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a b s t r a c t

A high degree of consensus exists in the climate sciences over the role that human interference with the
atmosphere is playing in changing the climate. Following the Paris Agreement, a similar consensus exists
in the policy community over the urgency of policy solutions to the climate problem. The context for
climate policy is thus moving from agenda setting, which has now been mostly established, to impact
assessment, in which we identify policy pathways to implement the Paris Agreement. Most integrated
assessment models currently used to address the economic and technical feasibility of avoiding climate
change are based on engineering perspectives with a normative systems optimisation philosophy,
suitable for agenda setting, but unsuitable to assess the socio-economic impacts of realistic baskets of
climate policies. Here, we introduce a fully descriptive, simulation-based integrated assessment model
designed specifically to assess policies, formed by the combination of (1) a highly disaggregated macro-
econometric simulation of the global economy based on time series regressions (E3ME), (2) a family of
bottom-up evolutionary simulations of technology diffusion based on cross-sectional discrete choice
models (FTT), and (3) a carbon cycle and atmosphere circulation model of intermediate complexity
(GENIE). We use this combined model to create a detailed global and sectoral policy map and scenario
that sets the economy on a pathway that achieves the goals of the Paris Agreement with >66% probability
of not exceeding 2 �C of global warming. We propose a blueprint for a new role for integrated assessment
models in this upcoming policy assessment context.
© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. New questions raised by the Paris Agreement and the role of
models

December 2015 saw a historical moment for climate policy in
which, for the first time, almost all countries of the world adopted a
formal agreement to reduce emissions in order to limit global

warming to temperatures below 2 �C [1].1 This event marked a
change in efforts to develop climate policy: the agenda, whether or
not to adopt measures to avoid climate change, was mostly set.
What remained to be done was to find out how to achieve this
objective with public policies, in every country that is party to the
agreement.
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1 Article 2a of the Paris Agreement sets the following target: “Holding the in-
crease in the global average temperature to well below 2 �C above pre-industrial
levels and pursuing efforts to limit the temperature increase to 1.5 �C above pre-
industrial levels, recognizing that this would significantly reduce the risks and
impacts of climate change”.
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Developing climate policy is a complex process that could
involve planning for dramatic societal changes and socio-
economic impacts [2]. Policies can have unintended effects. The
far-reaching consequences of adopting particular emission
reduction policies can be challenging to fully foresee, as they
involve changes in many sectors and for many actors. For example,
could adopting a high price of carbon to incentivise electrification
increase electricity prices for consumers, thereby reducing access
to modern energy for those who cannot afford it? Can biofuels
policy lead to unintended land-use change, or lead towater or food
scarcity? Could reducing the consumption of fossil fuels globally
lead to high rates of unemployment in producer countries? Could a
highly capital-intensive, low-carbon transition lead to excessive
debt leveraging of government and/or firms, and result in a carbon
bubble?

In order to determine the impacts of specific policies, research
must move from the agenda-setting stage to the actual impact
assessment of policies. This corresponds to a different stage of the
policy cycle, and requires analysing the impacts of detailed baskets
of policies, as they are envisaged by policy-makers, with all the
attendant political and legal complexities, rather than merely rec-
ommending e often unrealistic e policies that appear optimal. In
the perspective of impact assessment (e.g. see [3]) the policy
parameter space is too large to optimise, and individual policies can
synergise or interfere [4]. The complexity of the impact assessment
problem must account for the uncertainty over the knowledge of
the modeller about the way in which decision-making actually
takes place with agents [5], and how the heterogeneity of agents
might influence policy outcomes [6,7]. Models based on repre-
sentative agents have therefore insufficient resolution for carrying
out realistic impact assessment [8]. It is more and more recognised
that increasing the level of behavioural information in models en-
ables them to represent more policy instruments and thus cover a
wider policy space [9e12].

Climate policy analysis, in the agenda setting perspective (e.g.
[13e15]), has focused primarily on total energy system cost, con-
sumption loss and GDP loss as indicators to characterise the socio-
economic impacts. This is now insufficient, as policy-makers are
increasingly requiring information on many other types of impact
[16]. For example, questions arise over large-scale finance of tech-
nological change, and its impact on the macroeconomic system
[17]. The choice of model type for this purpose pre-determines the
results that can be reached [18]. Most equilibrium models of the
economy used to analyse climate policy have restrictive assump-
tions over the functioning of the financial sector such that their
outcomes are almost entirely determined by a debatable assump-
tion, that re-allocating finance for technological change to reduce
emissions takes away investment from other productive sectors of
the economy, which automatically leads to loss of GDP ([19], see
also [13] and references therein). In fact, research on innovation
tends to suggest the opposite [20e22]. Following the financial crisis
of 2008, the key question of many policy-makers is not how many
percentage points of GDP loss climate policy might entail, but
rather, whether securing large-scale investment is possible without
leading countries to financial instability [23e27].

In this paper, we introduce the new integrated assessment
model E3ME-FTT-GENIE, which is designed to tackle the question
of environmental impact assessment with the most realistic policy
definition currently available, while enabling policy-makers to
exploremacro-financial issues that may arise from the introduction
of such policy. We first describe the policy context that the model
attempts to address, as well as the origin and history of economic
thought behind its assumptions. We then describe its components:
climatology, non-equilibrium macroeconomics and evolutionary
technology modelling. We subsequently provide an example of

environmental policy analysis under several socio-economic in-
dicators. We conclude with an outlook for future research in the
field of integrated assessment modelling.

2. Context: fundamental uncertainty in impact assessment

2.1. Pervasive property: fundamental uncertainty means no
equilibrium

The modelling approach described in this paper is one of
simulation. Each part of the E3ME-FTT-GENIE modelling frame-
work attempts to represent real world relationships, in terms of
accounting balances, physical interactions and human behaviour.
This consistency in approach throughout the suite of linked models
is crucial to providing insights that are useful to policy-makers. The
results from the model are predictions of outcomes based on
empirical behavioural and physical relationships observed in the
past and the present.

The starting point of this methodology regarding human
behaviour is one of fundamental uncertainty [28,29]. This premise
expresses limitations to knowledge and to the knowable for agents
that take part in the economic process. This position runs contrary
to the assumptions of perfect knowledge and/or perfect foresight
that underlie many other modelling tools, which are used in order
to simplify theories and models to a tractable state. Fundamental
uncertainty recognises that it is not possible for individuals, firms
or other agents to know all the possible outcomes from a decision-
making process, and thus that ‘unknown unknowns’ exist. Under
these conditions, it is not possible to estimate probabilities of
different outcomes of particular agent decisions, as, with unknown
outcomes, the probabilities would never sum to one. From this
standpoint, some aspects of decision-making by agents lacking
knowledge cannot be reduced to pure risk (as it is in standard
Expected Utility Theory). Hence, it is therefore not possible to
optimise the decision-making process, and agents either make
decision errors, or plan ahead for uncertain outcomes (e.g. with
spare production capacity).

As noted by Keen [30], it only requires one agent to make sub-
optimal decisions for the system of optimisation to break down
as a whole. The consequences are profound. For example, without
full knowledge by every economic agent of supply- and demand-
price elasticities, there is no guarantee that prices will move to
market-clearing rates, where resources would be used in the most
efficient manner. The level of output is no longer determined by
supply-side constraints (e.g. the number of factories), as the avail-
able resources will not necessarily be used (there may be too many
factories for the demand). Alternatively, given fundamental un-
certainty in the knowledge of the demand function by agents,
agents may decide to build spare capacity in preparation for
possible demand fluctuations.

2.2. There is no optimality in policy-making

Without optimizing behaviour, it is not possible to design
optimal policy. Probst and Bassi [2] recognize the shortcomings of
attempting to optimise public policy. The authors advocate an
approach that is based on identifying policy that is found to be
effective in the real world, rather than aiming for optimal out-
comes. Learning-by-doing in policy-making reduces fundamental
uncertainty. To be effective, the policies must first address the issue
they are designed for, but ideally, also avoid negative consequences
in other policy areas (for example, large economic costs or negative
impacts on social cohesion). Due to the complex nature of
contemporary economies and the heterogeneous nature of agents
that interact within these economies [8], it is not sufficient to
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