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High dietary intake of added sugars has been
associated with an increased risk of obesity,
type 2 diabetes, dental caries, fatty liver dis-
ease, and cardiovascular disease.1---7 Added-
sugar intake among people in the United States
exceeds dietary recommendations.8---10 Reduc-
ing added-sugar intake has been the subject of
several policy proposals, including an excise
tax on sugar-sweetened beverages (SSBs).11 An
SSB tax may significantly reduce obesity-related
morbidity and mortality if implemented at a
tax rate higher than the SSB tax rates currently
instituted among US states,12---14 depending on the
degree to which consumers substitute SSBs with
other caloric foods.15 Despite attention to
SSB-oriented policies, however, over two thirds
of added-sugar intake among people in the
United States comes fromprocessed food sources
other than SSBs.16---18

Health advocates have proposed a comple-
mentary approach to reduce added sugars:
the institution of a cap-and-trade policy,19,20

similar to the “carbon trading” system imple-
mented internationally to mitigate climate
change. Reducing added sugars in the food
supply through a cap-and-trade policy would
work as follows (Figure 1): (1) the aggregate
“added-sugar emissions” of food manufacturers
into the food supply would be capped by
creating tradable added-sugar permits, which
manufacturers must secure and surrender in
numbers equal to their added-sugar emissions
into the food supply; (2) manufacturers whose
added-sugar levels fall below their permitted
level may sell surplus permits to other manu-
facturers, whereas manufacturers exceeding
their permitted level must buy permits or
reformulate their products to reduce added-
sugar content, creating an incentive to lower
added-sugar emissions into the food supply;
and (3) the overall cap on sugar emissions
would be lowered over time by requiring
a proportion of all permits to be retired peri-
odically, aiming toward a reduction target set
by an independent scientific panel.

A cap-and-trade policy for added sugars has
not been previously evaluated, and several
questions about this approach remain unre-
solved, including how it would affect con-
sumption and disease and how much it might
cost food manufacturers and consumers. To
address such questions, we integrated large-
scale data on food content and formulations,
along with nationally representative data on
food consumption behaviors, into a mathemat-
ical model of a cap-and-trade system for the
US population. We modified modeling ap-
proaches used to simulate cap-and-trade sys-
tems for climate change to study potential
implications of a cap and trade on added sugars
compared with excise taxes on SSBs and added
sugar. A similar exercise was, historically, the
first step toward establishing the current cap-
and-trade system for reducing greenhouse
gas emissions,21 which passed into law in 1990
and has since reduced an estimated 3 million
tons of greenhouse gases per year.22

METHODS

We used data from the US Department of
Agriculture to identify the distribution of added

sugars (sucrose, fructose, or glucose, including
corn-derived sweeteners) per gram in foods
and beverages by category.23,24 We used the
US Census Bureau’s Annual Survey of Manu-
factures data set to identify manufacturers
of different products in each food category.25

We used data from the National Health and
Nutrition Examination Survey (NHANES) to
identify the intake of added-sugar and non---
added-sugar products within each food
category among different US demographic
populations26 (further details are in the
Appendix, available as a supplement to the
online version of this article at http://www.
ajph.org). To account for secular trends in
manufacturing and consumption, we used data
for the period 1999 to 2010.

Cap-and-Trade Simulation

To simulate a cap-and-trade system, we de-
veloped a stochastic, discrete-time, agent-based
mathematical model (Figure 1). We provide
full model details in the Appendix, following
international model reporting guidelines.27,28

To simulate current added-sugar emissions
into the food supply, we constructed a popula-
tion of food manufacturers and assigned
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each a baseline rate of added-sugar emissions
(in kilograms of added sugar per kilograms of
food produced per year). We provided initial
permits to all manufacturers (year 2015) at
no cost, paralleling cap-and-trade policies for
greenhouse gases.29,30 The permits to each
manufacturer equaled the mean baseline emis-
sions level, so the overall cap began at the current
sugar emissions rate into the food supply. We
then gradually lowered the cap in each sub-
sequent year; we simulated a 20% reduction
over 20 years (at a linear rate of 1% from the
starting level annually) to meet dietary recom-
mendations and allow sufficient time to detect
chronic disease effects.8---10 We varied the cap
and rate of reduction in sensitivity analyses.

As the cap was lowered, each manufacturer
received annual no-cost permits in the amount

equal to the total capped rate divided by the
number of manufacturers. Because the capped
rate was expressed in kilograms of added sugar
per kilogram of food produced, this method
avoided discriminating against large manufac-
turers. Manufacturers whose added-sugar
emissions were lower than their permitted
emissions placed extra permits into a pool of
permits for sale; those whose emissions were
higher than their permitted level purchased
permits from the pool in random order until the
pool was exhausted. Manufacturers traded
permits at an exogenously set price of $0.35
per kilogram of added sugar, the price equiv-
alent to a penny-per-ounce SSB tax14 (to allow
comparison with tax proposals). We varied
permit prices in sensitivity analyses. Once
the pool of tradable permits was exhausted,

manufacturers were required to lower their
added-sugar emissions per kilogram product
to meet the permit allowance. In our conser-
vative simulation, manufacturers make the
minimum changes required to reformulate
products to meet the cap, avoiding reformula-
tion when possible.

Comparative Health Impact Estimates

We estimated the potential effects of the cap-
and-trade scenario on obesity prevalence and
type 2 diabetes incidence using a previously
validated approach.31,32 We simulated
individuals in the noninstitutionalized US
population, defined by age, gender, and race/
ethnicity, sampling from NHANES data to
specify the distribution of kilocalories from
each food category consumed by each simu-
lated individual per day (see Appendix for
disaggregated consumption statistics by demo-
graphic group). These consumption data are
considered more accurate than purchasing
data.33 Under the cap-and-trade system, we
simulated consumers converting from their
current added-sugar consumption in each food
category to the product with the most similar
added-sugar content in each category when-
ever their product of choice was reformulated
to a lower-sugar version, providing a conserva-
tive estimate of the policy’s impact.

To estimate changes in obesity, we con-
verted change in kilocalorie intake into a
change in body weight through the validated
National Institutes of Health model (see Ap-
pendix).34,35 The estimated change in kilocal-
orie intake accounts for how substitutions
among foods change overall kilocalorie intake,
not only added-sugar kilocalorie intake. We
converted body weight into body mass index
(defined as weight in kilograms divided by
height in meters squared) using NHANES data
on the distribution and secular trend in weight
and height in each demographic group. To
estimate the change in type 2 diabetes, we used
a validated hazard function approach32 to
convert the changes in body mass index and
glycemic load36,37 into an estimated change in
type 2 diabetes risk per year, defined by
Centers for Disease Control and Prevention
estimates of annual diabetes risk for each de-
mographic group.38,39

For comparative effectiveness analyses,
we simulated the impact on obesity and type 2
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FIGURE 1—Model of a cap-and-trade system to reduce added sugars in the US food supply.
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diabetes of 2 excise taxes: a penny-per-ounce
SSB tax and a penny-per-ounce added-sugar
tax. In the case of a penny-per-ounce SSB tax,
we used previously calculated elasticities from
the National Consumer Panel database31 to
simulate how much individuals reduce con-
sumption of SSBs and substitute with other
products, estimating the net kilocalorie intake
and glycemic load change from an SSB tax,
then using the National Institutes of Health
and hazard models to estimate obesity and
type 2 diabetes rate changes. In the case of
a penny-per-ounce added-sugar tax, we per-
formed the same calculations, using the elastici-
ties between added-sugar and non---added-sugar
products to simulate substitution behavior.

In sensitivity analyses, we varied the tax
rates of SSB and added-sugar taxes across
a range of plausible tax levels. We also com-
pared our baseline cap-and-trade scenario, in
which consumers switched from their pre-
ferred product to the product with the closest
added-sugar content within the food category
when their preferred product was reformu-
lated, with a more optimistic scenario in which
consumers continue to consume their pre-
ferred food product after reformulation.

We repeated all model simulations 10 000
times to sample repeatedly from the input
probability distributions of each parameter and
generate 95% confidence intervals around the
results. We performed data analyses and
modeling in R version 3.0.2 (R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

Current added sugar from food manufac-
turers averaged 19.8 billion kilograms per
year emitted into the US food supply, about
670 000 kilograms per manufacturer annually.
These sugar emissions amount to 64.2 kilo-
grams of added sugar per person per year, or
603 kilocalories per person per day. Added-
sugar content per gram was highest for sweets
(an average of 28.2 g added sugar/100 g
product), then for sugar-sweetened beverages
(25.0 g/100 g), followed by refined grain
products, including baked products (13.2 g/100 g;
see Appendix for fully disaggregated statistics
by food category). Approximately 67% of
products in the food supply contained no
added sugars.

Cap-and-Trade Simulation Outcomes

Reducing permitted added-sugar emissions
by 20% over 20 years with a cap-and-trade-
approach resulted in a decline in simulated
added-sugar intake from 287 kilocalories per
person per day without the policy to 256 kilocal-
ories per person per day with the policy in place at
the 20-year mark (a decline of 31 kcal/person/
day; 95% confidence interval [CI] = 29, 33).
Intake declined further, to 251 kilocalories per
person per day (a decline of 36 kcal/person/day;
95% CI=33, 39), in a sensitivity analysis in
which food manufacturers passed on the cost of

sugar emissions permits to consumers rather than
absorbing the costs themselves. The greater de-
cline resulted from consumers switching to
lower-sugar alternatives when high-added-sugar
products became more expensive. Consumers
faced an average food price increase of $7.21
per year from added-sugar-product purchases
(95% CI= $3.81, $10.63), or about $0.02 per
person per day, as a results of the permit cost
being passed to consumers.

The observed reduction in added-sugar
emissions had substantial health benefits, as
illustrated in Figure 2 and itemized in Table 1.
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Note. Reduction in obesity prevalence (% of population) and type 2 diabetes incidence (per 100 000 persons per year) over

time among the US population aged 5 to 65 years under a simulated cap-and-trade policy involving a 20% cap on added

sugars from current levels, achieved at a linear rate over 20 years. On each box plot, the central mark is the median result

from 10 000 repeated simulations of the model, sampling from the input probability distributions of all parameters; the edges
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FIGURE 2—Health effects of a cap-and-trade system for added sugars on (a) obesity

prevalence and (b) type 2 diabetes incidence.
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The reduced added-sugar emissions would
be expected to lower weight among people in
the United States by 3.0 pounds on average
over 20 years (95% CI = 2.8, 3.2), after we
accounted for both the caloric reduction from
reduced added sugars and the caloric differ-
ences between the previously consumed food
products and the food products that consumers
switched to. Given current distributions of
weight and height among the population, this
reduction in body weight would correspond to
a 1.7-percentage-point lower expected obesity
prevalence rate than in the scenario without
the cap-and-trade policy (95% CI = 0.9, 2.4),
representing a 4.6% decrease. The reduced
added-sugar emissions would also be expected
to lower type 2 diabetes incidence by 21.7
cases per 100 000 people (95% CI = 12.9,
30.6), a 4.2% lower incidence rate. The re-
duced added-sugar emissions had heteroge-
neous effects among different demographic
groups; as shown in Table 1, racial/ethnic
minorities generally experienced the largest
declines in obesity prevalence and type 2
diabetes incidence under the simulated policy.

The reduced added-sugar intake conferred
health care cost savings in our simulations.
On the basis of recent health care cost estimates
for obesity,40,41 the cap-and-trade system
would be expected to avert $9.7 billion in
health care spending over the 20-year simula-
tion period (95% CI = $4.5 billion, $14.9 bil-
lion), when we tabulated averted costs at
a standard 3% annual discount rate. The sum
of the added-sugar permits purchased by in-
dustry averaged $3.7 billion over the same
simulation period (95% CI = $3.6 billion,
$3.8 billion), when also tabulated at a 3%
annual discount rate.

Comparative Health Impact Estimates

The reduced added-sugar intake conferred
by a penny-per-ounce SSB tax was notably
smaller than that from the cap-and-trade policy
(Table 1). The SSB tax policy resulted in a net
decline of 24 kilocalories per person per day
(95% CI = 23, 26), producing a 1.4-percentage-
point lower obesity prevalence rate than with-
out the tax (95% CI = 0.8, 2.0)—3.7% lower
than would otherwise be expected—and a de-
cline in type 2 diabetes incidence of 11.5 cases
per 100 000 people (95% CI = 11.0, 12.0),
a 2.2% lower incidence rate.

The reduced added-sugar intake conferred by
a penny-per-ounce tax on all added sugars was
similar to that from a targeted SSB tax (Table 1).
The added-sugar tax reduced caloric intake by 14
kilocalories per person per day (95%CI=12, 16)
compared with the scenario with no tax, pro-
ducing a 1.2-percentage-point lower obesity
prevalence rate (95% CI = 0.9, 1.6)—3.4%
lower than otherwise would be expected at year
2035—and a decline in type 2 diabetes in-
cidence of 11.3 cases per 100 000 people (95%
CI = 10.8, 11.8; a 2.1% lower incidence rate).

In our sensitivity analyses comparing the
3 policies under a range of scenarios, we ob-
served that cap and trade would be almost twice
as effective in reducing obesity and type 2
diabetes under an optimistic scenario in which
consumers continued consuming their preferred
food product after its reformulation (rather than
switching to another product with the nearest
added-sugar content when their preferred prod-
uct was reformulated). In this optimistic scenario,
obesity prevalence was reduced by 3.2 percent-
age points (95% CI = 2.4, 4.0) and type 2
diabetes incidence by 37.7 per 100 000 (95%
CI = 22.4, 53.1), as shown in Figure 3. We also
observed that a doubling of tax rates (to 2 cents
per ounce) for both SSBs and added sugars was
of lower efficacy than the cap-and-trade policy
(Figure 3) in reducing type 2 diabetes, because of
the substitution of other high-glycemic-load
products for the taxed products. Further sensi-
tivity analyses are provided in the Appendix.

DISCUSSION

We conducted the first simulation of a cap-
and-trade approach to reduce added sugars in
the US food supply and compared it with 2 other
policy proposals aimed at reducing added-sugar
intake. We observed that reduced added sugar
in the food supply would likely have substantial
health benefits, as well as conferring associated
health care cost savings. In our simulations,
a gradual 20% cap on added-sugar emissions
into the food supply applied over 20 years
would be expected to reduce obesity prevalence
by 1.7 percentage points and type 2 diabetes
by 4.2 percentage points, using a model that
conservatively simulated the smallest-possible
changes in manufacturer and consumer behavior
in response to permits and reformulations.
These impacts would make cap and trade more

effective than other currently available obesity
reduction tools evaluated to date.42,43 Racial and
ethnic minorities would be expected to experi-
ence the largest declines in obesity prevalence
and type 2 diabetes incidence given their current
consumption behaviors and health profiles, sug-
gesting that the policy may mitigate health
disparities between racial/ethnic groups.26,42

In our model, the cap-and-trade approach
had a slightly but not significantly larger
effect on obesity and type 2 diabetes than an
equivalently priced SSB tax or an added sugar tax.
Our simulations of effect size from a penny-per-
ounce SSB tax were consistent with previous
assessments.14,44,45 Cap and trade produced
larger health impacts than an SSB tax because
there was less impact of consumer substitution on
net caloric intake. The cap-and-trade policy was
also found to be more effective than a general
added-sugar tax because the general tax pro-
duced only small price increases that resulted in
smaller reductions in added sugar consumption
than did the product reformulations observed
under a cap-and-trade system.

We chose to apply the cap-and-trade policy
specifically to added sugars rather than other
food components for a number of reasons.
Added sugars appear to elevate the risk of type
2 diabetes in a dose-dependent manner in large
prospective cohort studies, as glycemic load
contributes to insulin resistance and type 2
diabetes.36,37 Furthermore, there is no evi-
dence to suggest that low consumption of
added sugars is harmful, given the prevalent
availability of natural sugars in foods. Although
some consumers may manually add sugar
back to reformulated food products, such
behavior is unlikely to match the 22 teaspoons
of added sugars consumed by adults, and 34
teaspoons consumed by adolescents, through
processed foods each day in the United States.9

A cap-and-trade approach to reducing added
sugar faces several challenges that cannot be
addressed by this first-stage research. First,
recommendations for added-sugar consump-
tion vary; here, we simulated a reduction in
added-sugar consumption to correspond to
the average sugar intake recommended by
commonly cited expert groups.8---10 The aver-
age added-sugar consumption among people
in the United States has declined on its own
during the past decade,16 a trend that we built
into our models; however, whether this will
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continue into the future without regulatory
action is unclear. The current model also
does not factor in the political feasibility or
administrative complexity of a cap-and-trade
system, which will likely face food industry
opposition; our results should not impede poli-
cymakers and health advocates from pursuing
more proximal strategies for improving nutrition,
especially as multiple simultaneous strategies are
probably required to address obesity in the
United States.42 Incentivizing manufacturers to
decrease their use of added sugars raises the
potential for increasing the use of nonnutritive
sweeteners, a phenomenon already occurring in
the context of the increasing unpopularity of
added sugars.46 Despite safety reassurances by
scientific groups,47,48 further research to ensure
the safety of long-term nonnutritive sweeteners
may be warranted, particularly given preliminary
research suggesting that nonnutritive sweeteners
may in fact also induce glucose intolerance,
posing a risk of type 2 diabetes.49 Unintended
consequences could also occur if sodium or fats
are substituted for added sugars to increase
palatability, or if food manufacturers ship surplus
foods overseas; hence, bundling regulatory strat-
egies into universal standards rather than focus-
ing on single ingredients alonemay be sensible. As
a complement to a cap-and-trade approach, fur-
ther studies can also address the role of altering
subsidies to the corn and sucrose industries.

Despite these topics for future research, our
study constitutes a first step toward better un-
derstanding a cap-and-trade strategy to reduce
added-sugar intake among people in the United
States. Our research demonstrates that there are
key areas for further investigation before such
a proposal is considered; however, the approach
appears potentially effective even under a very
gradual emissions-reduction target that would
confer the same or fewer expenditures onto the
US consumer population than currently proposed
fiscal strategies. The continuing consideration of
a cap-and-trade approach to reduce added sugar
in our food supply could therefore substantially
improve the health of the population, addressing
some of the negative externalities currently char-
acteristic of industrial food production. j
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