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ARTICLE INFO ABSTRACT
Keywords: China has implemented a range of demographic policies to address population ageing, which exert significant
Demographic policy potential impacts on aggregate food demand and associated environmental effects. However, prior studies have

Food system
Environmental footprints
Dietary transition

China

not integrated these policies and age-specific food consumption patterns into environmental impact projections.
Here, we quantify China’s four food-related environmental footprints under representative demographic policy
scenarios by employing a Quadratic Almost Ideal Demand System (QUAIDS) and a multi-regional input-output
(MRIO) model. This study is the first attempt to link China’s pro-natalist policies with multi-dimensional food-
related environmental footprints through an age-cohort demand model. We find older adults (> 60 years) will
become the largest contributor to the nation’s total food-related footprints (accounting for approximately 37% by
2050), despite having below-average per capita footprints. From 2020 to 2050, total land use footprint is pro-
jected to increase, whereas GHG emissions, water consumption, and eutrophication footprints would decline.
Reduction in GHG emissions is primarily driven by declining environmental intensities, while changes in other
three footprints are mainly due to dynamic population sizes. Relative to the no-policy baseline scenario, China’s
demographic policies could lead to an approximate 3-18% increase in environmental footprints by 2050,
imposing a notable burden on sustainability targets. Land use footprint would emerge as the most policy-
sensitive indicator, with its peak year delayed by at least a decade under the most aggressive fertility-boosting
policy. By analyzing dietary change scenarios, we find only ambitious transitions (nationwide adoption of
plant-rich diets) can fully offset the policy-induced footprint increases, except for water consumption, in which
case plant-rich diets would conversely result in higher footprints. Our findings underscore dietary change can
help mitigate the additional environmental pressures induced by China’s demographic policies, while also
highlighting critical trade-offs across different environmental indicators.

1. Introduction greenhouse gas (GHG) emissions (Crippa et al., 2021); driving sub-
stantial land use (Bai et al., 2021), water consumption (Fan et al., 2022),

The global food system exerts growing pressures on the natural and elevated nitrogen and phosphorus levels in aquatic ecosystems
environment, contributing to approximately one-third of anthropogenic (Bouwman et al., 2024). These environmental impacts stem from human
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food demand, which is profoundly shaped by socioeconomic factors and
demographic shifts (Miller et al., 2022; Tian et al., 2024b). Currently, a
global demographic transition characterized by shifts in population size,
age structure, and cohort composition is in progress (O’ Neill et al., 2010;
Long et al., 2024). This transition is particularly pronounced in China,
which is home to approximately 17% of the global population and the
world’s largest older adults (United Nations, 2022). By 2040, nearly
30% of its total population would be over 60 years (Chen et al., 2020).
To address population ageing challenges, China has implemented a se-
ries of age-friendly and pro-natalist policies, such as the two-child policy
(Zeng and Hesketh, 2016) and the more recent three-child policy
(Tatum, 2021). These policies may induce changes in population size
and age structure, which in turn affect food demand and environmental
outcomes—a linkage that is implicitly suggested yet not explicitly
framed as a core research question. Given China’s pivotal role in global
food systems, elucidating the net environmental impacts of its de-
mographic policies and associated demand shifts is essential for
advancing global sustainability. Nevertheless, this critical issue remains
underexplored in the existing literature.

Previous research has revealed relationships between demographic
characteristics and food consumption patterns, indicating that older
adults exhibit distinct habits relative to younger individuals (Chen et al.,
2017; Smed et al., 2022). Notable dietary variations have also been
documented across cohorts primarily due to age-related biological fac-
tors and socioeconomic conditions (Long et al., 2024; Gustavsen, 2014;
Lee et al., 2020). Dietary preferences of older adults exhibit large vari-
ability contingent on social contexts. For instance, China’s elderly tend
to consume greater quantities of cereals and vegetables (Chen et al.,
2017), while their counterparts in most Sub-Saharan African countries
show a preference for meat and dairy products (Yin et al., 2024).
Regarding future food demand, it is projected that China’s total demand
will continue to rise over the coming decades, particularly for animal-
derived foods (Tilman et al., 2011; Yu et al., 2016). However, their
projection models often overlook disparities in food consumption pat-
terns across age groups or simply assume static dietary preferences,
which is unrealistic for a country experiencing rapid demographic shifts.
In terms of food-related environmental impacts, previous findings
exhibit inconsistent trends owing to variations in modelling methodol-
ogies and parameter assumptions. For example, in the absence of tech-
nological advancements, total environmental impacts would increase by
approximately 20% between 2011 and 2030 (Hu et al., 2020). In
contrast, assuming declining environmental intensities (i.e., technolog-
ical improvements), other studies indicate that total GHG emissions,
cropland use, and nitrogen and phosphorus losses will decrease (Zhao
et al.,, 2021; Ren et al., 2023; Tong et al., 2023). This striking inconsis-
tency underscores that environmental intensity represents a key
parameter in footprint prediction. In view of global proactive efforts to
advance environmental sustainability, the assumption of constant
environmental intensity or static technologies appears inappropriate. So
far, only a handful of studies have measured the environmental conse-
quences of China’s demographic policies, and these have been limited to
carbon emissions (Tang et al., 2024; Yu et al., 2018) while ignoring
other indicators closely related to food systems, such as land use, green
and blue water consumption, and the eutrophication potential of water
bodies. To explore demand-side mitigation strategies, prior studies have
endeavoured to assess the potential environmental outcomes of dietary
change. For example, adoption of the EAT-Lancet reference diet could
substantially reduce GHG emissions and land use (Gatto et al., 2023;
Clark et al., 2019), whereas promoting adherence to Chinese official
dietary guidelines might increase carbon emissions as well as nitrogen
and phosphorus footprints (Wang et al., 2020; Zhu et al., 2023). Overall,
in exploring the environmental impacts of China’s demographic pol-
icies, prior studies have largely overlooked the heterogeneity of dietary
preferences across different age cohorts and have failed to propose
actionable mitigation measures to enhance the sustainability of food
systems amid population ageing.
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In this paper, we aim to address two key questions: (1) How will
China’s ageing and demographic policies alter its food demand and
associated GHG emissions, land use, water consumption, and eutrophi-
cation footprints by 2050? (2) To what extent can demand-side dietary
changes mitigate any increased environmental pressures? The four
footprints were selected herein due to their strong association with food
systems and their dominant roles within planetary boundaries (Steffen
et al., 2015). To identify age- and cohort-specific characteristics in food
demand, we employed an econometric demand system, combined with a
multi-regional input-output (MRIO) model for environmental account-
ing (see Methods), which enables us to capture direct and indirect effects
throughout whole supply chains (Feng et al., 2013; Tian et al., 2023).
For demographic scenarios, we established a business-as-usual (BAU)
baseline scenario (assuming no changes in policies) and four alternative
scenarios reflecting different types of policies, as detailed in Section 2.3.
To explore strategies to mitigate the policy-induced environmental
burdens, we conducted a scenario analysis of dietary patterns, incor-
porating a set of widely recognized healthy diets and plant-rich diets. By
integrating population heterogeneity, demographic policies, and dy-
namic food demand, this study contributes to reconciling projections of
China’s multi-dimensional food-related environmental footprints. This
integration enables policymakers to gain more comprehensive insights
into the socioeconomic and environmental trade-offs. Moreover, un-
derstanding these trade-offs may hold broader implications for other
middle-income countries undergoing similar demographic transitions.

2. Methods
2.1. Identification of dietary preferences

Within an economic framework, dietary preferences are critical in
shaping food consumption behaviours (Valin et al., 2014). In this study,
income elasticities (describing the responsiveness of demand to income
changes) were used to identify dietary preferences and to inform sub-
sequent demand projection models. The individual food consumption
data were obtained from four waves (2004, 2006, 2009, and 2011) of
the China Health and Nutrition Survey (CHNS), which is a longitudinal
study tracking nutritional status across 12 provinces. Although the
CHNS was updated in 2019, the most recent publicly available data were
from the 2011 wave. Food intake was assessed using three consecutive
24-hour dietary recalls for each participant. As the daily intake of
cooking oil was reported based on the household level, we allocated it to
each person proportionally to their energy consumption. All food items
were coded according to the Chinese Food Composition Table released
by the National Institute of Nutrition and Food Safety and were cate-
gorized into fourteen food groups for simplicity (see Table S1 for
concordances).

To characterize the dietary preferences of different population
groups, we distinguished between the age effect and cohort effect but
ignored the period effect, as it is difficult to predict and can be consid-
ered to average out to zero over the long term (Deaton, 1997; von Lampe
et al., 2014; Fujimori et al., 2022). To separate the age and cohort ef-
fects, we set “age” as the grouping variable and “cohort” as demographic
characteristic variables (i.e., the control variables in the demand func-
tion) (Lee et al., 2020; Banks et al., 1997). More specifically, we divided
the total population into five age groups: under 20 years old,
20-39 years old, 40-59 years old, 60-69 years old, and 70 years and
older. Among them, the groups aged 60-69 and those aged 70 + are
collectively named as the “aged group”. Based on the birth year of sur-
veyed samples, individuals born before 1940 and those born after 2010
were each assigned to a distinct cohort, with the remaining population
divided into cohorts at ten-year intervals. To construct a dataset rich
enough for estimating cohort effects, we pooled data from four survey
waves.

Quantification of age-specific income elasticity involved three steps:
(i) estimate the expenditure elasticity of demand, (ii) characterize the
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income elasticity of expenditure, and (iii) multiply the expenditure
elasticity of demand by the income elasticity of expenditure to yield the
income elasticity of demand. In the first stage, we used the Quadratic
Almost Ideal Demand System (QUAIDS) model, which allows for flexible
Engel curves by integrating a quadratic logarithmic income term to
encapsulate non-linear relationships between income and demand
(Banks et al., 1997). It has been widely used for characterizing dietary
preferences and forecasting food demand (Bjelle et al., 2021; Roosen
et al., 2022). The model is derived from a cost function belonging to the
general class of “price-independent, generalized logarithmic”, expressed
as:

InC(p,u) = (1 —u)loga(p) + ulogb(p) 1)

where p is a vector of prices; u is the utility index; a(p) and b(p) denote
the minimum expenditure required by a consumer to satisfy the basic
survival demand and maximum utility, respectively. a(p) is the translog
price index, given by:

Ina(p) = ao + Zailnpi +% Z Z rylnpilnp; 2
i=1

=1 j=1

where p; is the price of food i; b(p) is the Cobb-Douglas aggregator
function of the price vector, taking the following form:

Inb(p) = Ina(p) + B, H o 3)

Applying Shephard’s Lemma to equation (2), for a certain age group, the
share equation for food i can be represented as:

n m Ai m ’
w; =a; + 1:21 ¥ylnp; + iln {a_(p)] + b(p) {ln {a_)} } @

where w; is the expenditure share of food i; ¢; is an average budget share
in the absence of price and income effects; m is the total food expendi-
ture; a, vy, f;, and 4; are parameters to be estimated. By using the scaling
approach, the share equation is written as:

n m Ai m ’
w=actaiGr 2 3 i i) i tnl g L ©

where Cj, is birth cohort; Z represents other demographic variables
(including survey year, region, gender, and education levels). The share

equations need to comply with a series of constraints, including adding-
up, homogeneity, and symmetry conditions:

n n n n
Moa=1,) =0, r;=0 > 4=0 (62)
i=1 i=1 j=1 i=1

> =0 (6b)
i=1

Vi = Vji> Vi#j (6¢)

By differentiating equation (5) with respect to Inm, the expenditure
elasticity of food i can be expressed as:

@)

2%
y BBl
e=1+1=14——— L <

Wi w;

The seemingly unrelated regression (SUR) was adopted to estimate pa-
rameters in the demand system. Given the substantial proportion of zero
observations in the survey data, a consistent two-step estimation pro-
cedure was also used to avoid potential biases arising from censoring.
In the second stage, we employed a log-log inverse (LLI) demand
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equation (Gale and Huang, 2007) to estimate the income elasticity of
expenditure, which allows the expenditure elasticity to vary with in-
come levels—the most predictable factor related to individual con-
sumption patterns (Gustavsen, 2014; Lee et al., 2020; Valin et al., 2014;
Muhammad et al., 2017). This income-dependent elasticity can thus be
used to approximate dietary preferences of future generations. Mathe-
matically, the demand equation is given by:

Inm = ¢, + ¢, Iny +% 8

where y represents the per capita disposable income level. By differen-
tiating equation (8), the income elasticity of food expenditure can be
written as:

_dinm _ ¢
e}' - dlny - ¢1 y (9)

In the third stage, we combined equations (7) and (9) to yield the dy-
namic income elasticity of food demand:

B+ bz—(f;)ln {%}
° 2

2.2. Demand projection and demographic scenarios

Eiy=eee, = |1+

To project age-specific demand for particular food commodities, we
first used the income elasticity estimated from equation (10) and the
forecasted income growth rates to calculate per capita demand. Subse-
quently, we multiplied the per capita value by each age group’s popu-
lation size to derive the total demand. Since the core objective of this
study is to compare the differences in environmental footprints under
various demographic policy scenarios, rather than precisely predicting
the absolute food demand, in the demand projection model, we focused
on income-driven demand changes while disregarding the effect of price
volatility (nominal prices are held constant over the period). This
assumption is a common practice to simplify model complexity
(particularly when the focus of our study is not on price mechanisms),
enabling us to isolate the effects of income by eliminating the interfer-
ence of price volatility on consumer behaviours. Meanwhile, data
availability constraints (the lack of long-term forecast data for category-
specific food prices) limit more intricate model setups. Mathematically,
given an income growth rate from year T —1 to year T, changes in per
capita demand for food i of a certain age group can be expressed as:

T-1,T
AG T =gl eE; e <Ay_y> 11

T-1,T
where qiT ° is the demand for food i of the base year; <%> is the

income growth rates. Multiplied by population size (NT), the total food
demand of a certain age group in year T can be obtained by:

Q = (g +Ag"" + -+ Ag ) o NT a2

Therefore, the national total demand for food commodity i in year T can
be written as:

FDT = Q] ( < 20) + Q7(20 — 39) + Q7 (40 — 59) + Q7 (60 — 69)
+Q/(70+) (13)

Population projection data were sourced from the United Nations 2022
World Population Prospects (WPP), while income projection data were
derived from the Shared Socioeconomic Pathways (SSPs) (Riahi et al.,
2017), which were cross-referenced with scenarios in WPP (see Ap-
pendix Methods for detailed matching process). The baseline/BAU
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population scenario corresponds to the “no change” scenario in WPP.
While this selection deviates from conventional practices, it aligns with
the core aim of this study: to examine the net environmental impacts of
China’s demographic policies by comparing discrepancies in food-
related footprints between policy-adoption scenarios and a policy-free
scenario. The four policy-adoption scenarios retrieved from WPP
include: the high fertility, medium fertility, constant fertility, and con-
stant mortality scenarios (see Table S2 for detailed assumptions under-
lying each scenario).

2.3. Quantification of environmental footprints

We employed an environmentally extended MRIO model to quantify
environmental footprints driven by food demand. The MRIO approach is
advantageous in tracking environmental spill-over effects and has been
widely used in previous studies for calculating agricultural carbon
emissions, land-use change, biodiversity loss, and energy footprints (Sun
et al., 2022; Tian et al., 2024a; Zhong et al., 2024). Mathematically, the
classic Leontief model is expressed as:

x=Ax+y (14)

where x is the total output vector; A denotes the matrix of technical
coefficients (which gives the value of inputs required to produce a unit
output); y is the final demand vector. Using simple matrix notation,
equation (14) can be rewritten as:

x=(I-A)""y (15)

where I is an identity matrix; (I — A)~" is the Leontief inverse matrix.
Therefore, food-related environmental footprints can be derived by
extending the classic Leontief model with environmental satellites,
expressed as:

F=fI-A)"y (16)

where f is the vector of environmental impact per unit output (i.e.,
environmental intensity, reflecting production technologies); F is the
environmental footprint driven by final demand y. In our MRIO pro-
jection model, we made two assumptions on parameters in equation
(16). First, we assumed constant global trade patterns by fixing the
Leontief inverse matrix throughout the study period (Sun et al., 2022;
Zhong et al., 2024; Liu et al., 2023). This assumption was necessitated by
the current lack of reliable models for projecting future supply chains.
Second, we assumed that environmental intensities would follow their
historical trends. Using a linear extrapolation approach, we projected
the rates of decline in four environmental intensities (per decade) as
follows: an 8% reduction in greenhouse gas emissions, a 5% reduction in
water consumption, a 4% reduction in land use, and a 7% reduction in
eutrophication. It is noteworthy that absolute footprint projections
depend on the rate of technological progress, which may either stagnate
or accelerate in the future. Therefore, the assumptions put forward in
this paper represent a simplified case of technological development.
The global MRIO tables were sourced from EXIOBASE (version
3.8.2). This database offers a distinct advantage over other MRIO da-
tabases due to its fine granularity in the food sectors. In this study, four
environmental accounts were incorporated, with their respective ac-
counting scopes and characterization metrics specified as follows: (i)
GHG emissions, measured in carbon dioxide equivalents (CO2eq), are
based on 100-year global warming potentials. (ii) The land use footprint
encompasses the aggregated utilization of cropland (including arable
land and permanent crops), permanent pasture (including permanent
meadows and pastures), and other land (see Table S3 for details). (iii)
The water footprint quantifies the consumption of both blue water in
agriculture and livestock farming and green water in agriculture. Blue
water consumption is defined as water abstracted from surface water
and groundwater bodies, and green water consumption refers to
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precipitation that infiltrates into the soil and is subsequently taken up by
plants. (iv) The eutrophication footprint assesses potential impacts on
terrestrial and aquatic ecosystems, expressed in terms of phosphate
equivalents (PO?(eq). All characterization factors were sourced from
the descriptive documentation of the EXIOBASE database (Stadler et al.,
2018).

2.4. Decomposition of driving factors

To reveal driving factors’ contributions to changes in environmental
footprints, we employed the logarithmic mean Divisia index (LMDI)
method (Ang, 2004; Sun, 1998). In this paper, environmental footprints
were determined by population size, food expenditure, expenditure
structure, and environmental intensity. Thus, changes in footprints can
be decomposed as:

E; E; F;
F= szjp,—ﬁ EJ bfj = sz:PiQiSijL-j a7

i

where P; indicates the population size of age group i. E; and E;; represent
the total expenditure by age group i and the detailed expenditure on
food . Fj; refers to the environmental footprints generated by age group i
for food j. The equation can be separated into four effects: the population
effect (P;), the expenditure effect (Q;), the expenditure structure effect
(Si), and the intensity effect (I;). LMDI can be divided into additive
decomposition and multiplicative decomposition. Despite the two
methods yielding similar outcomes, the additive approach was chosen
due to its user-friendliness and ease of interpretation. The basic form of
additive decomposition is as follows:

AF=F"—F° = AP+ AQ+ AS+ Al (18)

where, FT and F° are food-related environmental footprints of period T
and 0, respectively. The extent to which each effect contributes to the
change in the environmental footprints for a given age group is esti-
mated by the following equation:

AP = ZZ% 1n(;iz) 19)
AQ = 22]:71 nF; — f:m ln(%:) (20)
AS = Z;ﬁ 1n(“;'7f) (@3]
Al = ZZ% ln(g) (22)

2.5. Dietary scenarios

In the dietary change scenario analysis, we examined six dietary
patterns with globally recognized health and/or environmental benefits,
including: the Chinese Dietary Guideline (CDG); the EAT-Lancet refer-
ence diet (EAT); the World Health Organization’s healthy global diet
(HGD); and three plant-rich diets—pescatarian (PESC), vegetarian
(VEG), and vegan (VGN). To enhance the realism of these scenarios, we
established two adoption modes: a relatively feasible mode (targeting
only the younger population, age < 60 years) and a more stringent mode
(targeting the entire population). For each scenario, daily food intakes
are substituted and unified in grams. Due to differences in energy re-
quirements, we adjusted the recommended quantities of each food type
for each age group (Table S7).
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3. Results

3.1. China’s food-related environmental footprints by age groups under
the BAU scenario

Under the BAU population scenario, China’s food-related GHG
emissions, water consumption, and eutrophication would decrease by
around 26%, 13%, and 12%, respectively, while land use would increase
by 5% from 2020 to 2050 (Fig. S1). The largest decrease would arise
from the youngest group (<20 years), with reductions of 51% in GHG
emissions and 41% in water consumption and eutrophication.
Conversely, due to population ageing, the aged group (60 + ) would
roughly double their shares of total environmental impacts. For
instance, between 2020 and 2050, their eutrophication footprint would
increase by 70% and water consumption by 68% (Table S4). Our esti-
mated simulated growth rates of per capita food demand fall within the
ranges reported in a global meta-analysis (van Dijk et al., 2021). With
technological improvement assumptions, our finding that GHG emis-
sions would decline contrasts with prior work which assumes constant
technology (Zhao et al., 2021; Ren, 2023). This suggests that continued
yield and efficiency gains are crucial. Without such improvements,
China’s food-related GHG emissions might rise instead.

The contribution of older adults to total environmental footprints is
projected to steadily increase over time, eventually surpassing that of
the middle-aged group (40-59 years) and becoming the largest
contributor by around 2040 (Fig. 1a, Fig. S2). Throughout the period of
2020-2050, food-related environmental impacts attributed to the aged
group would nearly double, the trend consistent in the four environ-
mental indicators. Specifically, the aged group’s contribution to total
GHG emissions would rise from 19% to 36%, land use from 19% to 37%,
water consumption from 19% to 36%, and eutrophication from 18% to
36%. Notably, the oldest group (70 + ) is projected to contribute more
than those aged 60-69. Their footprint shares in 2050 would be roughly
2.5 times that in 2020. By contrast, the contribution share of the three
younger groups (<60 years) would shrink with population ageing. This
trend was particularly pronounced in the 20-39 age group, whose
contribution would decrease from 31% to 23% average over the period.

However, on a per capita basis, the aged group showed the lowest
environmental impact among all adult groups (Fig. 1b). By 2050, the per
capita footprint of older adults would reach 794 kgCOzeq of GHG
emissions, 0.4 ha of land use, 916 m® of water consumption, and 4.4
kgPO3 eq of eutrophication. This is primarily because older individuals
generally demand less food compared to younger individuals (Fig. S3),
likely due to their low purchasing power and rigid diet preferences. For
example, people aged 70 + exhibited smaller expenditure elasticities for
meat than those aged 20-39 (Table S5), meaning that the same income
growth would result in smaller increases in meat demand for an older
adult than a younger one. This result compares well with previous work
on China (He et al., 2020; Li et al., 2015), but contrasts with evidence
from some developed countries, where the elderly have more environ-
mentally intensive dietary patterns (Smed et al., 2022; Zheng et al.,
2022). The discrepancy is likely due to variations in income levels,
different stages of the nutrition transition, and diverse food cultures
(Popkin and Ng, 2021; Turner et al., 2021). In light of Fig. 1a, this
finding also indicates that even with environmentally sustainable di-
etary habits, the anticipated increase in the size of the older population
would still make them the dominant driver of China’s future food
demand.

Regarding the food sector composition in footprints, Fig. 1c shows
that grains and beef are the two main contributors to GHG emissions,
accounting for 33% and 24% of the total in 2050. From 2020 to 2050,
the contribution share of grains to total GHG emissions would decrease
(-6%), while the proportion of beef would increase (+7%), indicating
that demographic shifts towards an ageing population could result in
altered demand structure. In addition, beef contributes most to the land
use footprints, accounting for nearly half (43% in 2020, 49% in 2050) of
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the national total. Between 2020 and 2050, an additional 42 million
hectares (Mha) of land would be needed to meet China’s growing beef
demand, with the reduced land use from three young groups (10.8 Mha)
offset by the increased land use from the two aged groups (53.1 Mha).
Regarding water consumption, grains constituted the largest compo-
nent, making up 61% in 2020 and 58% in 2050. By age group, the
projected increases of water consumption from aged groups (9.4 Bm®)
would be offset by the decrease from three young groups (22.9 Bm>). In
terms of eutrophication, poultry, grains, and pork played the most
leading roles (representing 28%, 23%, and 22% in 2050). Notably, the
grains-related contribution to total eutrophication is likely to decline,
while the pork-related contribution will conversely rise over the study
period. This diverse trend reflects that the major food components of
China’s food-related environmental impacts would alter with the ageing
population, thus calling for adaptive changes on the production side.

3.2. Driving factors to changes in environmental footprints

For the three declining footprints (GHG emissions, water consump-
tion, and eutrophication), the four driving factors’ contributions vary
largely among age groups (Figs. 2a, c, d). Population growth was the
primary factor driving down the environmental footprints of three
young groups (contributing 40-73%), while driving up those of the aged
groups (contributing 20-55%). These trends are primarily due to the
projected population trajectory under the BAU scenario, characterized
by a significant increase in the number of older adults aged 60+ (from
266 million in 2020 to 451 million in 2050, a 70% increase), alongside a
substantial decline in young populations (from 1159 million in 2020 to
765 million in 2050, a 34% decrease; Table S6). Technological effects
are projected to consistently reduce the three footprints, but with
varying contributions for different impacts: 159% for GHG emissions,
77% for eutrophication, and 48% for water consumption. Conversely,
rising food expenditure would boost all three footprints, contributing
82% for water consumption, 78% for eutrophication, and 75% for GHG
emissions. Notably, the aged groups exhibit a smaller expenditure effect
compared to their younger counterparts, which is likely because older
people tend to have lower food energy requirements and lower pur-
chasing power than younger ones (Gustavsen, 2014; He et al., 2018).

Interestingly, the expenditure structure effect contributed to
increasing GHG emissions and eutrophication (by 17% and 19%) but
decreasing water consumption (by 26%). This pattern is probably
because Chinese consumers have lower demand elasticity for the most
water-intensive foods (such as wheat and rice) than other foods
(Table S5), implying that the same income growth would result in
smaller increases in the demand for wheat and rice compared to others.
When examining by age group, negative preference effect is most pro-
nounced in the 20-39 years youth group (13%), followed by the middle-
aged group (12%) and the youngest group (5%). Notably, this effect
contributed to an increase in water consumption among the aged groups
This outcome can be attributed to age-related differences in food pref-
erences and corresponding changes in the shares of specific foods over
time. For instance, the proportion of wheat in personal total food
expenditure decreased most significantly among the youth group but
least among the eldest group.

China’s food-related land use is expected to increase by around 5%
over 2020-2050, because the combined positive effects of per capita
expenditure and expenditure structure would outweigh the total nega-
tive effects of population size and land use intensity (Fig. 2b). Specif-
ically, population size was the dominant factor in reducing total land
use, contributing 94% to the decrease, but this effect would be signifi-
cantly offset by the rising expenditure effect, which contributes 85% in
the opposite direction. Interestingly, the technological effect on land use
is substantially lower compared to other footprints (18% vs. 48-77%),
primarily due to huge challenges associated with further improving land
use patterns (Bai et al., 2021; Semenchuk et al., 2022). Notably, the
preference effect contributed more to the increase in land use than to
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Fig. 1. Historical and projected China’s food-related environmental footprints by age group and year. a, Contributions of different age groups to the total footprints
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(see Table S1 for detailed concordances).
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other footprints (57% vs. 17-26%), largely because its main contrib-
utor—beef—has the highest land use intensity (Fig. S4). Beef production
systems are traditionally extensive, particularly in China’s major beef-
exporting regions, such as Argentina and Brazil (Chen et al., 2022;
Ermgassen et al., 2020). When examining the effects by age group, our
results indicate that the middle-aged group (40-59 years) has the largest
positive effect of expenditure structure (17%), followed by the eldest
group (13%). This can be attributed to age-related dietary patterns,
where China’s young adults would consume more beef compared to
their older counterparts.

3.3. Environmental implications under different demographic scenarios

To address population ageing challenges, Chinese government has
introduced a range of demographic policies aimed at increasing fertility
rates and enhancing the quality of life for older populations. Policies
targeting fertility assumptions were identified as fertility-boosting pol-
icies, such as children-related transfers and tax benefits (Zeng and
Hesketh, 2016; Jing et al., 2022). Policies targeting mortality assump-
tions were named as age-friendly policies, such as improving healthcare
efficiency and enhancing social pension schemes (Kruk et al., 2018;
Winter et al., 2016). Specifically, the high-fertility scenario (HFS) en-
visions the successful implementation of comprehensive fertility-
boosting policies, leading to a total fertility rate (TFR) of 1.89 by
2050. The medium-fertility scenario (MFS) assumes the adoption of
moderate fertility-boosting measures, resulting in a TFR of 1.39 in 2050.
The constant-fertility scenario (CFS) assumes that the TFR will remain
constant at the level of BAU (1.17). The constant-mortality scenario
(CMS) shares the same medium fertility assumptions as MFS and the
same constant mortality assumptions as BAU.

Fig. 3 shows that, compared to the no-policy baseline projection in

2050, implementing demographic policies would increase China’s total
food-related environmental footprints by around 3-18%. Among the
four policy scenarios, HFS would result in the largest potential increases
in total footprints, ranging from 16.4% for water consumption to 17.8%
for GHG emissions. This is primarily because the HFS projects the most
significant population growth (195 million more than the BAU scenario)
and the highest number of expected new births relative to other de-
mographic scenarios, attributable to the successful implementation of
comprehensive fertility-boosting policies. In contrast, CMS would lead
to the smallest potential increases in overall environmental impacts
compared to the no-policy baseline. The growth rates for various im-
pacts under CMS range from 2.5% for water consumption to 2.8% for
GHG emissions. This minimal increase is primarily attributed to the
lowest projected population growth (32 million) among all scenarios.
This outcome stems from the assumption that the CMS employs only
modest fertility-boosting policies and does not incorporate age-friendly
policies.

Interestingly, land use is the most sensitive environmental indicator
to China’s demographic policies, with its projected peak year being
delayed by at least a decade, shifting from 2040 to 2050 or potentially
even later (under the most aggressive policy scenario, HFS). The high
sensitivity of land use footprint might be due to increased population’s
growing demand for livestock meat and dairy products, which exhibit
the highest land use intensity among all food types (Fig. S4). In addition,
under the assumption of aligning with the current technological devel-
opment trajectory, implementing the most aggressive fertility-boosting
policies (HFS) would drive sustained growth in China’s land use foot-
prints beyond 2050. This finding implies the necessity for more stringent
land use management strategies in future policy planning, as well as the
importance of promoting a transition to lower-meat diets. When syn-
thesizing the temporal trends of the four environmental footprints across
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Fig. 3. China’s food-related environmental footprint projections across demographic scenarios by 2050. Sensitivity analyses of expenditure elasticities within the

95% confidence interval are shown in Table S8.

all demographic policy scenarios, we found GHG emissions, water
consumption, and eutrophication could be effectively mitigated through
reductions in intensities (these three impacts still exhibiting a downward
trend under HFS before 2050). Conversely, if technological development
continues at the current pact, land use would be the most challenging
environmental impact to alleviate under the most aggressive policy
scenario.

3.4. Dietary changes can partly offset the policy-induced environmental
pressures

Overall, transitioning towards alternative diets can largely mitigate
but cannot fully offset the policy-induced additional environmental
footprints. Fig. 4 shows that, apart from water consumption, the most
stringent vegan scenario represents the greatest mitigation potential. If
adopted by all residents, it could reduce GHG emissions by 494-648 Mt
CO9eq, land use by 333-354 Mha, and eutrophication by 3.5-3.7 Mt
POjeq. In comparison, the CDG-based scenario yields the smallest
mitigation, with potential reductions of 56.3-106.7 Mt for GHG emis-
sions, 2.4-18.2 Mha for land use, and 0.2-0.9 Mt for eutrophication.
Notably, under the high- and medium-fertility scenarios, adopting CDG
by only young populations is insufficient to reduce the policy-induced
increased GHG emissions and land use. Conversely, it would result in
an additional 11 Mt of GHG emissions and 10-46 Mha of land, which is
consistent with previous studies (Wang et al., 2022; He et al., 2019).
This result is largely because the CDG-based diet imposes less stringent
restrictions on red meat (e.g., 40-50 g/person/day vs. 14 g/person/day
in the EAT (Willett et al., 2019) and simultaneously recommends higher
consumption of dairy products (e.g., 300-500 g/person/day vs. 250 g/
person/day in the EAT). These findings suggest that more drastic or
widespread dietary changes are necessary in China to counterbalance
the population-driven increases in future food demand.

Fig. 4 also shows that shifting towards plant-rich diets (i.e., HGD,
PESC, VEG, and VGN) would lead to extra water consumption, partic-
ularly under high- and medium-fertility scenarios. This is primarily
because these plant-heavy diets replace animal-sourced foods (such as
meat, fish, eggs, and dairy) with grains, vegetables, and fruits. For
example, the vegan diet recommends 510 g of grains per capita per day,
compared to only 232 g in EAT. Meanwhile, these plant-based foods are
relatively larger contributors to water consumption (Fig. S4). Impor-
tantly, having only young populations adhere to these plant-heavy diets
would not suffice to offset the increased water footprint resulting from
aggressive fertility-boosting policies. Under the high-fertility scenario,
for example, shifting young populations’ diets to the four plant-heavy
options would add 2-8 Bm® of water consumption. These results high-
light a critical trade-off: engaging the Chinese population in a dietary
transition may reduce certain environmental impacts while simulta-
neously increasing others. This finding echoes previous studies (Wang
et al., 2020; Zhu et al., 2023) but deepens our understanding of the
interplay between demand-side mitigation strategies (dietary change)
and demographic policies in the pursuit of food-system sustainability.

To counterbalance potential environmental burdens resulting from
demographic policies, mitigation strategies can also be implemented on
the production side to reduce environmental intensities. We established
2050 as a target year and retroactively calculated the required envi-
ronmental intensities needed to bring the increased footprints back to
the BAU baseline (no policy scenario). This approach has identified a set
of role models that can guide future technological advancements in the
food system. Table 1 reveals that European countries serve as primary
role models for China’s food-system technological advancements. To
neutralize the incremental footprints, a reduction of approximately
2-15% in environmental intensities would be necessary. The most
substantial technological improvements are required under the high-
fertility scenario, indicating a need for intensity decreases of about
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Table 1

Changes in environmental intensities by demographic scenario compared to the
BAU scenario in 2050 and the matched role models for future technological
advancements.

Scenario GHG Land use Water Eutrophication
emissions consumption

HFS 15.1% 15.4% 14.1% 14.9%
[Ireland, [Denmark, [Spain, 2050] [EU, 2030]
2019] 2020]

MFS 8.5% 8.9% 7.8% 8.4%
[Ireland, [Denmark, [Spain, 2040] [EU, 2017]
2018] 2017]

CFS 5.3% 5.6% 5.2% 5.3%
[Norway, [Denmark, [Spain, 2030] [EU, 2013]
2016] 2016]

CMS 2.7% 2.7% 2.5% 2.7%
[Norway, [Denmark, [Spain, 2020] [EU, 2011]
2020] 2015]

Note: Percentages indicate the magnitude of intensity changes for each scenario
relative to the BAU scenario; the country/region and years in brackets represent
role models for technological advancements in food system production side. HFS
= the high-fertility scenario, MFS = the medium-fertility scenario, CFS = the
constant-fertility scenario, CMS = the constant-mortality scenario.

14.1-15.4%. In contrast, the constant-mortality scenario demands the
least technological progress, necessitating only a 2.5-2.7% reduction in
intensities. The identified role models differ based on the environmental
indicator: for GHG emissions, benchmarks include Ireland and Norway;
land use should use Denmark as a reference; water consumption and
eutrophication should be modelled after Spain and the European Union,
respectively. These benchmarks provide guidance for China to further
reduce environmental impacts through technological improvements.

4. Discussion

This study examines age-related heterogeneity in China’s food con-
sumption patterns and their associated environmental impacts within
the context of population ageing, while also quantifying potential bur-
dens arising from multiple demographic policies aimed at encouraging
higher birth rates and creating supportive environments for the growing
older adults. We also test mitigation strategies to counterbalance the
policy-driven environmental pressures. Our findings indicate that
notable differences exist in consumer preferences between China’s older
and younger populations, and the older adults would become the largest
footprint contributors after 2040. Under different policy scenarios, we
find different environmental indicators display varying trajectories:
GHG emissions, water consumption, and eutrophication are projected to
decrease, whereas land use is likely to initially rise and then decline over
the period 2020-2050. Reduction in GHG emissions is primarily driven
by declining environmental intensities, while changes in other three
footprints are mainly due to dynamic population sizes. Dietary shifts to
plant-rich patterns could significantly offset the policy-induced in-
creases in environmental footprints, but it is crucial to be mindful of the
potential for higher water consumption—as plant-based foods are
water-intensive. These novel findings underscore the necessity of inte-
grating demographic trends into food demand models and suggest that
China’s demographic policies may pose notable challenges for land use,
which warrants heightened attention given its critical role in ensuring
food security and preserving biomass diversity (Boakes et al., 2024; Niu
et al., 2024; Vanham et al., 2023).

Compared to previous work, this paper presents three major ad-
vancements. Firstly, we integrated age-specific food consumption
preferences into environmental footprint projections, revealing the
predominant role of older populations on the overall footprints, despite
their lower per capita impact, a detail often overlooked by national-level
models. This approach can be applied to other countries undergoing
similar demographic shifts, thereby deepening their understanding of
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age- and generation-specific dietary preferences. Secondly, in quanti-
fying the environmental burdens driven by demographic policies, we
selected four distinct indicators which are closely associated with food
sectors. This represents an improvement compared to prior studies,
which conventionally focused on carbon emissions. Notably, we iden-
tified significant trade-offs among environmental impacts when advo-
cating for the adoption of alternative healthy diets. Thirdly, in addition
to elucidating the environmental implications of China’s demographic
policies, we explored the mitigation effects of both consumption-side
and production-side strategies. This offers policymakers precise and
practical measures to reconcile population ageing with environmental
sustainability. Overall, prior to this study, the magnitude and compo-
sition of the environmental impacts of China’s demographic policies, as
well as the partial mitigating effects of technological advancements and
dietary transitions, remained unknown.

In the analysis of demand-side dietary transition scenarios, we found
shifting China’s current diets towards healthier or more plant-based
alternatives could substantially reduce GHG emissions, land use, and
eutrophication. Advocating dietary transitions is crucial given their co-
benefits for both environmental sustainability and human health
(Springmann et al., 2021; Lucas et al., 2023). However, significant
challenges remain in achieving these dietary transitions. For example,
recommended nutritious foods often cost more than unhealthy options
(Semba et al., 2020), which could pose significant barriers to ensuring
food affordability for low-income and vulnerable populations. As indi-
cated in previous studies, adopting the CDG-based diet can increase food
expenditure by 20-121%, with even greater increases for the EAT diet
(Hirvonen et al., 2020). This implies that additional economic subsidies
or educational campaigns may be needed to facilitate dietary shifts.
Moreover, a diet that is nutritionally or environmentally sustainable
does not necessarily align with culturally accepted norms. For instance,
pork intake in China significantly exceeds the CDG recommended levels
(Wang et al., 2020); however, pork consumption is deeply entrenched in
Chinese food culture, implying that any proposed dietary transition will
be a gradual process. Therefore, combining moderate dietary adjust-
ments with moderate technological improvements may be a practical
strategy.

For production-side strategies, we found China’s food system re-
quires an additional 15% improvement in production technology to
entirely counterbalance the policy-driven environmental burdens. This
progress can be benchmarked against certain European countries,
particularly Ireland, Norway, and Denmark. However, there are
numerous barriers to both the advancement and adoption of such
technologies. For example, implementing novel technologies to improve
production practices, such as enhancing manure management or
modifying the compositions of feeds, may be costly in practice (Bai et al.,
2016; Castonguay et al., 2023; Herrero et al., 2020). Meanwhile, the
widespread deployment of these technologies is also contingent upon
public infrastructure, improved regulation, and constructive dialogue
surrounding food systems (Springmann et al., 2018). Consequently,
these practical barriers and challenges underscore the necessity for
multifaceted policy strategies to address the additional environmental
impacts associated with demographic policies. For instance, this could
involve encouraging investment in sustainable agricultural research and
development (R&D) to achieve the extra 15% efficiency gain, while
simultaneously promoting dietary shifts through public health
interventions.

Through global supply chains, China’s demographic policies and
intended dietary changes would exert an impact not only on its domestic
environment but also on those of its trading partners (Figs. S5-S7). By
2050, approximately one-fourth of total land use and one-fifth of GHG
emissions are projected to occur outside China’s territory. Around 10%
of eutrophication and water consumption would be situated in its
trading partners. Under the baseline population scenario, China’s food-
related environmental footprints exhibit varied impacts on different
countries/regions from 2020 to 2050 depending on the indicators. For
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land use, Canada and Indonesia would benefit the most from decreased
land use. Regarding GHG emissions, water consumption, and eutrophi-
cation, China, Canada, and other Asia-Pacific countries are likely to see
reduced environmental impacts. These results show that global supply
chains play a significant role in distributing the environmental impacts
of food-consuming countries, which implies that shifting existing trade
patterns towards areas with lower impact intensities could potentially
reduce China’s food related environmental burdens. However, such a
shift may be challenging, as trade patterns are primarily shaped by po-
litical and economic factors as well as resource endowments, rather than
environmental considerations. Moreover, although relying on lower-
intensity exporters could reduce impacts—provided such capacity
exists—it might also have geopolitical or food security ramifications.

5. Limitations

This study has several limitations that necessitate further explora-
tion. Firstly, the individual food consumption data we used lags behind
China’s rapid development. We acknowledge that dietary habits may
have evolved over the last decade. For instance, the rise of e-commerce
grocery shopping and shifts in urban diets have introduced new con-
sumption patterns. Therefore, future research should verify whether the
estimated age-specific income elasticities remain valid with more recent
data. Secondly, our identification of dietary patterns disregarded the
period effect. However, this assumption may not hold under disruptive
events, such as pandemics or significant food policy changes, or in the
face of unforeseen period-specific shifts, such as economic shocks, which
could alter future food demand. In characterizing dietary preferences,
we employed income-dependent elasticities for proxying and for de-
mand projection. While this approach may not fully capture intergen-
erational differences in preferences, it has accounted for the
predominant determinant (income levels) of food choices. Sensitivity
analysis in Table S8 reveals that variations in expenditure elasticities
within the 95% confidence interval have a negligible impact on our core
results. Thirdly, our projection model focuses on income-driven de-
mand changes under varying demographic policies, without accounting
for future food production. We generally assume that future food supply
will be well-adapted to shifts in demand. However, climate change and
extreme weather events are likely to affect agricultural production and/
or food supply chains (Tchonkouang et al., 2024; Malik et al., 2022).
Accordingly, future research can build on this work by incorporating
production-side factors. Fourthly, with respect to the price effect, we
assumed food prices remain constant over the projection period. We
acknowledge this assumption might be idealized, as prices fluctuate in
response to supply and demand dynamics, technological advancements
in production, policy changes, and other factors. However, given the
limitations in the availability of long-term price forecast data and the
capacity of our single-factor prediction model, we are currently unable
to incorporate the price-demand feedback mechanism. It should be
noted that this study focuses on the direct effects of demographic pol-
icies on food demand; incorporating additional variables such as price
elasticity may introduce more uncertainties, overcomplicate the model,
and hinder the interpretation of underlying mechanisms. Finally,
regarding the intensity coefficients in the MRIO prediction model, we
employed a simplified approach (linear extrapolation) to estimate future
environmental intensities. It must be acknowledged that future climate
change, improvements in resource use efficiency, and the expansion or
shift of irrigation areas could all introduce uncertainties to the envi-
ronmental intensities and our footprint projections. To assess the
robustness of this approach, we compared the projected GHG emissions
with estimates from prior studies and found them to be closely aligned
(Fig. S8). The uncertainties and limitations outlined above warrant more
in-depth investigation in future studies.
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