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• Enhanced soil fertility
• Improved crop yield
• Pest and weed 
management

• Pollution reduction
• Biodiversity 
conservation

Crop Rotation

(Nadeem et al., 2019)
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Home-grown Feeds

(USDA, 2020)
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“At least 71% of the EU’s farmland is used to feed livestock, 
according to new research published by Greenpeace. Around 
63% of arable land is dedicated to feeding farm animals.”

(ERPS, 2023)



A Unique Challenge for Dairy Farmers

Crop Production Feed Storage Diet Formulation

What is the best way for dairy farmers to use their croplands 
to feed their cows while implementing crop rotation practices?
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Single/double cropping 
Crop rotation
Crop production cost & yield
Cash crop or save for animals

Storage limitation Nutrient adequate
Least cost
Enteric methane emissions



Converting Practical Challenge to Optimization Problem

• Fulfil crop rotation regulations
• Fulfil animal nutritional requirements

What is the best way for dairy farmers to 
use their croplands and feed their cows 
under the crop rotation regulations?

best

𝑁𝑁𝑁𝑁𝑁𝑁 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
     −𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 4.41 + 0.0224 ∗ 𝑀𝑀𝑀𝑀 + 0.98 ∗ 𝑁𝑁𝑁𝑁𝑁𝑁
(Ellis et al., 2007)

• Net revenue

• Enteric methane emissions

Purple: constraints
Orange: objective function

Constraints

Objective functions
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Crop Planning Part - Crops
• 33 crop types (9 winter crops, 12 first seeding crops, 6 second 

seeding crops, 5 perennial crops, and 1 cover crop)
• 88 possible crop configurations within one year of growing season

One year of growing season
Oct Oct
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Crop Planning Part - Fields

• Fields have various sizes
• All fields are assumed to be uniform
• Each field can accommodate at most one crop configuration each 

year

Corn silage 1st 
seeding Wheat grain + Soybean 2nd seeding

Perennial 
grass

Alfalfa

Ryegrass silage + corn 
silage 2nd seeding Corn silage 

1st seeding + 
cover crop
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Crop Planning Part - Rotation
• Perennial grass grow rule

• “Permanent” grassland
• Which fields are grassland are given as an input

• Alfalfa grow rule & rotation rule 
• Alfalfa grow for 3.5 yr (alfalfa1 grows to alfalfa2, grows to alfalfa3, grows to alfalfa4) 
• After the termination of alfalfa, it cannot be grown again in the same field for at least 2 years

• General rotation rule
• Crops with the same species cannot be continuously grown

Corn silage 1st seeding Corn silage/snaplage/grain 1st seeding
Year1 Year2

Corn silage 1st seeding Corn silage/snaplage/grain 1st seedingCover crop

Ryegrass silage Corn silage/snaplage/grain 1st seedingCorn silage 2nd 

Ryegrass silage Corn silage 2nd Ryegrass silage Corn silage 2nd 
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Diet Formulation
• Animal diets (home-grown + purchased) need to meet the Dry 

Matter Intake (DMI) and nutritional requirements for 11 animal 
groups

𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡,𝑎𝑎 ≤ 𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚,  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡,𝑎𝑎 ≤ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚, 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is either Energy for 
Lactation (NEL), Crude Protein 
(CP), Neutral Detergent Fiber 
(NDF), starch, and fat 

𝑎𝑎: animal group,
𝑡𝑡: year 

where
(NASEM,2021)
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Three Policies to Mitigate Methane Emissions
• BASELINE

• 1. MULTI: multi-objective  

• 2. TAX: applying taxation on methane emissions 

• 3. RED: explicit reduction percentage (1%, 2%, … max%) 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑁𝑁𝑁𝑁𝑁𝑁 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
         −𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝛼𝛼 ∗ 𝑛𝑛𝑛𝑛𝑛𝑛 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒′ + 1 − 𝛼𝛼 ∗ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑁𝑁𝑁𝑁𝑁𝑁 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
         −𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

where 𝛼𝛼 is weighting factor 
within the range [0, 1]
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• a North Italian dairy farm
• 300 ha. (45 fields)
• 1007 animals (478 
lactating cows)

• Milk price: 38.4 €/100kg
• Crop rotation for 5 years

Case Study Farm
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Results – MULTI (Revenue vs. Methane) 
Reduced 12 g/cow/d (3% reduction)
Lost 0.3 €/cow/d (3% loss)

Reduced 37 g/cow/d (10% 
reduction)
Lost 4.2 €/cow/d (48% loss)Maximizing 

revenue
Minimizing 
methane12



Results – MULTI (Crop Plan)

Weighting factor = 1 (only maximizing net revenue)

Year 1 Year 2 Year 3 Year 4 Year 5

Crop configuration
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Results – MULTI (Animal Diets)

Weighting 
factor

1 
(base
line)

0.8 0.6 0.4 0.2 0 

DMI 
(kg/d)

16.2 16.1 16.1 16.1 16.1 16.1

NEL 
(Mcal/kgDM)

1.5 1.6 1.6 1.6 1.6 1.6

CP 
(% DM)

14.5 14.8 15.7 15.9 15.9 16.2

NDF 
(% DM)

41.5 38.2 32.7 31.8 31.8 31.8

Starch 
(% DM)

21.1 24.0 22.9 23.7 23.7 23.3 

Fat 
(% DM)

3.3 3.3 2.9 2.7 2.7 2.9

H
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CT

H
EI

DR
Y

LA
CT

H
EI

DR
Y

LA
CT

H
EI
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Y
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CT

H
EI
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Y
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CT

H
EI

DR
Y
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CT

kg
/h

ea
d/

da
y

HEI: heifer 8 mo and 15 mo
DRY: Dry cows that are close to calving (<=1 mo)
LACT: Lactating cows that are multiparous and 
have high milk production (MY >=38kg/d).

Corn snaplage

Ryegrass silage
Corn grain

Sorghum 
silage

Legume hay
from market

Corn grain 
from market

Corn silage

Nutritional profile

Maximizing 
revenue

Minimizing 
methane 14



Results – TAX (Revenue vs. Methane) 
Reduced only 1.4%
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Results – RED (Shadow Price)

6

54

970
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• TAX policy is not very effective.
• Only an extremely high tax rate leads to a methane reduction exceeding 1%

• MULTI and RED policies are effective in inducing methane 
emission reductions. 

• Trade-off between economic returns and methane emissions 
• Relationship is non-linear

• Methane mitigation prompts dietary changes.
• Farm-grown corn silage decreases
• More nutrient-dense diets (higher DM%, CP%, and Starch% and a 

decreased NDF%)
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