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Abstract
The European Union’s Green Deal proposal and Farm to Fork strategy call for both demand and
supply measures to reduce emissions from the food system. While research clearly illustrates the
importance of dietary transitions, impacts of potential supply-side measures are not well
understood in relation to competitiveness concerns and leakage effects. This study assesses
trade and GHG emission impacts of two supply-side mitigation strategies (intensification vs.
extensification) in the EU, UK and Switzerland (EU+ 2), against a 2050 baseline featuring
healthy/sustainable diets adopted by European consumers. To capture potential leakage effects
arising from changing external trade flows, the two supply-side strategies are assessed against three
trade policy regimes (i.e. status quo, regional trade liberalization with and without border carbon
adjustment), resulting in six scenarios formulated with detailed inputs from the EUCalc model and
other literature and simulated with a purported-designed CGE model. Results show that
intensification, while improving the EU+ 2’s external trade balance, does not reduce emissions in
the EU+ 2, compared to the baseline. In contrast, extensification leads to a substantial emission
abatement that augments reductions from the assumed dietary transition in the baseline, resulting
in a combined 31% agricultural emission reduction in EU+ 2 during 2014–2050. However, this is
at the expense of reduced net agrifood exports by US$25 billion compared to the baseline and
significant carbon leakage at a rate of 48% (i.e. nearly half of agricultural emission reduction in the
EU+ 2 ‘leaked’ to elsewhere). Furthermore, implementing the EU+ 2’s prospective regional trade
agreements results in increased territorial emissions. Although a border carbon adjustment by the
EU+ 2 can improve its trade balance and partially shift mitigation burdens to other countries, the
associated reductions in global emissions (and carbon leakage) would be marginal. Finally,
different trade and emission effects are identified between the crop and livestock sectors, pointing
to the desirability of a mixed agriculture system with intensified livestock sector and extensified
crop agriculture in the EU+ 2 that balances emission reduction goals and competitiveness
concerns.

1. Introduction

The global food system is a significant contrib-
utor of global greenhouse gas (GHG) emissions [1].
Themove towards emission-intensive diets consisting

of more animal food products in developing and
emerging economies due to rising income and pop-
ulation implies that the global food system could
emit even more than today, raising the urgency of
curbing this trend [2–4] for safeguarding planetary
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health [5]. The food system in 2015 generated 30%
of the European Union’s (EU) GHG emissions [6],
mainly due to its generally intensive livestock sector
[7] and high per capita dietary emissions [8]. The
Farm to Fork Strategy [9] recognizes the importance
of supply- and demand-sidemeasures to obtain a sus-
tainable food system and a climate neutral EU [10].
Transitioning towards healthy and sustainable diets
consisting ofmore plant-based food items and having
less food waste are widely recognized as demand-side
mitigation options [11–16].

On the supply-side, both intensification and
extensification practices are proposed as mitigation
measures. The choice between the two practices is
often based on availability and quality of land and
access to internal and purchased inputs [17–19].
Intensification practices can improve yields, technical
efficiencies, and intensities in land use and chemical
inputs [20–25]. For instance, intensified agriculture
reduces land use per unit of output, potentially allow-
ing spare land as carbon sinks, whereas intensified
livestock sector also reduces the burden of manure
management. However, intensification can negatively
affect various environmental indicators, such as biod-
iversity and global nitrogen cycle [26–28]. Extens-
ive practices are also considered as climate change
mitigation strategy [29–33]. For instance, an extens-
ified agroecological system phases out synthetic fer-
tilizers and pesticides and deploys agroforestry prac-
tices. However, unilateral extensification may lower
crop yields [34], potentially leading to increasing pro-
duction elsewhere [35]. These complexities suggest
that the choice between the two practices should be
carefully evaluated in relation to the expected differ-
ential yields and output effects and product composi-
tional effects, not the least in conjunction with future
dietary patterns.

The EU is highly competitive on world agri-
food markets. In 2019 its external agrifood exports
and imports amounted to €181.8 and €121.7 billion,
respectively, leading to €60 billion agrifood trade sur-
plus [36]. Changes to the EU’s production system
and dietary patterns may cause imbalances on the
EU internal market, resulting in changing external
trade patterns and potentially impacting third coun-
tries that depend either on imports sourced from,
or on exports to, the EU market. This competitive-
ness concern can be compounded by potential carbon
leakages that weaken the EU’s intended contribution
to global emission reduction4. Therefore, it is import-
ant to consider the development of the EU’s external
trade policy. The EU had 41 Free Trade Agreements
(FTA) in force with 72 countries as of 2019 and has
recently concluded or is currently working on a vari-
ety of other agreements [37, 38]. Existing empirical

4 Carbon leakage refers to the relocation of GHG emissions from
countries with stringent climate policy to other parts of the world
subject to no (or weaker) regulations.

studies point to ambiguous impacts of trade liberal-
ization on GHG emissions [39, 40]. It is also unclear
how climate change mitigation would reshape exist-
ing trade patterns. Moreover, the risk of carbon leak-
age through trade linkages can be counteracted by
trade policy instruments such as export rebates for
trade-exposed sectors and the so-called border car-
bon adjustments (BCA; also known as carbon bor-
der adjustmentmechanism—CBAM) levied on emis-
sions embodied in imports [41, 42]. The BCA has
beenmentioned in the EuropeanGreenDeal proposal
[10]. Its actual implementation and conformity to rel-
evantWTO trade rules, and possible retaliations from
trade partners, largely remain unclear [43, 44].

This paper contributes to the above literature by
investigating the GHG emissions and trade-related
carbon leakage effects of two alternative supply-side
responses (i.e. intensification vs. extensification) to
a healthy/sustainable dietary transition pathway in
the EU, plus UK and Switzerland (EU + 2). It
further explores how the impacts of these supply-
side responses—including carbon leakage effects—
are contingent on the assumed trade policy regimes.
The analysis is conducted in a computable general
equilibrium (CGE) framework, with a baseline in
which consumers in the EU + 2 transition to a
sustainable diet by 2050. Against this baseline, we
exploit detailed sector- and country-level data from
the European Calculator model (EUCalc)5 and other
sources to formulate and simulate the effects of dif-
ferent combinations of the two supply-side mitiga-
tion strategies and three trade policy regimes (i.e.
business-as-usual (BAU), trade liberalization, and
trade liberalization with BCA).

2. Methods and data

In this paper, we apply a hybrid approach that allows
concrete supply- and demand-side climate change
mitigation scenarios built from detailed bottom-up
data to be simulated in a top-down static CGE
economic model with built-in flexibilities that can
accommodate large structural changes in produc-
tion system and consumption patterns reflected in
such scenarios [45]. Based on the GTAP-E model
[46, 47], we modify the household demand system to
allow for embedded within-budget share shifters for
simulating potentially large preference-driven diet-
ary transitions towards 20506. On the supply side, we
introduce shifter parameters [48] in the nested pro-
duction functions to facilitate the implementations
of technological and structural changes envisioned
in the intensification and extensification scenarios.
An aggregate land supply function is implemen-
ted to capture land supply responses [49, 50]. We

5 www.european-calculator.eu/.
6 For details, see section 1 of the supplementary materials (SM)
(available online at stacks.iop.org/ERL/16/124048/mmedia).
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also capture changes in non-CO2 emissions, in addi-
tion to CO2 emissions already included in GTAP-E.
Finally, trade policy instruments on GHG embedded
in imports are added, for implementing alternative
BCAs.

2.1. Data and baseline
The core data sets used are the GTAP-E v10 data-
base [51] and the associated non-CO2 emissions data-
set [52]7, with 2014 as the reference year (there-
fore, all monetary values are denoted in millions
of USD in that year). The datasets cover 65 sectors
and 141 global countries/regions, including national
input-output tables, bilateral trade flows, macroeco-
nomic aggregates, energy, emissions, and trade policy
instruments. These databases are aggregated to 12
countries/regions and 31 sectors8. We update the
GTAP databases to create a baseline in 2050, using
assumptions consistent with the ‘middle-of-the-road’
Shared Socioeconomic Pathway SSP2 [53] and in line
with the latest available literature [54]. The overall
strategy is to replicate at country/region level avail-
able long-run GDP projections and either impose or
solve for the underlying determinants. More specific-
ally, population [55] and labor force [56] projections
are directly imposed in the baseline, while changes
in total factor productivity are solved for by target-
ing GDP projections [57]. Changes in capital stock
are endogenously adjusted via the so-called ‘Baldwin
equation’9 [58]. Additionally, we include differential
growth in sectoral productivities10 [59]. Autonom-
ous energy efficiency improvements are implemen-
ted, with a constant exogenous rate of 1% annual
growth for all activity sectors and energy carriers.
External 2040 fossil fuel prices projections [60, 61] are
imposed by endogenizing changes in the productiv-
ity of the oil, coal and gas sectors. Changes in crop
yields due to a 1 ◦C increase in temperatures com-
pared to 2014 [53] are also included in our baseline,
using estimates by Roson and Sartori [62]. Finally, we
exogenously project regional pathways of food con-
sumption from 2014 to 2050, implementing dietary
changes in the baseline as shifts in consumer prefer-
ences through a model simulation.

7 The non-CO2 emissions database includes, among others, meth-
ane (CH4) and nitrous oxide (N2O) emissions linked to burning
crop residues and savanna (CH4, N2O), emissions from cultiva-
tion of organic soils (N2O), crop residues (N2O), manure left on
pastures and applied to soils (N2O), manure management (CH4,
N2O), enteric fermentation (CH4) and intermediate use and pro-
duction of synthetic fertilizers and pesticides (N2O).
8 For details of the sectoral and regional aggregations, see section 2
of the SM.
9 We do not directly target the changes in capital stock, but opt for
endogenizing it via the ‘Baldwin equation’ in the model that effect-
ively ensures a fixed savings rate closure with capital accumulation.
10 Bekkers et al (2019) use 2.49 percentage points additional annual
growth for agriculture, 1.51 formanufacture and−0.34 for services
(relative to average economy-wide TFP growth), at the world level.

Data used to formulate dietary changes in the
baseline and for constructing the production sys-
tem transition scenarios are based on those from
the EUCalc model [16]. The EUCalc model belongs
to the so-called calculator models [63–70] and is
a bottom-up system dynamics model. It represents
GHG emissions dynamics and to evaluate the trade-
offs and synergies arising from user-defined modi-
fications to supply and demand in key emitting sec-
tors in the EU + 2. It contains a rich set of historical
and projected data disaggregated at the EU member
state level, capturing drivers of sectoral and system-
wide GHG emissions at various mitigation ambition
levels; the latter are defined through sectoral expert/s-
takeholder elicitation and literature studies [71]. On
the demand side, we update and extend the dietary
projections from the lifestyle module of the EUCalc
model [16] to construct the dietary scenario in the
baseline (section 2.2). On the supply-side, we har-
ness the rich details of EUCalc’s agriculturemodule to
construct the extensification and intensification scen-
arios (section 2.3).

2.2. Dietary projections in the baseline
Consistent with the European Green Deal and the
Farm to Fork strategy, in our baseline the EU + 2
is assumed to follow a healthy/sustainable diet in
2050 and to reduce food waste. The rest of the world
(ROW) continues with BAU dietary developments
and imposes no changes in food waste.

The healthy/sustainable diet in this work is based
on calories required to maintain adequate body size
under moderate physical activity and food group
composition in line with dietary guidelines from
medical research. At the global scale, diets offering
substantial health benefits are found to be associ-
ated with significant reduction in agricultural GHG
emissions, land clearing and biodiversity loss [3]. In
this work we are mainly concerned with the changes
in calorie demand resulting from adopting healthy
diets used in our baseline. Although quantifying the
health benefits of shifting dietary patterns is beyond
the scope of this paper, previous research has estab-
lished these positive benefits both at national and
global scales in details [72, 73].

We begin by estimating the basal metabolic rate
(BMR) under moderated physical activity level for
individual countries, targeting a body mass index
(BMI) between 18.5 and 24.9 [74] in 18 age/sex
groups in each country, using data from NCD Risk
Factor Collaboration [75]. The Schofield equation
[76] is then calibrated on data from Hiç et al
[77] to evaluate the total required amount of cal-
ories. The total per capita calories is then fulfilled
with 45 different food groups following the Global
Dietary Guidelines from Springmann et al [78]
that reproduce the dietary composition consistent
with guidelines from WHO [79] and World Cancer
Research Fund [80]. By keeping the relative caloric
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contribution of each group in the 2014 diet, we pre-
serve to some extent the specific preferences of coun-
tries while implementing the dietary change. As not
all food groups considered in this paper are covered
by dietary guidelines (e.g. beverages), it is neces-
sary to make some assumption on how these items
evolve. We first prioritize the fulfillment of the cal-
orie budget with food groups covered in the dietary
guidelines, followed by food groups not included in
the guidelines in the same relative proportions as in
the 2014 diet and in an amount that observes the total
calorie budget. In this way, we further maintain the
historical preferences for some food groups.

After the diet composition is determined for each
age/sex class, the total per capita calories for a coun-
try are determined by aggregation with the respective
population. Additionally, we assume that the EU+ 2
achieves reductions in food waste at the consumer
level (SDG 12.3.1.b), using waste factors in the FAO
Global Food Losses and Food Waste study [81].

For ROW, income elasticities of calories—a com-
monly used method to extrapolate calorie demand in
long run projections [82]—at country level during
2000–2015 are assumed to persist in 2050. These are
calculated based on the FAOFoodBalance Sheets data
on calorie availability [83] and per-capita GDP [84].
To project calorie consumption, GDP [57] and popu-
lation projections [55] are used. These updated diets,
measured as calorie demand for 45 food products,
are then aggregated to the GTAP commodity clas-
sification using the Central Product Classification
[85]. The implied changes in demand shares for final
consumption and intermediate uses (e.g. food con-
sumed away from home) are then implemented in
the baseline as shifts in consumer preferences through
model simulations11.

2.3. Scenario design and implementation
We formulate and simulate six scenarios against the
2050 baseline, covering the combinations of agricul-
tural intensification vs. extensification in the EU + 2
on the one side, and three trade policy regimes on the
other. These is outlined in table 1 and described next.
Note that in these scenarios we assume all crop and
livestock sectors are either undergone intensification
or extensification.

2.3.1. Alternative agricultural systems in EU+ 2
Agriculture systems can be characterized by the
intensities of the use of land, energy, and chem-
ical inputs and the associated emission intensities
[86]. We construct the intensification and extensi-
fication scenarios according to indicators related to
the efficiency and requirement in land use (includ-
ing crop yields, grazing intensity, and livestock yields)

11 Details on the 2050 baseline diet can be found in section 3 of the
SM.

and in input use (covering synthetic fertilizers, pesti-
cides, and energy)12. Table 2 presents changes to these
indicators to be implemented in the intensification
and extensification scenarios, obtained and aggreg-
ated frommore detailed data in the agricultural mod-
ule of the EUCalcmodel [87] and detailed in section 4
of the supplementary materials.

Crop yield changes are modeled as ‘land effi-
ciency’ changes by crops, ranging from 1.1% to 2.2%
for the different crops under intensification (INT),
and−14.9% to−24.9% under extensification (EXT).
Likewise, grazing intensity of livestock products are
also modeled as ‘land efficiency’ changes, changing
from the baseline level of 1.5 livestock units per hec-
tare (LSU ha−1) to 3.8 LSU ha−1 and 1.0 LSU ha−1

in INT and EXT, respectively. Alternative agricultural
systems are also expected to have different livestock
yields, defined as the amount of edible meat pro-
duced per livestock unit (measured in kcal/LSU). INT
is expected to increase livestock yields (by between
4.6% and 8.5%), while EXT would lower yields (by
between −10% and −22.2%). Changes in the live-
stock yields aremodeled as changes in the efficiency in
meat production. Moreover, INT (EXT) is expected
to increase (decrease) synthetic fertilizers and pesti-
cides use. Changes in fertilizers and pesticides uses are
modeled via modified cost structures in sectoral pro-
duction functions. Finally, energy used under both
INT and EXT is expected to decrease. We model such
changes by altering shares of the energy bundle in the
production functions.

2.3.2. Alternative trade policy regimes
In the first trade policy regime (i.e. BAU), we assume
no changes to the EU + 2’s agricultural trade policy
from the 2014 level. In the trade liberalization regime
(i.e. FT), we implement the agricultural trade provi-
sions in 12 potential EU FTAs [37] to study the inter-
plays between trade liberalization and more intensi-
fied (INT_FT) or extensified (EXT_FT) agriculture in
EU+ 2. The FT scenarios track the ‘conservative lib-
eralization’ scenario of Boulanger et al [37], based on
the consideration that recent setbacks to globalization
are likely to linger well in the foreseeable future. No
further liberalization is assumed for the ‘other food’
sector because it includes a large and heterogeneous
set of processed products that are likely subject to dif-
ferent treatment in different trade agreements [37].
This conservative liberalization scenario only results
in noticeable reductions of EU import tariffs on rice,
sugar, cattle meats, and dairy (figure 1).

The third trade policy regime contains regional
trade liberalization and a BCA on EU agrifood
imports, differentiated by the exporting region’s

12 As the intensification scenarios considered here are built on the
‘conventional’ intensification practices (e.g. intensive use of chem-
ical inputs), more sustainable intensification practices (e.g. preci-
sion agriculture) are not considered.
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Table 1. Scenarios analyzed in this study.

BAU agricultural trade policy Trade liberalization (FT) FT+ Border Carbon Adjustment

Intensification INT INT_FT INT_FT_BCA
Extensification EXT EXT_FT EXT_FT_BCA

Note: INT: intensification; EXT: extensification; FT: trade liberalization; BCA: border carbon adjustment.

Table 2. Key indicators in the agricultural intensification and extensification scenarios, % change from baseline.

Indicators Intensification Extensification

Crop yields 1.57 −22.03
Livestock yields 6.46 −14.47
Grazing intensity 162.41 −2.69
Fertilizer and pesticide use 28.60 −76.28
Energy use −11.10 −11.10

Note: Numbers are simple averages across sectors. More details are available in table S6 in

supplementary materials.

Figure 1. Reductions of EU+ 2 tariffs on imports from 12 FTA partners and of FTA partners’ tariffs on EU+ 2 exports, % from
base13.

direct sectoral CO2eq intensity, as in scenarios
INT_FT_BCA and EXT_FT_BCA. These scenarios
are used to illustrate whether and to what extent the
BCA counteracts potential carbon leakages arising
from trade liberalization and agricultural system
transition. As an illustration, the BCA is set at 40
USD/ton CO2eq, the lower bound of the World
Bank’s estimatedminimal price range needed by 2020
to be consistent with achieving the Paris temperature
target [88]. In practice, the BCA leads to additional
tariffs on EU agrifood imports, with the highest per-
centage increase in tariff rates in primary agricultural
products (figure 2), although unlike processed food
they are not intensively traded and do not necessarily

13 See section 5 of the SM for further details.

have high initial import tariffs. In contrast, as direct
emissions in processed food do not include non-CO2

emissions from primary agriculture, the BCA tariffs
are relatively low for processed food imports (between
0.03 and 1.06 percentage points).

3. Results

We present in this section key simulation results
on agricultural production, trade balance and agri-
cultural GHG emissions. All results reported in
figures 3–6 are relative to the 2050 baseline.

3.1. Agricultural production
Increasing crop yields due to intensification (the
INT scenario) increases outputs of cereals, veget-
ables and fruit, and other crops in the EU + 2

5
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Figure 2. Boxplots of EU BCA tariff rates (%) on imports from individual trading partners. Each ‘observation’ is a trade partner14.

Figure 3. Agriculture and food production in EU+ 2, % change from baseline.

by 2%–3% (figure 3). In contrast, extensification
(EXT) results in marked reductions in crop outputs
(7%–17%), driven by competitiveness losses associ-
ated with lowered yields and reduced input uses. In
contrast, primary livestock production rises under
INT (6%–11%) and under EXT (2%–3%) but for
different reasons, while processed animal food out-
puts rise (decrease) under INT (EXT). Under the
INT scenario, rising grazing intensity and livestock
yields improve the EU + 2’s competitiveness and
allow its processed animal food sectors to expand
export market shares. Conversely, EXT implies lower

14 See section 5 of the SM for further details.

livestock yield and grazing intensity, leading to the
opposite effect: decreasing processed animal food
exports due to higher costs and prices; and a larger
increase in intermediate demand for primary live-
stock products for meeting domestic demand due to
lower livestock yields. The small expansion of the live-
stock production under EXT is aided by the relat-
ivelyminor reduction of grazing intensity (2.7%), and
the reallocation of resources such as land from the
crop sector, as the latter experiences larger decrease
in yields and input uses. Finally, processed non-
animal food output increases under INT (due to
cheaper intermediate inputs) but decreases under
extensification (due to more expensive intermediate
inputs).

6
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Figure 4. Change in EU+ 2’s external trade balance for selected products from the baseline, USD billion.

Adding trade liberalization and BCA to the scen-
arios (i.e. as in the INT_FT, INT_FT_BCA, EXT_FT
and EXT_FT_BCA scenarios) alters but does not
cause noticeable changes to the output results. Under
INT_FT, all output levels except that for vegetables
and fruit and processed animal food are slightly
higher than under INT, reflecting that the two-way
trade liberalization with the EU + 2’s FTA part-
ners will lead to more tariff concessions by the part-
ner countries than by the EU + 2 itself. Under
EXT_FT, output levels either decrease less or increase
more for cereals, other crops, cattle, and processed
non-animal food. The BCA acts effectively as an
import tariff, protecting domestic producers in the
EU + 2 from foreign competition. Hence, output
levels under INT_FT_BCA and EXT_FT_BCA are
generally higher than under INT_FT and EXT_FT,
except for processed foods (due to their negligible
BCA tariffs in connection their lower direct emission
intensities).

3.2. Trade balance
Changes in production systems and trade policy
regimes alter production costs and output levels,
which in turn affect the EU + 2’s external trade pat-
terns, as captured by changes in trade balance presen-
ted in figure 4 15. Relative to the baseline, the EU+ 2’s
agrifood trade balance improves in all intensification
scenarios, while worsening under all extensification
scenarios. In the intensification scenarios, increas-
ing grazing intensity and livestock yields reduce costs
of livestock products and increases their outputs,

15 We focus on the trade balance of agricultural and food products
and energy and chemical products used in agriculture. More
detailed results can be found in section 6 of the SM.

leading to increasing exports of processed animal
food. Increases in crop yields also improve net exports
of crops and processed non-animal food. In the INT
scenario, the EU + 2’s trade balance improves by
US$14.6 billion. In the EXT scenario, decreases in
crop yields, livestock yields and grazing density lead
to worsening trade balance by US$24.7 billion, des-
pite improved net exports of chemicals and energy
due to phasing-out of fertilizer and pesticide use and
reduced energy consumption.

Trade liberalization further strengthens the
EU + 2’s net exporter position in animal and pro-
cessed food under intensification. In the INT_FT
scenario, net exports of livestock, processed animal
and non-animal foods further increase, while net
crops exports slightly decrease. Together with
increased net chemical imports, this leads to fur-
ther improvement of the EU + 2’s trade balance
(by US$15.4 billion). When a BCA is imposed (as
in INT_FT_BCA), the EU + 2’s trade balance for
agrifood, chemical and energy products improves
further, mainly driven by higher crop net exports.
In contrast, in the EXT_FT scenario, the EU + 2’s
net exports of chemicals and energy improve further.
However, this is outweighed by the larger decrease
in net exports of both crops and processed animal
food, due to rising domestic costs and declining out-
put levels. On balance, the EU + 2’s trade balance
decreases slightly more under EXT_FT (by US$26.3
billion), compared to US$24.7 billion under EXT.
When using the BCA to counter the large decrease in
net exports (as in EXT_FT_BCA), a smaller decrease
in net crop exports is obtained (by US$14.8 billion,
compared to US$17.1 billion in EXT_FT), resulting
in a smaller overall trade balance decrease at US$23.3
billion.

7
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Figure 5. EU+ 2 GHG (CO2eq) emissions from crops, livestock and overall agriculture, % change from baseline.

3.3. GHG emissions
3.3.1. Agricultural emissions in the EU+ 2
Intensification generally increases GHG emissions in
the crop sector due to substantial increases in chem-
icals input use and rising yields. In the livestock sec-
tor, however, GHG emissions decrease slightly, as
grazing intensity and livestock yield improvements
more than offset rising emissions from increased out-
puts. As shown in figure 5, the EU + 2’s agricultural
GHG emissions increase by 2.4% under INT, relat-
ive to the baseline16. Adding trade liberalization (as
in INT_FT) leads to higher agricultural emissions (by
2.9% compared to the baseline), as a result of slightly
higher emissions in the crop sectors and smaller emis-
sion reduction in livestock sectors. In contrast, under
EXT, with reduced crops outputs and lowered chem-
ical use, agricultural emissions in the EU + 2 drop
by 11.34%. Trade liberalization (as in EXT_FT) only
slightly lowers the reduction of agricultural emis-
sions (relative to EXT). Finally, implementing the
BCA allows the EU + 2 to import less and slightly
boost EU + 2 production, leading to higher emis-
sions, as compared to EXT. Relative to the baseline,
agricultural emissions rise by 3.1% in INT_FT_BCA
(compared to 2.9% increase in INT_FT), but decrease
by 11.04% in EXT_FT_BCA (compared to 11.33%
reduction in EXT_FT).

16 Future intensification can deviate from the conventional intens-
ification practices by, for example, adopting precision agricultural
practices that reduce chemical inputs. Based on [89], we formu-
late three extra scenarios in which the use of chemical inputs
(mainly chemical fertilizers) in EU + 2 changes by 15%, 0%, and
−15%, respectively (and keep all other assumptions unchanged as
in INT). Simulation results show smaller increases or reductions
of GHG emissions from the crop sector (by 5%, −1%, and −7%,
respectively).

In summary, our results suggest that an intensi-
fied agricultural system in the EU + 2 cannot reduce
its agricultural GHG emissions, as reduced livestock
emissions are outweighed by increased crops emis-
sions. An extensified agriculture, however, may abate
total agricultural emissions, even though it slightly
increases livestock emissions. Therefore, an extensive
agricultural production system can be considered a
suitable option for GHG mitigation when the diet-
ary shift allows for a sufficient decrease in the con-
sumption of land-intensive products. Nevertheless,
such a result may not hold if the dietary shift remains
too limited and demand for agriculture land rises.
This highlights the key role of behaviour changes
in the GHG mitigation option portfolio in the agri-
food system. Combining the 22% agricultural emis-
sion reduction during the baseline projection period
2014–2050 driven mainly by assumed dietary trans-
ition and the 11% reduction in the EXT scenario
(compared to the baseline) leads to a total emission
reduction of 31% from the 2014 level. Conversely, the
intensification scenarios would marginally offset the
emission reduction achieved through dietary trans-
itions, leading to a much smaller overall reduction of
21% in 2050 (compared to 2014). Furthermore, trade
liberalization generally opens more markets for the
EU + 2’s competitive agricultural and food sectors,
allowing its net trade position to improve to the extent
that its agricultural emissions rise marginally. Finally,
implementing the BCA will further increase EU+ 2’s
agricultural emissions.

3.3.2. Agricultural emissions in the rest of world and
carbon leakage
In the intensification scenarios, rising EU + 2
agricultural emissions are accompanied by lower
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Figure 6. Agriculture GHG (CO2eq) emissions in ROW countries and world, % change from baseline.

emissions in ROW, resulting in falling global emis-
sions (by approximately 0.2%), due to partially dis-
placed agricultural production from ROW. Reduc-
tions of agricultural emissions in ROW are 0.35%,
0.36%, 0.38% in the INT, INT_FT, INT_FT_BCA
scenarios (figure 6), respectively, as trade liberaliz-
ation and the BCA further decrease ROW’s emis-
sions. In contrast, a more extensive agricultural sys-
tem (as in EXT) decreases agriculture emissions in
the EU + 2 by 11.34% but increases that in ROW by
0.27%, due to rising net agricultural imports to the
EU + 2 from the ROW. This is equivalent to a car-
bon leakage rate of 48%. As a result, global agricul-
tural emissions decrease by about 0.27%. In EXT_FT,
the EU + 2’s agricultural emissions will be slightly
higher (−11.33% relative to the baseline) but ROW’s
emissions will increase more at 0.3%, resulting in a
larger leakage rate of 52% and a smaller reduction in
global emissions at 0.25%. The BCA in EXT_FT_BCA
is shown to be modestly effective in reducing carbon
leakage rate to 49%, resulting in a 0.26% reduction in
global agricultural emissions.

The results show that GHG emissions in the
EU + 2 would decrease for the crop sectors under
extensification and for the livestock sectors under
intensification. Therefore, we simulate an additional
scenario to evaluate the potential impact of a mixed
system of intensified livestock sectors and extens-
ified crop sectors, with BAU trade policy regime.
The EU + 2’s agricultural emissions are reduced by
15% compared to the baseline, with decreasing GHG
emissions in both crops (33%) and livestock sectors
(3%). The EU + 2’s trade balance is only reduced
by US$3.9 billion—compared favorably to all EXT
scenarios—mostly driven by increased net exports of
processed animal food. Global agricultural emissions
decrease by 1%, larger than in any of the six scenarios

previously presented. Such mixed system appears to
strike the right balance in achieving substantial reduc-
tions in European and global agricultural emissions
and minimizing loss of net exports from the EU+ 2.

4. Conclusions

This study provides a new assessment on how agri-
cultural practices can be used as climate change mit-
igationmeasures to complement potential transitions
to a healthy diet in Europe in reducing European and
global agricultural emissions. Recognizing potential
carbon leakages with trade linkages from unilateral
mitigation actions by the EU + 2, we also investigate
impacts of three different trade policy regimes.

Our results show that a full ‘conventional’ intens-
ification of EU + 2 agriculture would increase
its GHG emissions, while decreasing emissions in
ROW, mainly due to increased agricultural pro-
duction in the EU + 2 and improved net agri-
food exports that partially displace ROWproduction.
Within agriculture, however, intensification would
lead to more crop emissions and reduced livestock
emissions. While the result of intensification leading
to reduced livestock emissions is in line with some
studies [24, 25], the result of increasing emissions
from intensified crop production differs from other
studies [20, 23]. This is mainly due to the unilateral
intensification of European agriculture assumed in
our study, as compared to the intensification scen-
ario assumed at the global level in earlier studies. The
global CGE framework with bilateral trade linkages
used in this study captures the production displace-
ment effects due to expanded EU+ 2 production that
increases emissions.

In contrast, a shift towards extensification is
shown to have the potential of significantly reducing
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EU + 2 agricultural emissions, complementing the
mitigation effects of the assumed dietary transition
in the baseline. Still, the combined emission reduc-
tion of 31% during 2014–2050 due to extensification
and dietary transition is lower than the 40%–47%
reductions reported for 2010–2050 in other stud-
ies [30, 31]. One possible reason is that the adjust-
ments through bilateral trade linkages are explicitly
considered in our work. Furthermore, we do not
assume phasing out of plant protein imports as in
these other studies, because this would require erec-
tions of additional trade barriers. It is worth not-
ing that although agricultural extensification in the
EU + 2 alone would lead to increased net agricul-
tural imports and carbon leakage (as also pointed
out by Bellora and Bureau [35]), global emissions
still decrease more with extensification than with
intensification.

A trade-off between reducing agricultural emis-
sions and maintaining competitiveness and net
exports is identified when evaluating intensification
and extensification across the crops and livestock sec-
tors. This trade-off points to the attractiveness of a
mixed production system of intensive livestock and
extensive crop production, as also suggested by pre-
vious research [17, 29]. Such a mixed system can lead
to greater GHG emission reduction than full intens-
ification or extensification. It would also result in
smaller losses of European net exports, compared
to the full extensification scenarios. Intuitively, this
mixed system with intensified animal agriculture also
matches the EU+ 2’s comparative advantage patterns
[90–92].

Trade liberalization that often leads to expan-
ded exports and domestic production in a coun-
try’s more competitive sector may be undesirable in
relation to emission reduction ambitions. Our res-
ults show slightly higher European and global agri-
cultural emissions when the EU + 2’s preferential
trade liberalization expands in both the intensifica-
tion and extensification scenarios. This is in line with
a few studies [40, 93, 94], but in contrast with oth-
ers [40, 95]. To address carbon leakage and compet-
itiveness concerns, we find that a BCA imposed on
the EU + 2’s agrifood import would partially shift
abatement burdens to ROW, as also shown by oth-
ers [41, 42, 96], even with agricultural and food trade
liberalization.

There are several limitations in the current paper
that can potentially impact the results reported. This
work uses dietary shifts and changes in BMI as the
main pathway to determine future calorie amount
and composition of diets that have both GHG and
health benefits. Although current diets pose the
highest disease burden of lifestyle-related risks [97],
other pathways such as decreased blood pressure,
lower alcohol or tobacco consumption would lead to
even larger health co-benefits. Although total land

supply and within-agriculture land reallocations are
captured in the model, carbon stock changes associ-
ated with land use changes are not modeled. Thus,
our carbon leakage results may very well be under-
stated, particularly in the extensification scenarios
(e.g. due to deforestation in ROW). This is an import-
ant dimension to be modeled in future work. The
BCA in this paper is designed to cover direct GHG
emissions embodied in agrifood imports, with an
indicative price as we do notmodel a domestic carbon
price on agrifood sectors17. Ultimately, the design
of the BCA, both in terms of emissions covered18

and carbon price adopted19, will determine its effect-
iveness in reducing carbon leakages and protecting
domestic outputs. This needs to be explored in future
research. The environmental impacts considered in
the current paper are limited to GHG emissions.
Future work can be extended to cover other envir-
onmental indicators, such as biodiversity or water
stress to better evaluate potential benefits and draw-
backs of each production system. Instead of assuming
a BAU scenario for ROW, scenarios with alternative
climate changemitigation efforts inROWcanprovide
additional insights. Finally, future work should be
performed to include a systematic sensitivity ana-
lysis with respect to the inputs to this modeling
exercise.
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