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How can quantitative policy
analysis inform the energy
transition? The case of
electrification

Parth Vaishnav*

School for Environment and Sustainability, University of Michigan, Ann Arbor, MI, United States

Quantitative analyses may aim to provide actionable answers to policy questions

and to generate tools or insights for decision-making. Given the deep uncertainties

involved in any realistic reckoning of policy questions, this study argues that only

the second of these goals is achievable. Here, this argument is illustrated by

considering analyses of how the electrification of an activity changes the damage

from the air pollution emissions that occur because of that activity. The sources

of uncertainty in such an analysis include the long life of the technologies being

studied. Consequently, the structure and operation of the electricity grid might

change because of the new technology and independent of it. Analysts must

make subjective choices about what to include in their analysis and what to

exclude. For example, policies modeled in isolationmay, in reality, be bundled with

other policies; interactions between technologies may be missed if the analysis

focuses on only one technology; and certain benefits or costs may be neglected

because they lie outside the scope of the analysis and the expertise of the analyst.

Quantitative policy analysis must aim to be part of the broader discussions in

society that ultimately determine what policies get implemented.

KEYWORDS

decarbonization, electrification, policy analysis, energy transition, lifecycle analysis

Introduction

Morgan et al. (1992) identify a variety of motivations for policy analysis: from the desire

to inform a policy decision to the development and demonstration of new methods and

tools. Morgan et al. (1992) call the former of these motivations “substance-focused.” Within

this category, motivations range from “answering” policy questions in a form that leads

to direct implementation to “illuminat[ing] and provid[ing] insight on a general area of

policy concern for a variety of interested parties.” From this perspective, it is extraordinarily

difficult for analysts to answer complex policy questions based solely on quantitative analysis.

Even very careful analyses must satisfy themselves with providing broad insights and

developing tools that might inform broader policy discussions.

This argument is illustrated by considering analyses of how the electrification

of an activity changes the damage from the air pollution emissions that occur

because of that activity. Electrification is defined as a switch to using electricity

to power activities that currently require the distributed combustion of fossil fuels.

Examples of such activities include light transportation (Michalek et al., 2011;

Holland et al., 2016; Yuksel et al., 2016) and space heating in homes (Hanova

and Dowlatabadi, 2007; Vaishnav and Fatimah, 2020; Deetjen et al., 2021). This fuel

switch is seen by analysts as an essential decarbonization strategy (Davis et al., 2018).
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Attributional and consequential
analyses of electrification

Whether or not electrification actually reduces greenhouse gas

emissions—and Harms from emissions of short-lived pollutants—

depends on how much pollution is produced in generating

electricity for the application in question.

A recent National Academies of Science Engineering and

Medicine (NASEM, 2022) report argues that, when assessing

policies that induce a change—such as a shift from a fossil fuel to

electricity—analysts must account for the change in harms induced

by the change in fuel.

The NASEM report argues that, in practice, this means that

it is incorrect to simply use the average emissions intensity,

expressed in the mass of pollutants per unit of electricity produced,

based on the current operation of the electricity system. Using

average emissions is an attributional approach: it should be used

only to apportion the harms from the current operation of the

power system among current uses. Almost by definition, this

makes attributional approaches unsuitable for studying the effects

of electrification.

Instead, for small changes in demand, analysts must model

how the operation of the current electricity system will change if

more electricity is demanded. This amounts to asking which of the

existing generators will producemore tomeet the new demand. The

NASEM (2022, p. 190–194) report outlines four key approaches to

performing this analysis: regression based on past operations of the

power system, modeling of the current or future operation of the

power system, the use of proxies (e.g., non-baseload generation),

and inferences based on data about the real-time operation of the

power system. Each approach has significant limitations.

For large changes in demand, analysts must model how

new demand will change the composition, structure, and

operation of the power system. This consequential analysis is not

straightforward. Analysts must make many assumptions—about

policies, about the relative costs of different technologies, and about

the often volatile prices of commodities—to produce estimates of

emissions from future systems.

Average emissions from the existing power system are a

physical quantity that can (and is) directly measured. The notion

of changes in marginal emissions from current and future systems

is a conceptual construct that is not directly related to any physical

quantity. Using a consequential approach to answer questions that

are of interest to policymakers presents three challenges.

Challenge 1: uncertainty induced by
long-lived technologies

Modern personal vehicles in the United States are projected

to last nearly 20 years (Zhu et al., 2021). Electric appliances

such as heat pumps may have similar lifetimes (Staffell et al.,

2012). An analysis that assumes unchanging marginal emission

factors from the electricity grid ignores the possibility of better

performance over the lifetime of a new technology than in its first

year of operation. Some studies approximate this improvement in

performance by assuming that electricity grid marginal emission

factors fall in line with average emission factors (Vaishnav

and Fatimah, 2020; Deetjen et al., 2021). However, studies of

historical regression-based emissions factors have shown that this

improvement has not occurred in the United States (Holland et al.,

2022b). A response to this study questioned the appropriateness of

using marginal emissions factors designed to reflect small, short-

term changes to the grid to study the effect of changes that are

neither small nor short term (Gagnon et al., 2022).

An alternative approach is exemplified by the Cambiumdata set

assembled by the National Renewable Energy Laboratory (Gagnon

et al., 2023). Cambium calculates long-run marginal emission

factors by comparing two alternative runs: one with a baseline

level of demand and another in which demand in each hour is

perturbed by a substantial amount. In each of these runs, a capacity

expansion model (CEM) and an economic dispatch model are

both run. The CEM captures the fact that new generators and

transmission capacity may need to be built in response to large and

persistent changes in demand. The Cambium modeling approach

also adjusts the generation mix to ensure that existing state and

national renewable portfolio standards are met.

This approach differs from current approaches in two ways.

First, it accounts for structural rather than operational changes.

Second, it offers a way of modeling the effects of changes that occur

alongside a large change in demand but not entirely because of it.

This could be especially relevant to policymakers, who may want to

account not only for the fact that the operation and structure of the

grid will change because of the new demand a policy induces but

that also, in the long term, the power system will undergo changes

unrelated to the new demand.

There is, nonetheless, “an inescapable degree of subjectivity”

(Holland et al., 2022a) in how short- or long-term consequential

emissions are modeled. While it is theoretically possible to put

bounds on the consequences of those subjective choices, the

computational requirements and barriers to entry in terms of the

depth of expertise needed for such analyses are substantial.

Challenge 2: uncertainty induced by
choices related to the system
boundary

An important source of uncertainty is the choice of system

boundary, wherein some aspects of the consequences of a policy

may be left out of the decision. Here, three examples are discussed.

First, an analysis may ignore that policies may not be

implemented in isolation from each other but as bundles with

other unrelated policies. For example, utilities may require that

owners of electric vehicles switch to time-of-use rates (DTE Electric

Company, 2023). Therefore, a policy to encourage the adoption of

electric vehicles may have the unintended (and unmodeled) effect

of switching users to dynamic rates, which may affect how they use

other electricity-consuming appliances. An analyst must grapple

with the diversity in utility responses to electrical vehicle adoption

and the diversity of user responses.

Second, there might be current or future synergies between

different technologies, which may not be accurately modeled. For

example, a heating ventilation and air-conditioning contractor
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might advise a client that installing an electrical heat pump is

financially more attractive if the client also installs rooftop solar

panels and improves the insulation of their home. Vehicle-to-

grid and vehicle-to-home technologies might allow users or service

providers to manipulate household electricity load profiles in ways

that meaningfully change the impact of electric vehicles on the

power system.

Third, deploying a technology might produce benefits that are

either unrelated or indirectly related to energy or the environment.

For example, Michalek et al. (2011) quantify the ways in which

electric vehicles might reduce geopolitical risk, military spending,

and volatility in fuel costs. Analyses of weatherization often focus

on energy, cost, or air pollution benefits (or harms); (Fowlie et al.,

2018) but often ignore the significant health benefits associated with

better-insulated homes (Howden-Chapman et al., 2007; Tonn et al.,

2021). In advocating for ambitious technical targets for batteries for

aviation, Viswanathan et al. (2022) note that the effort to achieve

these targets will have spillover benefits for electric road vehicles.

Deploying technologies might produce learning effects, which

might shift the balance of benefits and costs in ways that are seldom

captured in models; for example, significant learning, defined as the

reduction in cost for every doubling of deployed capacity, has been

observed for electric vehicles (Taylor et al., 2005; Rubin et al., 2015;

Malhotra and Schmidt, 2020). The deployment of technologies can

catalyze the construction of supporting infrastructure, which, in

turn, can make the technology more attractive. Li et al. (2017)

demonstrate this positive feedback loop in the case of electric

vehicles and charging infrastructure, arguing that investing in

charging infrastructure is more cost-effective than subsidizing EVs

(electric vehicles) directly.

Challenge 3: reconciling present and
future perspectives

The 2022 NASEM report notes that attributional LCA (ALCA)

“estimates emissions as they are or could be in some projected

future state (emphasis added)” (20). In a future where the electricity

grid is substantially—if not fully—decarbonized, an ALCA would

show that widespread electrification is unambiguously better than

the continued use of fossil fuels. Nonetheless, a consequential

analysis performed from today’s perspective might suggest that

many changes made in the direction of that future increase

environmental harms.

The first solution to this conundrum is to identify those

strategies that reduce harms even in the short term and prioritize

them, while continuing to deploy fossil fuels in applications where

they do less harms given the current and near-future electricity

grid (Williams et al., 2012). A criticism of this approach is that

any continued reliance on fossil fuels risks creating lock-ins and

stranded assets (Bertram et al., 2015). A second criticism is that

a managed, sequential deployment of technology presumes more

control over how the energy transition unfolds than is realistic.

A third criticism is that any detailed recommendations about

the correct sequencing could suffer from false precision. All

the sources of uncertainty described earlier mean that detailed

recommendations based on small differences between alternatives

run the risk of being an artifact of what the analyst chose to include

(or not) in the analysis (Lave, 1996).

A second solution is to take a heuristic approach. In this

view, what matters in most contexts1 is that a combination of

electrification and grid decarbonization offers a pathway to net

zero emissions, whereas the distributed combustion of fossil fuels

does not. While eschewing detailed recommendations based on

differences that are smaller than the surrounding uncertainty,

analysts may restrict themselves to hot-spot analyses that identify

great potential harms (or benefits) that might be ignored in

policies that are focused on energy or greenhouse gas emissions.

For example, an early study of electric vehicles with lead–acid

batteries found that the harms from excess emissions of lead from

smelters would far exceed any benefits from reduced greenhouse

gas emissions (Lave et al., 1995). A criticism of the heuristic

approach stems from the fact that the extent of warming is a

function of cumulative greenhouse gas emissions (IPCC, 2021). A

trade-off exists between the indirect decarbonization benefits of

policies that increase greenhouse gas emissions in the near term

(e.g., through learning to reduce costs and accelerate full adoption)

and their contribution to the cumulative stock of atmospheric

greenhouse gases. The analysis must grapple with this trade-off.

A second criticism of a heuristic approach is that resources—

including money, attention, and political will—are finite. Failing

to allocate them optimally can carry potentially large opportunity

costs (Tengs et al., 1995).

What can policy analysts say about
electrification?

The net-zero emissions energy systems study by Davis et al.

(2018) identified sectors, including load-following electricity, as

difficult to decarbonize. Sectors such as light transportation and

the residential sector were, however, flagged as straightforward to

decarbonize. What makes assessing the effects of electrification

complicated is that the straightforward-to-decarbonize sectors

are coupled with load-following electricity, which is hard

to decarbonize. Arguably, the overall goal of studies of the

environmental consequences of electrification is to elucidate the

evolving nature of that coupling.

In doing so, analysts studying electrification must recognize

that different approaches and assumptions might be legitimate,

given subtle differences in the specifics of the decision that the

analysis is seeking to inform. For example, if only the near-term

implications of an electrification policy are of interest, it may be

appropriate to ignore structural changes to the grid that result from

that electrification or that occur alongside it.

For the analysis to have broader relevance, it must be

repeated using different approaches (e.g., short- or long-range

marginal emissions or average emissions from a future grid),

and differences in the results must be discussed. Analysts must

identify what assumptions are the most consequential and give

users of the analysis the means to easily substitute their own

assumptions instead.

1 There are some applications (e.g., aviation) where it is not clear that full

electrification is feasible.
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Finally, consumers of analysis must ensure that there is a match

between the question they are trying to answer and the question

that a study has answered. They should pay attention to differences

in time scale (e.g., short vs. long term), goals (e.g., reducing

short-term harms vs. long-term transformation), and scope (e.g., a

standalone intervention vs. numerous intertwined changes).Where

these differences are large, they should be cautious about basing

policy on the conclusions of the study.

What can policy analysts say about
policy choices?

Quantitative policy analyses in service of the energy

transition should comply with guidance on how to conduct

good policy analysis in general. Morgan et al. (1992) identify

“Ten Commandments” for good policy analysis: (1) do your

homework with literature, experts, and users; (2) let the problem

drive the analysis; (3) make the analysis as simple as possible but

not simpler; (4) identify all significant assumptions; (5) be explicit

about decision criteria and policy strategies; (6) be explicit about

uncertainties; (7) perform systematic sensitivity and uncertainty

analysis; (8) iteratively refine the problem statement and the

analysis; (9) document clearly and completely; and (10) expose the

work to peer review.

While it is difficult to meet all these strictures fully, analysts and

decision-makers should growwarier of analyses as they veer further

away from these commandments. Policy analysis can provide clear

answers to scientific questions, provided there is “unambiguous

data or well-founded theoretical insight” (Morgan, 1978, p. 971).

If it becomes too difficult to track all assumptions or adequately

characterize sensitivities and uncertainties, one must question the

reliability of any conclusions. Consequential analyses of the effects

of electrificationmust yoke togethermultiple models from domains

as diverse as epidemiology and power system analysis. Arguably,

they make it extraordinarily hard for analysts to obey Morgan

et al. (1992) commandments. Conclusions from these analyses

must be presented with a corresponding degree of humility and

even skepticism.

In his critique of benefit analysis, Lave (1996) described the

method as foremost a means of structuring complex problems,

arguing that “the option identified as having the largest net benefit

does not have a strong claim to being the best social choice” (129).

In the same vein, given the depth of uncertainty associated with

decisions pertaining to electrification, quantitative analysis ought to

be identified as one (but not the only) tool to aid decision-making

rather than a means of generating optimal policy prescriptions.

This approach has been described as “modeling for insights”

(Huntington et al., 1982).

John Stuart Mill defined representative democracy as

government by discussion. Quantitative policy analysis must

accept that it forms part of a discussion (Mill, 1861; Harris,

1956) and must—if at all possible—seek to make that discussion

more productive.
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