towards a Nash equilibrium
entailing a certain level of cooperation41>32,

Implications for electricity supply

Depending on whether an individualist or a cooperative
approach is followed, the optimal U.S. electricity supply
system would be different since each approach entails specific
compliance options. In solution A, no cooperation is allowed
and states would be forced to meet their CPP target
individually only by switching to cleaner energy mixes. In
solution B (i.e. global U.S. partnership), states are allowed to
share targets and exchange electricity which allows for
exploiting region-specific abatement costs and availabilities of
low-carbon and low-cost sources. Broadly speaking, in both
solutions A and B, coal-fired power plants would be almost
entirely phased out and natural gas and wind power would
become the predominant sources of electricity. At the same
time, generation from other renewable sources would be
increased while nuclear capacity would be kept constant as
specified in the CPP. Overall, the share of renewable sources
would increase substantially, contributing 47% of the total U.S
electricity demand in 2030 for solution A and 53% for solution
B (Figure 2).

Despite similar U.S. electricity portfolios in A and B, the latter
entails lower costs and emissions from electricity generation
mainly because cooperation allows deploying further low-cost
and zero-emitting wind onshore (i.e. 29% in B comparing to
20% in A of the total electricity generation). Conversely, in
solution A, more coal, natural gas with CCS and biomass would
be required to ensure the system reliability due to the
intermittency of wind and solar power used in some states
(see Section 2.1 in Supplementary Information for a
breakdown by state of the cost-optimal electricity system in
solution A). As a result of the compliance advantages emerging
from the cooperation, the global U.S levelised cost of
electricity (LCOE) in solution B would be further reduced to
USS$55.6/MWh compared to US$64.46/MWh in solution A;
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while the global U.S. carbon intensity would be 0.14 CO,
t/MWh in solution B compared to 0.16 CO, t/MWh in solution
A.

2012 U.S. Solution A Solution B I Coal
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Figure 2 Global U.S. electricity generation portfolios for 2012 (pie chart on the
left), solution A (centre) and solution B (right). Slice colours represent the share
of each technology according to the legend. Additionally, the associated levelised
cost of electricity (LCOE, in US$/MWh) and the emissions rate (in CO2 t/MWh)
are depicted together with the pie charts.

Further analysis of solution B shows the implications of full
cooperation at the state level (Figure 3). The breakdown of the
global U.S. partnership reveals that, although coal electricity
would be displaced in most states (from 38% of the total U.S.
electricity generation in 2012 to 2% in 2030), it would remain
constant in six states (Arkansas, Wyoming, North Carolina,
Tennessee and North and South Dakota), where it would be
used to back up the intermittent wind and solar PV. Other
states would rely on natural gas and nuclear, which would
represent 52% and 24% of the total base-load generation.
Natural gas would become the predominant source (more
than 80%) in some north-eastern states, such as Rhode Island,
Connecticut, Massachusetts, New Jersey, New York and New
Hampshire. Nuclear installed capacity would be kept constant
in all states, as specified in the CPP, and would represent all
the electricity generated in Pennsylvania and almost all (more
than 85%) in Michigan, Wisconsin and Virginia. Overall,
electricity from renewable sources would supply 53% of the
U.S. power needs in 2030, with onshore wind and solar PV
generation increasing substantially in many states. Solar PV
would grow in Florida, Nevada, Colorado, Utah, Minnesota and
Delaware to provide more than one third of their total
generation. Onshore wind would be installed in 26 states and
become the dominant source of power in Washington, New
Mexico, Texas, Oklahoma, Indiana, Maine, Missouri, West
Virginia, South Dakota, Nebraska and Wyoming. Additionally,
geothermal resources would be exploited in Western states
(California, Arizona, Colorado, Idaho, Montana, New Mexico,
Nevada, Utah, Washington and Wyoming), while biomass
would be deployed in Louisiana, Mississippi, Tennessee,
Georgia and South and North Carolina. Concentrated solar
thermal would be installed in South Dakota, reaching 10% of
the total share, and to a much lesser extent in Florida (less
than 1%). The model decides in turn to rule out offshore wind
and both coal and natural gas with CCS, which are at present
economically less competitive than the other options.

Analysing the electricity trade, four groups of states would
emerge: (i) states that would export electricity without
importing it (e.g. Florida, Oklahoma, South Dakota, Nevada
and Indiana); (ii) states that would import electricity without
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exporting (e.g. Arizona, California, Illinois and New Jersey); (iii)
states that would export and import electricity (e.g. New York,
Pennsylvania, Tennessee and Texas); and (iv) states not trading
electricity at all (like Maine, Montana and North Dakota, which
satisfy their demand with domestically generated electricity).
Furthermore, Washington, Michigan and Wisconsin would
import hydro-electricity from Canada. In total, four states
would act as key suppliers providing clean and low-cost

electricity. Oklahoma and Indiana would increase their

generation substantially to provide wind-based electricity

S

Annual Generation (TWh/yr)

e®® = () &

Annual Transmission (TWh/yr)

0.75 370

while Florida and Nevada would do the same providing solar-
rich electricity.

Note that the cost-optimal cooperative solution shown in
Figure 3 should be understood as a roadmap to guide the most
cost-effective path for the transition to a low-carbon electricity
sector. Coordinating where and how much infrastructure
needs to be built would require further discussions with
relevant stakeholders, considering economic, political and
social concerns; this is beyond the scope of this paper.
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Nuclear [N
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Figure 3 Geographical breakdown of the U.S. cost-optimal electricity system in 2030 for solution B (full cooperation in Figure 1). The size of the pie charts is

proportional to the electricity generation in each state (MWh/yr) whereas the slice colours denote the technology and the slice sizes represent the associated

percentage share. Arrows illustrate the electricity trade between the U.S states and Canada, with their thickness proportional to the amount of electricity traded.

Implications for carbon mitigation

In the absence of cooperation, switching to low-carbon
electricity options is the only strategy that can reduce carbon
emissions, while in the cooperation approach, cross-border
imports of electricity and sharing of the emissions cap are also
allowed. These mitigation strategies are implemented in
solution B. As shown in Figure 4, the majority of the states
would reduce their carbon intensity (41 out of 47) and become
net importers of electricity (31), while only a few (11) would
emit above their CO, target and rely on burden sharing to
offset their emission excess. For example, Kentucky would
reduce its carbon intensity by 100%, while others, such as New
Jersey, would increase its carbon intensity by 78%. Analysing
the cross-border electricity flows, some states would emerge
as net exporters of electricity while others would be net
importers. For instance, Oklahoma would be a net exporter
that sells a total of 596 TWh of electricity to Kansas, Colorado,

This journal is © The Royal Society of Chemistry 20xx

Texas, Missouri and Arkansas, whereas Texas would be a net
importer that would purchase more electricity from Oklahoma
(328 TWh) than it would sell to Louisiana (102 TWh, a net
balance of -226 TWh). The analysis of the emissions reveals
that Texas, California, Pennsylvania and Ohio would reduce
their territorial emissions beyond their CPP target in order to
offset those in the states that exceed theirs (e.g. New York,
Oklahoma, Nevada and Florida). This reduction in emissions
would not necessarily imply deploying a low-carbon electricity
mix, since it could also be the result of reducing electricity
generation. The latter would happen in New Jersey, which
would increase its carbon intensity by deploying more natural
gas (from 44% to 93%) -selected due to its economic
competitiveness- but would offset this by decreasing its total
domestic electricity generation by almost 20%. In practice,
most states would rely on a combination of mitigation
strategies. Texas, for instance, would emit below its original
CPP target by becoming a net importer of electricity and by
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implementing a lower-carbon mix. On the contrary, New York
would implement a more carbon-intensive mix and become a
net exporter of electricity, but would offset its excess of
emissions by sharing its carbon burden. Ultimately, all these
strategies would give rise to an imbalance between states
emitting below or above their CPP targets, where the overall
emissions at the U.S. level would be finally reduced by 70%,
instead of the required 35%. Compared to the no cooperation
model (solution A in Figure 1), the overall annual reduction in
emissions would amount to 66 Mt CO,. This reduction would

be attained because increasing the share of low-carbon

technologies would be economically appealing, despite
requiring a base-load capacity to ensure system reliability
when intermittent renewables would be used?®=3!. Thus, these
results show that the most cost-effective mitigation pathway,
emerged from the centralised approach, would ultimately lead
to state emissions levels which are totally different from the
original targets proposed by the CPP (some states would
exceed their original limit while others would compensate for
these extra emissions). In addition to this mismatch, there
would also be cost implications that are discussed in more
detail in the next section.
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Figure 4 State mitigation strategies under full cooperation (solution B in Figure 1). Each bubble corresponds to one state, for which

three values are shown: (i) the reduction in carbon intensity relative to the baseline year of 2012 (x-axis); (i) the net electricity
trade (y-axis) (the values for (i) and (ii) are represented by the centre of the bubble); and (iii) the difference in emissions between

the CPP target and solution B (denoted by the size of the bubble, with the grey bubbles representing the states emitting above

their CPP target and the green the states with the emissions below their target).

Implications for costs

We next analyse in detail the distribution of economic efforts
resulting from the multiple patterns described previously. To
this end, we compare the electricity costs in solutions A and B
for every U.S. state (Figure 5). Thirty states would benefit
when moving from A to B, while 14 would be penalised and
only three (Montana, North Dakota and Wisconsin) would
experience no change. Oklahoma would be the most penalised
state when moving from an individualist strategy towards the
global its electricity
generation by a factor of nine, mainly by deploying a
substantial capacity of onshore wind (70% of the electricity
portfolio) to supply electricity to neighbouring states. This is
due to its significant wind potential (best capacity factor

U.S. partnership. It would increase

among all states), which would allow the state to provide low-
cost and zero-emitting electricity to satisfy the demand of
other states. Similarly, Florida and Nevada would also incur
extra costs because they would have to increase their

electricity generation so as to exploit their solar potential and

6 | J. Name., 2012, 00, 1-3

provide low-carbon power to neighbouring regions. Unlike
these states, Texas, California, Kentucky and Ohio would
import part of their electricity to satisfy their demand, thereby
reducing their investment in domestic facilities. In particular,
Ohio would be the state benefitting the most, reducing its
generation by six-fold by importing most of its electricity
demand. On the other hand, Maine would generate the same
amount of electricity in solutions A and B, but it would lose out
in the cooperation because it would require replacing natural
gas by more expensive onshore wind. By doing so, part of the
natural gas potential in Maine would then be used in other
states which would otherwise incur a higher levelised cost of
electricity (LCOE).

As can be seen, under full cooperation some states would
benefit by joining the global U.S. partnership and would
therefore be willing to collaborate; however, others would be
penalised and would require incentives to prevent them from
leaving the global partnership.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 Comparison of the cost of electricity generation in the different U.S. states for
solutions A and B. Each state is depicted by a bubble, where the centre of the bubble
represents the cost of electricity generation for solution B (y-axis) and solution A (x-
axis). The states on the diagonal (solid red line) have the same electricity generation
cost for both solutions; those below the diagonal benefit from cooperation and those
above it are penalised. The size of the bubbles indicates the difference in electricity
generation between solutions A to B. The colour code is as follows: the orange colour
denotes an increase in generation, the blue a decrease and the purple no change. The
inset in the top right-hand corner represents the magnified results shown in the
bottom left-hand corner of the graph within the dotted square.

Sharing of cooperation benefits

The global U.S. partnership would entail an
distribution of efforts that might deter the penalised states
from participating. Appropriate mechanisms and policies

uneven

would be therefore required to incentivise cooperation and
avoid missing the significant potential benefits of cooperating.
These benefits should be shared in a fair manner among all
states in order to engage them in a collective action. To
harmonise the benefits of participating in the global
partnership, each part could receive the same dividend
according to the equality principle. Following this premise,
costs in the cooperation would be redistributed in such a way
that each state would achieve the same cost reduction when
transitioning from solution A (individual) to B (cooperative),
which in this case corresponds to a 12% cost reduction. This
rule is illustrated in Figure 6, which can be derived from Figure
5 after allocating the overall 12% of cost reduction among the
U.S. states.

As seen, after splitting the cooperation dividends, all states
would benefit in the global partnership (all states would lie
below the diagonal). As an example, in solution A, Oklahoma
would incur a cost of USS$S3.01 billion/yr, while in solution B its
cost would be USS2.66 billion/yr, that is, 12% cheaper.
Obviously, the new distribution of costs would require
establishing transfer payments between states originally
benefitting and being penalised when cooperating (Figure 7).
Particularly, 28 states would have to contribute to the global
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partnership (i.e. payments to the central partnership
administration), while 19 states would receive compensation
payments (i.e. receive payments from the central
administration). Within the first set of states, we would find
Ohio, deemed as the state benefiting the most from the
cooperation, that would have to contribute to the partnership
with USS$10.7 billion/yr, resulting in a final total cost of
USS$13.3 billion/yr (12% lower than its cost in the individualist
strategy). Conversely, Oklahoma, the most penalised state in
the global partnership, would receive US$25.5 billion/yr. To
ensure a fair and reliable process, these compensation
payments should be managed by the centralised U.S.
partnership administration via tailored financial mechanisms.

25

@ pays
O receives

billion US$/yr
D

Cost of electricity generation in solution B after benefit sharing (billion US$/yr)

5 10 15 20 25
Cost of electricity generation in solution A (billion US$/yr)

Figure 6 Costs of electricity generation in different U.S. states after sharing cooperation
dividends. Each state is depicted by a bubble, where the centre of the bubble
represents the cost of electricity generation for solution B after sharing the benefits (y-
axis) and the cost of solution A (x-axis). The states on the diagonal (solid red line) have
the same electricity generation cost for both solutions; those below the diagonal
benefit from the cooperation and those above it are penalized. The size of the bubbles
indicates the amount of the compensation payments, where red colour denotes states
which contribute to the global partnership and green colour states which receive
payments. The inset in the top left-hand corner represents the magnified results shown
in the bottom left-hand corner of the graph within the dotted square.

Alternative sharing schemes could be applied based on
additional fairness principles besides equality (e.g. equity,
proportionality, capacity)3334, which would further assess the
contributions made by each state, both as a producer and a
consumer (see ESIT section 2.2 for further discussion on this
topic). Designing a sharing scheme perceived as “fully fair” by
all participants might be extremely hard and further
complicated by the fact that these alternative sharing schemes
could incorporate other additional benefits (e.g. jobs creation,
energy security and tax revenue) and environmental impacts
(e.g. land use, water scarcity and deforestation), in addition to
climate change®®.
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Figure 7 Compensation payment scheme to spur cooperation. In the Sankey flow
diagram, states on the left would contribute (pay) to the global partnership
administration, while states on the right would receive compensation payments. The
thickness of the flows is proportional to the payment made or received (billion USS/yr).

Cooperation benefits under uncertainty

All the calculations discussed previously were repeated
considering the main uncertainties present in the ERCOM
model in order to assess their impact on the outcome of the
optimisation. To this end, ERCOM was solved iteratively for
different potential values (scenarios) of the uncertain
parameters (e.g. future electricity demand, capacity factors,
potential of each electricity technology, etc.), which were
modelled using probability distributions and sampling
methods. The additional results of this sensitivity analysis,
discussed further in section 3 of the ESIT, show that benefits
from cooperation are always high regardless of the scenario
analysed, with the cost savings ranging between 11.5% and
17.9% compared to the individualist approach, and the
emissions reduction between 43% and 74% with respect to
2012 levels.

Conclusions

The current global context calls for advanced mechanisms to
optimise collective actions and articulate cooperation in
climate change mitigation. In an ideal world, centralised
solutions would be implemented and globally optimal
decisions made for the sake of the common action against
climate change. In a real world, many conflicting interests exist
and consensus must be reached at the expense of global
optimality. We envision herein a scheme underpinned by
optimisation tools to aid climate change mitigation in a more
cost-effective and transparent Following this
approach, a centralised globally optimal solution would be first
determined to make individual states aware of the potential
benefits of cooperating among them. The opportunity cost of

manner.
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sacrificing global optimality, properly quantified via rigorous
tools, should become a major driver to spur cooperation
among states. In a second step, the global cooperation
benefits should be shared in a fair manner among the parties
involved, providing a basis to kick off negotiations for the joint
carbon mitigation action.

We applied this approach to a U.S. policy originally aimed at
reducing carbon emissions from electricity generation but
currently being withdrawn — the Clean Power Plan - to
demonstrate how the emission targets could be met while
attaining significant reductions in costs, thereby potentially
boosting the U.S. economy. This could be accomplished via
cooperation, even at low levels of engagement; for example, a
10% reduction in cost would be achieved with only half of the
states cooperating while leading to emission reductions nearly
double the overall CPP target (68% compared to 35%). Benefits
from cooperation would result from sharing emission limits
both of which would
abatement costs by implementing the best technologies in the

and trading electricity, lower the
best locations.

The uneven distribution of territorial capacities, which
constitutes the basis of the overall cooperation gains, would
entail also an asymmetric distribution of efforts, where some
states would be economically penalised when moving from an
the
collective gain of cooperation, albeit necessary, would not be

individualist strategy to a cooperative one. Hence,
self-sufficient to ensure the participation of all the parties
involved. A fair sharing of the cooperation dividends may act
as a compensation mechanism to spur the collective action
towards carbon mitigation since all states would benefit by
joining the global partnership, therefore making such move
appealing for all of them. Further analysis of the globally
optimal solution could be carried out including production-
based and consumption-based data as well as socio-economic
benefits and environmental impacts. In reaching an
agreement, states should be flexible and understand that no
perfect sharing mechanism might exist that can satisfy fully all
the regions involved. Hence, efforts should focus on finding
“reasonable” sharing schemes based on optimised solutions
where all can benefit from cooperating.

This work thus opens new avenues to develop customised
schemes to aid carbon mitigation negotiations. Regardless of
the approach followed, we have clearly illustrated that
optimised solutions and sharing of the cooperation dividends
in a fair manner should be key ingredients in any process
aiming at reaching mutually beneficial collective agreements.
We show here that we do have the tools available to quantify
such benefits in an objective, clear, systematic and transparent
manner, and that the potential benefits of cooperation can be
significant and fully justify the efforts spent in finding
agreements.

Overall, the CPP and similar initiatives for coordinating efforts
against climate change in different countries (e.g. Five Years
Plans in China, the Brazilian National Plan on Climate Change,
the Clean Energy Plan in Australia, the National Climate
Change Response Green Paper in South Africa, or the Climate
Change Act in the United Kingdom) offer a unique opportunity
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to test, validate and refine approaches like the one envisioned
here, which could ultimately be used at the international level
to tackle greater coordination challenges, such as the Paris
Agreement. This contribution aims to trigger further fruitful
discussions on climate change mitigation and open a deeper
debate on whether the U.S. Administration should reconsider
its decision to withdraw from the Paris Agreement and join
again the partnership for global climate action. Even if full
cooperation proposed approach
demonstrates that cooperation of only a few parties can lead
to significant economic and environmental benefits which may

remains elusive, our

entice more states to join the new U.S. Climate Alliance, whose
members pledge to take climate action regardless of what the
federal government decides.
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