
Food systems transformation for climate change mitigation
and sustainable development

Prajal Pradhan

Climate Change Challenges and Responses

5th March 2023, Asian Institute of Technology



O
u

tc
o

m
e

Food System Food
Security

Ecosystems

Socio-eoconomic System

Availability,
Access,

Utilization,
Stability

Human health

Biodiversity,
Soils,

Carbon storage

Demand,
consumption,

diets

Processing,
value chains,

markets & trade

Crop, animal,
fish & seafood 

production

Loss & Waste

Climate System

Temperature,
Precipitation,

Extreme events,
....

Land, Water &
Oceans

EmissionsMitigation ImpactsEmissionsImpactsAdaptation Adaptation

Well-being

Im
p

ac
ts

E
co

sy
st

em
 

se
rv

ic
es

Enabling conditions and constraints Socio economic benefits

Pressure
from other 
activities

Demography, Economics,
Food environment,

Consumer behaviour,
Technology, Culture,

Policy, Institutions$

Interaction

Intervention

System

System component

Outcome

Emissions
from other

sources

O
u

tc
o

m
e

Food System Food
Security

Ecosystems

Socio-eoconomic System

Availability,
Access,

Utilization,
Stability

Human health

Biodiversity,
Soils,

Carbon storage

Demand,
consumption,

diets

Processing,
value chains,

markets & trade

Crop, animal,
fish & seafood 

production

Loss & Waste

Climate System

Temperature,
Precipitation,

Extreme events,
....

Land, Water &
Oceans

EmissionsMitigation ImpactsEmissionsImpactsAdaptation Adaptation

Well-being

Im
p

ac
ts

E
co

sy
st

em
 

se
rv

ic
es

Enabling conditions and constraints Socio economic benefits

Pressure
from other 
activities

Demography, Economics,
Food environment,

Consumer behaviour,
Technology, Culture,

Policy, Institutions$

Interaction

Intervention

System

System component

Outcome

Emissions
from other

sources

O
u

tc
o

m
e

Food System Food
Security

Ecosystems

Socio-eoconomic System

Availability,
Access,

Utilization,
Stability

Human health

Biodiversity,
Soils,

Carbon storage

Demand,
consumption,

diets

Processing,
value chains,

markets & trade

Crop, animal,
fish & seafood 

production

Loss & Waste

Climate System

Temperature,
Precipitation,

Extreme events,
....

Land, Water &
Oceans

EmissionsMitigation ImpactsEmissionsImpactsAdaptation Adaptation

Well-being

Im
p

ac
ts

E
co

sy
st

em
 

se
rv

ic
es

Enabling conditions and constraints Socio economic benefits

Pressure
from other 
activities

Demography, Economics,
Food environment,

Consumer behaviour,
Technology, Culture,

Policy, Institutions$

Interaction

Intervention

System

System component

Outcome

Emissions
from other

sources

-

,

Prajal Pradhan Climate Resilience: Climate Impacts & Adaptation 2
IPCC 2019 (SRCCL Chapter 5)
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Food security status

,
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Bodisky et al. 2020 (Scientific Reports)



Environmental implications

Campbell et al. 2017 (Ecology & Society)

Rosenzweig et al. 2020 (Nature Food)

,
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Sustainable food systems and SDGs

,
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Food systems response options
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Crop production gaps
Most regions in Africa, South Asia, and Eastern Europe are lag behind in attaining
their potential crop calorie production.

,
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Required strategies to close yield gaps

inputs and management required additional to fertilizer application (F): management of soil quality (S), market accessibility (A), climatic yield
variability (V), and pests, diseases, and weeds (P)

,
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Diets, health, and climate change

,
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Diets, health, and climate change
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Pradhan and Kropp 2020 (Sustainability)



Recommended healthy diets
Most diets contain either higher than recommended amount of red meat or lower than

advised value of fruits and vegetables.
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Pradhan and Kropp 2020 (Sustainability)



Diets and body mas index (BMI)
Prevalence of BMIs varies with diets for both male and female population. A larger
share of female than male is suffering from obesity.
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Diets and Emissions
The production phase agricultural GHG emissions associated with the diets do not
provide a clear relation with the calorie supply.
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Spatial distribution of diets
The share of global population consuming the low-energy diets (A–C) decreased from

61% to 31%.
,
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Pradhan and Kropp 2020 (Sustainability)



Food loss and waste

• 30%–40% of food is lost and wasted in both developing and developed countries
(Godfray et al. 2010)

• food is lost and wasted across various stages of the food supply chain (FAO
2011)

• food loss – food decreased during production, post-harvest, and processing

• food waste – food discarded at consumer level

,
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Food energy requirements
Country with heavy body weights or larger share of adult population requires
larger food energy.

Country scale food energy requirements for 2010 considering moderate PAL in kcal/cap/d ,

Prajal Pradhan Climate Resilience: Climate Impacts & Adaptation 17
(Hiç et al. 2016, ES & T)



Food requirements and waste
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Human development index and food waste (2010)
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Regionalized vs Globalized food systems
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Emissions under different food systems (2010)

Food systems Baseline FW CYG FW & CYG FG

Regionalized 0.150 0.103 0.089 0.061 0.287
Globalized 1.872 1.748 1.869 1.745 1.738

FW: food waste reduction by 50%
CYP: closing crop yield gaps by 50%

FW-CYP: combination of FW and CYP
FG: eight food groups

Global food transport emissions in 2010 is 0.8 GT CO2eq/yr

Regionalization of urban food systems by consuming local and regional food can
halve the emissions due to food transport

,
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CLIMATE CHANGE

Food transport emissions matter
Trade enables food access and is therefore key to achieving global food security. However, greenhouse gas 
emissions associated with food transport are many times higher than what was indicated by previous estimates.

Prajal Pradhan

Without reducing greenhouse 
gas (GHG) emissions from 
food systems, it would not be 

possible to limit global warming to well 
below 2 °C, even if fossil fuel emissions 
were immediately stopped1. Food systems 
contributed around 21–37% of global 
anthropogenic GHG emissions for the 
period 2007–2016 (ref. 2). Response options 
are available to reduce these emissions 
at various stages of food systems, from 
pre-production to post-consumption3,4. One 
of these stages is food trade and transport, 
which plays a crucial role in increased 
global food distribution and accessibility5. 
However, the mitigation potential of 
food transport emissions, for example, by 
reducing food miles, is debated. ‘Food miles’ 
is the distance food is transported to reach 
its consumers. Food transport emissions due 
to food miles have so far been considered a 
small share of the food systems emissions4,6.

Writing in Nature Food, Li and 
colleagues7 contribute to this debate by 
estimating food transport emissions 
comprehensively using a global 
multi-regional input–output (MRIO) 
framework. MRIO frameworks provide 
accounts of the global economy by industrial 
sectors and regions with associated 
transactions across the entire supply 
chain; they are often used to understand 
the embodied environmental footprints 
of goods and services8. In MRIO analysis, 
GHG emissions associated with various 
production activities throughout the supply 
chain are reallocated to consumers of the 
final products both spatially and sectorally. 
MRIO frameworks can also explicitly 
estimate transport emissions by linking the 
consumption of goods and services with 
their transportation distance7.

Li and colleagues7 applied a detailed 
MRIO framework, with 30 million direct 
trade connections, to estimate food miles 
and transport GHG emissions. The detailed 
framework consists of 73 regions and 37 
sectors, including 25 food commodities. 
These regions represented more than 90% 
of food imports in 2018. Li and colleagues 
first calculated food production emissions 

and then estimated food miles and transport 
emissions by integrating physical transport 
distance and modes with the amount 
of food transported and the associated 
emission coefficients. They distinguished 
international and domestic transport by 
different food-specific transport modes, 
including refrigeration needs.

The study estimates global food transport 
emissions to be about 3 Gt CO2e yr−1, or 20% 
of food systems emissions, when considering 
the entire food supply chain7. This estimate 
is 3.5–7.5 times higher than previous ones4,9. 
Food consumption contributes to 18% of the 
total freight transport, that is, food miles of 
22.2 trillion tkm. International food trade is 
responsible for 70% of the global food miles, 
46% of which are related to consumption 
in high-income countries. These countries 
have only 12.5% of the global population. 
Domestic trade, which is largely based on 

road transport (Fig. 1), contributes to 60% of 
the global food transport emissions because 
road transport has higher emission intensity 
per food mile than maritime shipping. 
Around 64% of the domestic food miles and 
emissions are due to consumption in China, 
India, the United States and Russia, owing to 
their large areas and populations.

Li and colleagues7 also highlight that 
the transport of fruits and vegetables is a 
major emitter, that is, about 1 Gt CO2e yr−1, 
due to their high volume and need to be 
transported in a temperature-controlled 
environment. Additionally, the supply 
chain required to produce food (for 
example, transport of fertilizers, agricultural 
machinery and pesticides) substantially 
contributes to the global food transport 
emissions. As the regionalization of food 
systems could shorten the supply chain3,6, Li 
and colleagues also modelled a hypothetical 

Fig. 1 | Vegetables being transported from rural to urban areas in Itahari, Nepal. Foods are mostly 
transported by road within a country, which usually has a higher GHG emission intensity than 
international food transport via maritime shipping. Reducing food transport emissions requires systemic 
changes. Credit: Sagar Kafle.

Nature Food | VOL 3 | June 2022 | 406–407 | www.nature.com/natfood

,
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Differences between
trade-adjusted
agricultural emissions and
production-based
emissions.

(a) 1987
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Urban and Peri-urban agriculture

Pop. Share

2010 1.09 30.6
2010 CYG 1.26 35.3
2050 CC 1.40 22.1

Pop.: population in billion
Share: Share of the urban population

(%)
CYG: closing crop yield gaps
CC: Climate change RCP 8.5

,
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Urban agriculture in Berlin

Sustainable Cities and Society 91 (2023) 104362

5

M. De Simone et al.

production, namely the minimum yield of each category (scenario 1),
the average of each category (scenario 2), and the maximum yield of
each category (scenario 3). In combination with the three land use
scenarios, we end up with nine scenarios.

Multiplying Berlin’s population with the annual vegetable consump-
tion results in the total consumption. The total yields resulting from the
nine scenarios lead to estimates of potential self-sufficiency percent-
ages.

3.3. Estimation of required inputs

Estimating the needed irrigation water resulted in the average of
24.94 l/kg. We applied it to the nine different vegetable production
scenarios. Based on the total irrigation water requirements, we also
estimated water use per square meter of the urban gardens. By doing so,
we obtained three water use scenarios for the three crop yield scenarios
because this estimate is done per area unit.

Based on the three different land use scenarios, we estimated the
human resource and investment requirements according to Proksch
(2017) economic farm model. These requirements differ for the soil-
based urban farm and productive green roof. Hence, we used a weighted
value depending on the share of each category to calculate the total
cost for the three area scenarios (A, B, and C). The vegetable prices for
consumers were calculated according to the yield scenarios 1, 2 and 3.

4. Results

4.1. Potential space

Potential areas for urban agriculture are distributed across Berlin
with a variation in the types of urban spaces (Fig. 3). Supermarket
parking lots are scattered all over the city. Still, they have a rela-
tively small contribution to the potential space (Fig. 3d). Non-built
residential areas are mostly found in the outskirts and less in the city
center (Fig. 3a). This spatial distribution is also true for the allotment
gardens, which additionally are scattered (Fig. 3b). Flat roofs are more
evenly distributed and appear everywhere in the city (Fig. 3c). Overall,
Fig. 3e shows that there is potential space for urban agriculture almost
everywhere in Berlin.

We estimated a maximum potential area for urban agriculture in
Berlin of 4 154 hectares (i.e., under scenario C). This area is almost
5% of Berlin’s total area, similar to the district Mitte (Bezirksamt Mitte
Sozialräumliche Planungskoordination, 2017). It might seem large,
but an outstanding share of this area (52%) is already designated as
(allotment) gardens. The different categories are distributed as follows
– 2 166 hectares (52%) allotment gardens, 1 319 hectares (32%) non-
built residential areas, 546 hectares (13%) roofs, 95 hectares (2%) park-
ing lots, and 28 hectares (1%) cemeteries. Scenario B with 66% of the
maximum potential area correspond to 2 741 hectares and scenario A
(with 33%) to 1 371 hectares.

In comparison, for Cleveland (Ohio, USA), 2.5% and 14% of the
city area have been considered (Grewal & Grewal, 2012) as the total
potential area for urban agriculture. But Cleveland has a much lower
population density of approximately 1 970 inhabitants per km2 (U.S.
Census Bureau, 2021) versus 4 118 inhabitants per km2 in Berlin (Län-
der Berlin und Brandenburg, 2021). Accordingly, our estimate of 5%
for scenario C down to 1.67% for scenario A seems consistent with the
Cleveland study.

4.2. Potential production

Combining the three yield scenarios, 1.37 kg/m2/year (scenario 1),
3.63 kg/m2/year (scenario 2), and 7.14 kg/m2/year (scenario 3), with
the three land use scenarios results in nine scenarios as detailed in Ta-
ble 2. The respective self-sufficiency for vegetables ranges between 5%
and 82%. These results show that urban agriculture could contribute

Table 2
Potential vegetable production under different usages of potential areas (scenarios A–C)
and yields (scenarios 1–3). The production is given in tons/year, and the self-sufficiency
is as a percentage of Berlin’s vegetable consumption.

Scenario A Scenario B Scenario C

Scenario 1 18 779 37 557 56 905
5% 10% 16%

Scenario 2 49 756 99 513 150 777
14% 28% 42%

Scenario 3 97 868 195 736 296 570
27% 54% 82%

Table 3
Required irrigation water (in million m3 per year) to produce vegetables under different
usages of potential areas (scenarios A–C) and yields (scenarios 1–3). Scenarios on crop
yields also resulted in different water uses (in l/m2).

Scenario A Scenario B Scenario C Water use

Scenario 1 0.5 0.9 1.4 34.16
Scenario 2 1.2 2.5 3.8 90.53
Scenario 3 2.4 4.9 7.4 178.07

a non-negligible share of Berlin’s vegetable consumption. Of course,
these estimates do not consider the diversity of vegetables or their
seasonality, but they show considerable potential.

Grewal and Grewal (2012) obtain comparable results in Cleveland
(US) for fresh vegetables with a self-sufficiency rate of 22% (use of
80% of all unused lots, conservative yield) to 100% (use of 80% of
all unused lots plus parts of residential, industrial, and commercial
areas). Cleveland’s higher self-sufficiency potential can be attributed
to its post-industrial heritage (Grewal & Grewal, 2012) with increas-
ingly vacant plots and a low population density. Hume et al. (2021)
came to a similar conclusion for Adelaide (Australia), where local self-
sufficiency seems to be a reasonable possibility using up to only 23%
of residential lawn area (Hume et al., 2021). Similarly, Orsini, Gasperi,
Marchetti, Piovene, Draghetti, Ramazzotti, Bazzocchi, and Gianquinto
(2014) estimated that using flat roofs could fulfill 77% of Bologna’s veg-
etable demand. However, this study also differs from the present one
regarding the estimate details and the assumption about yield. Orsini
et al. (2014) used an optimal rooftop garden, including hydroponics
solution, resulting in a high yield of 15.19 kg/m2. Using mostly rooftop
greenhouses with comparable high yield, Zambrano-Prado, Muñoz-
Liesa et al. (2021) also found that El Vallès Occidental (Spain) could
reach 210% self-sufficiency in tomatoes (Zambrano-Prado, Muñoz-Liesa
et al., 2021).

4.3. Required inputs for urban agriculture

In our calculation, the amount of required irrigation water depends
on the mass of vegetables produced and was calculated for the nine
scenarios. For the most productive scenario (C3), the water demand is
7.4 million m3 (Scenario C3, see Table 3). For comparison, this cor-
responds to 3% of the drinking water consumption in Berlin (Berliner
Wasserbetriebe, 2021). The water use per area unit varies from 34 to
178 l/m2 depending on the vegetable yield scenarios.

The human resource and investment requirements for achieving the
potential vegetable production depend on the usage of the potential
urban area. Therefore, there are only three scenarios each. For human
resources, a distinction was made between the main gardeners and the
support staff. A total of 16 583 persons would be necessary for Scenario
C, i.e., 100% usage of the potential areas, including 10 384 gardeners
and 6 199 support staff (see Fig. 4). Since only the main gardeners are
working during the whole year and support staff is only employed for
the season, even more than the 16 050 people would be involved.

The investment costs of the most ambitious scenario C are about
753 million EUR (see Fig. 4), which is slightly less than 0.5% of the

(a) Non-built Residential Areas (b) Allotments Gardens

(c) Flat Roofs (d) Parking Lots

(e) All Potential Areas

Districts
Minimum (0m²)

Maximum (73714m²)

(f) Legend

Figure 3: Geographical distribution of the potential areas. Please note that white spaces

remain, e.g., when they are covered by forest or water-bodies. The contribution of ceme-

teries is very small and omitted in this Figure.

15
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Urban agriculture in topics
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T1: Small−scale ground−based systems
T2: Building−integrated systems
T3: Urban livestock
T4: Food systems transformation potential
T5: Alternative food supply
T6: Alternative livelihoods
T7: Social & public health benefits
T8: Social space
T9: Urban development
T10: Green infrastructure & urban planning
T11: Urban land cover
T12: Ecosystem services & biodiversity
T13: Water & other agricultural inputs
T14: Health & other risks
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Food system innovations
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Fig. 1 | Future technologies with transformation potential. The technologies are classified under ten groups and span the entire food system. A complete 
description of each technology is presented in Supplementary Table 2.
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Food system innovations and SDGs
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Optimum Nitrogen crucial for SDGs and vice versa
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Rescue SDGs from failing
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Summary

• currently food systems are broken

• response options are available throughout the food systems, from production to
consumption, to fix the broken food systems

• food systems transformation provide multifold social, economic and
environmental benefits
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Thank You...

Supported by

pradhan@pik-potsdam.de
@prajdhan
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