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Abstract

Interest in replacing animal-based proteins and reducing the environmental impacts of

livestock production has driven research into plant-based alternatives (PBAs), which mimic the

sensory and functional properties of animal products. By incorporating PBAs and livestock

value chains into a global economic model, we assess how shifts in preferences towards PBAs

could facilitate sustainable diet transitions in high- and upper-middle-income regions by 2040,

after accounting for economy-wide feedback effects. Restructuring value chains lowers land

rents and agricultural prices, raising food demand with minimal spillovers to other sectors. Even

after price effects, all scenarios reduce on-farm emissions. Reduced pressure on unmanaged

forests, particularly in Brazil, contributes to global carbon stocks, but more extensive agriculture

limits these gains, especially in high-income regions. Technological change matters most in

upper-middle-income regions. Milder technologies can offset higher CO2 emissions from

energy-intensive protein extraction as PBA consumption rises, albeit with trade-offs in protein

content.

Keywords: plant-based alternatives, diet transition, computable general equilibrium, greenhouse gas

emissions, land-use change
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1 Introduction1

Dietary changes are essential for a more sustainable food system as the consumption of animal2

products, especially red meat, is associated with substantial environmental degradation1,2. Livestock3

production tends to be more environmentally damaging than plant-based proteins due to inefficient4

feedstock-to-food conversion and emissions from enteric fermentation and manure management3,4.5

Given overconsumption of animal products in high- and upper-middle-income regions, research6

advocates for dietary shifts from dairy and meat towards plant-based foods5.7

Plant-based alternatives (PBAs) could facilitate dietary change. As most consumers do not8

follow vegan or vegetarian diets, the plant-based food industry increasingly targets meat and dairy9

consumers through ‘next-generation’ PBAs, such as burgers and plant-based milks6. These PBAs10

aim to replicate the sensory (e.g., taste, texture) and functional (e.g., behaviour during cooking)11

properties of animal-based foods7 and, by providing a similar experience to animal products, have12

the potential to accelerate substitution towards plant-based diets rather than complete reliance on13

minimally processed plant-based foods (e.g., vegetables, fruits, legumes, and whole grains)8. The14

PBA sector has seen rapid growth over the last decade, with global sales increasing from $2.215

billion to $6.6 billion between 2015 and 2025, although growth has slowed in recent years and has16

declined across some regions and categories9.17

Sustainability impacts of PBAs remain uncertain. Their extensive processing increases energy18

requirements and feedstock inputs relative to minimally processed plant-based foods. Despite19

this, life-cycle analyses (LCAs) generally find PBAs outperform animal products in terms of GHG20

emissions and other environmental indicators10,11. Springmann10 reports GHG emissions per21

serving of about 1% of beef for unprocessed legumes and 5–6% of beef for plant-based burgers.22

Processing technologies influence the extent of this advantage. Proteins extracted from cereals23

and legumes are key ingredients in plant-based meat analogues, and extraction methods yielding24

higher protein content (e.g., wet fractionation) require more energy and crop inputs than less refined25

alternatives (e.g., air classification)12. Depending on the method, GHG emissions for plant-based26

meat analogues can approach those of relatively efficient livestock, such as poultry13. However,27
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LCAs evaluate technologies in isolation, overlooking price-mediated responses to shifts in consumer28

preferences, such as rebound effects14. Without accounting for price effects, it is not possible to29

capture supply-side feedbacks for land, intermediate demand, and spillover effects to food and30

non-food sectors that determine the actual sustainability of PBAs.31

Capturing price-mediated effects requires economic simulation models that represent how32

markets and prices adjust to shocks such as new product adoption. Partial equilibrium (PE) models33

simulate a single market or sector in isolation, while computable general equilibrium (CGE) models34

simulate the whole economy, accounting for cross-sector and cross-market feedbacks. Previous35

studies have used global PE15,16 and CGE17,18 approaches, or both19, to model global dietary36

shift scenarios based on the EAT-Lancet diet, typically adjusting crop demand exogenously. While37

recent work has improved the representation of agro-food value chains within CGE models, such as38

feed demand20,21, food processing sectors remain highly aggregated. This remains a significant39

gap, since these sectors comprise both the processed plant-based and feed concentrate central to40

the dietary shifts under analysis. CGE studies on the bio-based economy (e.g., bioplastics14 and41

biochemicals22) show that increased sectoral detail is needed to account for input requirements and42

spillover effects to agricultural and other sectors.43

A few studies model PBA adoption directly, including a single-country CGE approach mod-44

elling substitution from beef towards PBAs in the United States23 and a PE approach assessing45

global impacts of dietary shifts towards PBAs24. However, previous research on modelling global46

protein transitions does not incorporate PBA processing technologies or consider the environmental47

implications of price-mediated spillover effects following their adoption.48

Our study thus makes several important contributions to the literature on the economic and49

environmental impacts of dietary change by jointly modelling PBA and livestock value chains50

within a detailed, recursive dynamic, global CGE model. First, we represent feedstock processing51

and other input requirements, such as electricity, natural gas, and chemicals, associated with PBA52

technologies through greater sectoral detail. Specifically, we define five PBA sectors, including53

three plant-based protein extraction technologies (based on wheat, soy, and starch-based legumes)54
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that serve as intermediate inputs into a plant-based meat analogue, and a separate plant-based dairy55

analogue based on soy, oat, and nuts. These sectors directly address the lack of modelling PBA56

processing technologies in prior work. Second, we capture price-mediated feedback effects arising57

from shifts in dietary preferences towards PBAs, alongside the resulting impacts on GHG emissions58

and land-use change, addressing the absence of an economy-wide environmental analysis in prior59

work. Third, we adjust the technologies to reflect improved feed- and energy-use efficiency and60

examine how processing technologies influence the environmental performance of PBAs, after61

accounting for price responses.62

2 Results63

2.1 Consumption shifts towards PBAs64

Substantial uncertainty exists regarding the pace and regional extent of PBA adoption25. To65

capture this range of scenarios, we run six diet transitions: 20%, 40%, and 60% replacement of66

animal-based foods with PBAs in high-income countries, with the same levels extended to upper-67

middle-income countries, each benchmarked against the business-as-usual (BAU), which reflects68

continued population and gross domestic product (GDP) trends with moderate climate change69

mitigation and adaptation.70

Consumer preferences in the diet scenarios are modified using a twist parameter that replaces71

household demand for animal-based foods with PBAs stepwise from 2017 to 2040. High-income72

diet shifts apply only to high-income regions, reflecting higher per capita livestock consumption5
73

and concentration of PBA companies25. Extended diet shifts add upper-middle-income regions such74

as Brazil and China, where rising per capita meat consumption presents health and environmental75

concerns24.76

Figure 1 summarizes changes in household consumption. Because baseline consumption of77

PBAs is low, the preference shift expands global production dramatically: plant-based meat rises by78

1,460–4,890% (high-income) and 4,370–14,560% (extended) and plant-based dairy by 210–760%79
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and 450–1,600%, respectively, the smaller increase reflects that plant-based dairy currently has a80

higher market share.81

In the high-income scenarios, the global decline in animal product consumption is most pro-82

nounced for other meat (e.g., pork and chicken) at 3.61–12.13%, then ruminant meat at 2.89–9.80%,83

and least for dairy at 2.47–8.91%. The extended scenarios follow a similar pattern, with other84

meat at 11.26–37.90%, ruminant meat at 8.50–29.02%, and dairy at 5.20–18.99%. Household85

demand for minimally processed vegetables, fruits, legumes, and whole grains rises modestly86

under the high-income scenarios (0.15–0.60%) and more substantially under the extended scenarios87

(0.68–2.65%), with smaller gains for other processed foods.88

2.2 Economic effects of PBA diet shifts89

Diet shifts reshape input demand across the food system, leading to changes in output (Figure 2a)90

and prices (Figure 2b). Tracing the high-income scenarios, a decline in livestock production91

(2.61–9.02%) reduces demand for labour, capital, land, and feed across these sectors, while growth92

in PBAs increases input demand along these value chains. Livestock and PBA sectors draw93

on overlapping ingredients and feedstocks. For instance, as soy is a central feedstock for both,94

net production changes depend on how reduced feed demand compares to increased PBA input95

requirements. Globally, PBA feedstocks (e.g., wheat, oats, starch-based legumes, soy, other oilseeds,96

and nuts) experience an overall production increase (0.85–3.00%). In contrast, other cereal grains, a97

key feed input, decrease (0.82–2.81%).98

Despite this reallocation, land rents in shocked regions decrease, as agricultural production99

shrinks with the decline in livestock production exceeding the expansion of crop production100

(0.12–0.46%). Falling land rents reduce production costs and crop prices (0.15–0.57%), incen-101

tivizing substitution from other inputs towards land, lowering crop prices and raising final and102

intermediate crop demand. As PBA value chains are more electricity- and gas-intensive, shifts103

towards PBAs raise their relative prices (0.01–0.03%). Since capital, labour, and land are region-104

specific endowments, factor price effects occur locally. Stronger reductions in land rents than prices105
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Figure 1: Change in household consumption following diet shifts towards PBAs.
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Figure 2: Changes in sectoral output and prices following diet shifts towards PBAs.

for other factors and energy raise costs for non-food relative to agricultural products. As a result,106

household demand (Figure 1) for forest products (0.03–0.10%), electricity and gas (0.04–0.15%)107

and other goods (0.03–0.09%) falls slightly. Extending the shock amplifies these effects (Figure 2).108

PBA feedstock production expands further (2.00–7.21%) while other grains contract more sharply109

(2.01–7.00%). Greater downward pressure on land rents decreases crop (0.91–3.34%) and pro-110

cessed food prices (0.23–0.87%) relative to other sectors, and further lowers final demand for forest111

products (0.09–0.31%), electricity and natural gas (0.11–0.39%) and other goods (0.06–0.21%).112

Output effects vary regionally (Figure 3a–d; Supplementary notes, Table 1). Under the 40%113

high-income shock, livestock production shrinks across all regions, most sharply where shocked114

(7.52–19.51%), with smaller spillovers elsewhere (0.21–3.05%). Crop production expands in most115

shocked regions (0.74–7.43%) as the growing PBA industry and increased demand from falling116

agricultural prices offset losses in feed crops. Extending the shock deepens the livestock decline117

everywhere (0.42–24.99%). Crop responses are more mixed, rising sharply in high-income (9.75%)118

and upper-middle-income (5.85%) Latin America, falling in high-income Europe and Central Asia119

(1.61%), and rising only slightly in Brazil (0.94%) and North America (0.14%).120
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Figure 3: Changes in regional production and net exports under the 40% high-income and extended

scenarios.
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This regional variation also reflects a price-driven redistribution of agricultural production:121

the diet shift lowers relative prices in shocked regions, increasing their price competitiveness and122

raising net exports (Figure 3e–h; Supplementary notes, Table 2). Under the high-income shock,123

livestock and crop net exports rise in high-income regions, most strongly in Latin America (26.27%),124

and fall elsewhere (6.77–19.26%). Extending the shock produces a more extreme reallocation.125

Livestock net exports rise sharply in upper-middle-income Latin America (27.29%) but change little126

in high-income Europe and Central Asia (1.24%) or North America. Crop net exports rise strongly127

in high-income (15.87%) and upper-middle-income (14.94%) Latin America, marginally in Brazil128

(0.17%), and fall in North America (3.98%) and high-income Europe and Central Asia (3.93%).129

2.3 Environmental effects of PBA diet shifts130

Given these economic effects, we examine the environmental implications of PBA-driven diet shifts131

(Figure 4). In the high-income scenarios, global annual non-LUC GHG emissions fall (63.59–219.72132

Mt CO2eq), driven by lower N2O (18.70–64.37 Mt) and CH4 (43.08–149.18 Mt). CO2 contributes133

only modestly to emission reductions (1.72–5.83 Mt): lower emissions from livestock rearing134

(1.23–4.21 Mt) and processing (1.16–4.05 Mt), and household demand (2.46–8.42 Mt) are partially135

offset by PBA processing (1.99–6.76 Mt) and electricity and gas (2.42–8.14 Mt).136

In the extended scenario, non-LUC reductions are 148.63–527.08 Mt CO2eq with lower N2O137

(64.56–224.93 Mt) and CH4 (123.15–432.51 Mt) compensating for an overall increase in CO2138

(38.93–130.12 Mt). For CO2, growing emissions from PBA processing (22.55–74.70 Mt) and139

electricity and natural gas (30.66–101.54 Mt) exceed reductions from livestock rearing (4.08–14.04140

Mt) and processing (3.47–12.03 Mt), and household consumption (8.28–28.04 Mt).141

Land conversion also reflects these price changes (Table 3, Supplementary notes). In the BAU,142

cropland expansion follows FAO projections. In the counterfactuals, managed-land stocks adjust in143

response to land rents, with conversion occurring across managed land types (cropland, pastureland,144

and managed forest) and between managed and natural land. In the high-income scenarios, falling145

land rents ease conversion pressure and managed land falls (5.10–18.40 Mha). As PBA growth146
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Figure 4: Changes in environmental impacts following diet shifts towards PBAs.
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Figure 5: Changes to regional carbon stocks under the 40% high-income and extended scenarios.

lowers livestock returns relative to crops, and pastureland rents relative to cropland, global pas-147

tureland contracts (11.42–42.89 Mha) while cropland expands (6.39–24.70 Mha). Managed forest148

also declines slightly (0.79–2.16 Mha), as returns to forest products fall compared to crops. The149

extended scenarios strengthen these effects, with greater declines in managed land (20.79–75.09150

Mha), pastureland (40.15–156.70 Mha), and managed forest (0.96–3.38 Mha), alongside greater151

cropland expansion (20.32–84.99 Mha).152

Carbon stocks vary regionally with changes in natural land area and conversion between managed153

land types. In the high-income scenario, carbon stocks change only modestly, rising 17.73–25.24154

Mt under the 20–40% shocks but falling 1.50 Mt at 60% (Figure 4). Under 40% substitution,155

carbon stock losses are 129.08 Mt in high-income Europe and Central Asia and 77.39 Mt in North156

America (Figure 5a, Table 4, Supplementary notes), as gains in carbon stock from lower natural157

land conversion cannot compensate for the lower carbon sequestration per hectare of cropland158

compared to pastureland and losses from managed forests (Table 5, Supplementary notes). Under159

the extended scenarios, LUC emissions fall more substantially (829.83–2945.70 Mt; Figure 4).160

Looking at the 40% shock, Brazil (750.51 Mt) and upper-middle-income Europe and Central Asia161

(422.98 Mt) lead this carbon stock increase (Figure 5b; Table 4, Supplementary notes). Losses are162

smaller in high-income Europe and Central Asia (88.94 Mt) and North America (54.28 Mt), where163

less production eases pressure on managed land. In Brazil, lower land prices slow deforestation of164

carbon-rich unmanaged forest.165
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2.4 Impacts of technological change166

Our main scenarios assume intensive processing technologies with high feed and energy inputs.167

Additional technology scenarios retain the same diet shifts but adopt milder refining techniques168

(Table 6, Supplementary notes) with a 10% reduction in feedstock and 60% reduction in energy use169

for plant-based protein extraction.170

The technology change raises average energy prices slightly via higher capital rents, so there171

is no incentive to substitute towards energy, and the reduction in PBA energy intensity translates172

directly into lower CO2 emissions (Figure 6). In the high-income scenarios, milder extraction173

further reduces non-LUC CO2eq by 2.06–6.83 Mt, mainly from PBA processing and electricity174

and gas. Reductions are starker in the extended scenario (31.67–103.74 Mt), where technological175

change cuts the original 38.93–130.12 Mt CO2 increase by 30.22–98.66 Mt, leaving a net increase176

of only 8.71–31.46 Mt.177

LUC emissions decline slightly in both scenarios as greater feedstock efficiency lowers land178

prices and slows land expansion, although, consistent with Jevons paradox26, cheaper land is partly179

substituted for other inputs, dampening land savings. Reduced land expansion increases unmanaged180

forest area, driving a 7.45–25.51 Mt gain in carbon stock (Figure 6; Table 7, Supplementary notes).181

In the high-income scenario at 60% substitution, this increase reverses the net loss seen under182

the main scenario. The extended scenarios have 22.46–80.54 Mt carbon stock growth, driven by183

afforestation (unmanaged forest expansion) in North America and reduced deforestation in Brazil.184

3 Discussion185

Our results indicate that PBAs can contribute to more sustainable food systems, even after accounting186

for economy-wide feedback effects, through both lower farm-level emissions and increased carbon187

sequestration from reduced deforestation and land restoration. However, the overall environmental188

gains from restructuring livestock into PBA value chains depend on feedback effects from lower189

agricultural and land prices and the energy intensity of PBA processing.190
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Figure 6: Changes in environmental impacts following technological change (milder protein

extraction).
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On-farm CH4 and N2O reductions drive non-LUC emissions savings, indicating that substitution191

away from livestock is crucial for reducing food system emissions. This result is consistent with192

studies of PBA substitution of beef in the US23 and of livestock globally24. Falling livestock193

production reduces enteric fermentation and manure, key sources of CH4
27. Less manure and194

synthetic fertilizer application reduce N2O28, with falling land prices driving the latter by shifting195

input use away from chemical inputs and towards cropland. These mechanisms also reduce196

emissions in non-shocked regions, though less strongly, as livestock falls indirectly through reduced197

net exports while crop production shifts toward shocked regions.198

We endogenize the conversion between natural and managed land, bringing natural land into199

production as land rents rise or removing hectares from production as rents fall. The downward pres-200

sure on land rents observed in our scenarios slows land-use expansion relative to the baseline, and201

the increase in unmanaged forests, especially tropical forests in Brazil, drives carbon-sequestration202

gains in the extended scenarios. However, cheaper land partially substitutes other inputs, limiting203

land savings through more extensive agricultural production. Land rents are only one of many204

factors influencing the complex dynamics of land-use conversion, including conservation and land205

restoration measures24 and regulatory compliance and effectiveness29.206

Preference shifts towards PBAs free up land, lowering agricultural prices and generating207

price-driven feedback effects for agricultural products. As in other general equilibrium studies of208

plant-based diet transitions17,23, these effects make it difficult to discern how much lower prices209

influence crop demand compared with the relative efficiency of converting feedstock into PBAs210

rather than animal feed. Similarly, technological change has rebound effects: greater feedstock211

efficiency lowers crop prices and cuts costs for PBAs and other agricultural products, raising212

demand and partially offsetting crop savings. Shifting preferences towards fewer calories, already213

emphasized by healthy and sustainable diet guidelines5, could offset price-driven increases in crop214

demand by curbing food consumption. However, freed income may shift consumption towards215

emissions-intensive goods17.216

Production technologies for livestock rearing and processing value chains vary considerably217
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across regions25, which shapes how PBA substitution influences regional emissions. More efficient218

protein extraction technologies could have a greater mitigating effect in upper-middle-income219

regions, where technological change offsets much of the non-LUC CO2 emissions increase from220

economic restructuring towards PBA value chains. However, milder extraction techniques yield221

a lower protein content30. Moreover, replicating the functional and sensory properties of animal-222

based products is often considered crucial for PBA adoption31, likely creating a trade-off between223

formulations that best mimic animal-based foods and emissions savings, as closer replication may224

require more intensive processing.225

Our study has limitations stemming from our modelling assumptions. First, although our226

PBA technologies draw on the most common PBA feedstocks, they are highly stylized, and the227

ingredients are not country-specific. This contributes to large production shocks in some regions228

(e.g., high-income South and East Asia) that do not typically produce or consume certain crops,229

such as starch-based legumes or nuts. Widespread adoption likely requires a PBA offering that230

reflects regional and cultural preferences. Second, due to data limitations, we assume that increased231

PBA consumption is accompanied by the development of value-added processing capacity within232

the same region. In reality, PBA manufacturing is currently concentrated in high-income regions,233

and expanding regional consumption may not translate into regional growth in PBA value chains.234

Despite these limitations, our results have several policy implications. PBAs can foster sustain-235

able food systems alongside other measures for sustainable and healthy food systems (e.g., cutting236

food waste and calorie intake and substitution toward minimally processed legumes, vegetables,237

fruits, nuts, and whole grains5). In the model, we force preferences to change without assuming238

any interventions, as do many approaches to modelling diet transitions17,23,24, but in practice,239

substituting meat and dairy with PBAs likely depends on a supportive policy environment.240

Given often low substitution elasticities between animal-based foods and PBAs32, combining241

information-based policies with fiscal measures is likely more effective than any single intervention.242

Information campaigns can promote moderate PBA consumption within a balanced diet. Clear243

emissions labels, such as carbon footprint labels33, could encourage consumers to purchase PBAs244
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and less energy-intensive formulations, although labelling has had mixed success in promoting245

environmentally friendly purchases34. Fiscal instruments, such as restructuring livestock subsidies35
246

and reducing value-added taxes on PBAs36, can make PBAs and other plant-based foods relatively247

more affordable. If calorie consumption declines in line with dietary guidelines, greenhouse gas248

emission taxes may help prevent expenditure from shifting toward emissions-intensive non-food249

products17,32. Land conservation and forest restoration measures implemented alongside PBA250

adoption policies can help secure carbon sequestration gains. For PBA technologies, a greener251

energy mix and investments in lower-energy processing technologies that still replicate animal-based252

foods would reduce PBA emissions, particularly in upper-middle-income regions.253

Our study provides a starting point for incorporating food technologies into analyses of the254

global economic impacts of dietary transitions. Future research should include more detailed255

nutritional data and a wider range of PBA ingredients to better reflect the caloric and nutritional256

consequences of these transitions. It should also assess the environmental effects of substituting257

specific animal products, as targeting high-impact products such as beef is likely more efficient than258

replacing products with lower impacts, such as chicken. Finally, greater attention should be given to259

the distributional and equity implications of PBA transitions across different household groups and260

in regions reliant on livestock production to better understand how costs and benefits are distributed261

and to inform policies that support more just dietary transformations.262

4 Method263

4.1 Data processing264

We adapt the GTAP-Power Database (v.11)37 to explicitly represent PBA and livestock value265

chains and capture their input requirements, specifying additional sub-sectors using the split utility266

approach14 (Table 8, Supplementary notes). Following Britz38, we introduce crops central to PBAs267

(e.g., oats, starch-based legumes, nuts, and soybeans), a soy-crushing activity co-producing soy268

cake and soy oil, and feed concentrate with region-specific crop demands. In addition, we establish269
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five new sub-sectors to represent PBA products explicitly. We split these from the ‘other food270

processing’ sector, which includes PBA-related products such as protein concentrates and food271

preparations from soy flour39. Table 9 (Supplementary notes) shows the production technologies272

for our plant-based protein sectors, expressed as the cost of each input per US$1 of output.273

First, we add three plant-protein extraction sectors based on the most common feedstocks40: soy,274

starch-based legumes, and wheat. We assume the current industry standard for protein-extraction275

technologies, ‘wet fractionation’, which suspends the milled feedstock in water, chemically precip-276

itates and then dries the protein, with drying contributing most to energy use12. To calculate the277

cost shares for our plant-based proteins, we combine LCAs and other food science publications to278

derive the physical quantities of raw materials, energy (natural gas and electricity) and chemicals279

required to produce one kg of protein isolate (Tables 10–13, Supplementary notes). For wheat and280

starch-based legume proteins, the cost shares include milling the crop into flour. For soy protein, the281

soy crushing activity captures the oil extraction (defatting) step, and soy cake enters the technology282

as a proxy for defatted soy flour, the typical industry starting point for soy protein extraction. We283

then multiply the physical quantities of these inputs by average US prices and divide by the market284

price of the protein per kg to convert them into cost shares. Protein isolates are both feedstock- and285

energy-intensive to produce, with feedstock accounting for roughly 30–31% and energy for 26–27%286

of input costs (i.e., 30–31¢ and 26–27¢ per US$1 of output).287

Second, we introduce two activities producing PBA products for household consumption: a288

plant-based meat analogue and a plant-based dairy analogue. In the split utility approach, output split289

shares allocate production from the original sector to each new activity according to the sub-sector’s290

value share in each region. Assuming households consume PBAs directly, we approximate these291

shares as retail sales of PBAs at cost (https://www.euromonitor.com/), divided by the production292

value of ‘other food processing’. Table 9 includes the cost shares of key inputs (cost breakdown in293

Tables 13–15, Supplementary notes).294

The representative plant-based meat analogue uses the operating expenses of a conventional295

extrusion technology to estimate cost shares for raw materials and electricity. We then allocate the296
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raw materials cost share across individual ingredients (vegetable oils and soy, legume, and wheat297

protein) in proportion to their projected demand in the plant-based meat sector, valued at benchmark298

prices. We assume that the extracted proteins are used exclusively in the plant-based meat analogue,299

so the production value of extracted proteins equals this intermediate input demand.300

The plant-based dairy aggregate includes the most common milk types based on global market301

share: soy (0.65%), oat (0.20%), and nut-based milks (0.15%) (https://www.euromonitor.com/). For302

each milk type, we calculate the cost shares of the corresponding production technology using LCAs.303

We first derive the physical quantities of key intermediate inputs required per litre, convert these304

quantities into input costs using benchmark prices, and divide these costs by the total production305

cost per litre. Finally, we then weight the resulting cost shares by each milk type’s global market306

share to derive the final cost shares.307

For ease of interpretation and to maintain consistency across data sources, we use US prices308

and apply the resulting cost shares across high- and upper-middle-income regions. For factor309

demand, and where information on intermediate inputs is unavailable, we apply the proportionality310

assumption (see Britz38) to ensure production value equals total cost.311

For the technological change scenarios, we introduce a ‘dry fractionation’ technology, which312

uses air classification or electrostatics to separate flour into a protein-rich fraction (around 40-60%)313

and a starch-rich fraction, avoiding the energy-intensive drying process but yielding a lower protein314

content than the at least 80% typical of ‘wet fractionation’30. Based on a comparison of wet and315

dry fractionation for yellow peas, we estimate that switching from a wet to dry fractionation method316

can produce 1 kg of ingredient with around 60% less energy and 10% less feedstock (Table 6,317

Supplementary notes).318

4.2 Modelling framework319

We set up a recursive dynamic CGE model in the flexible, modular, and open-source platform320

CGEBox41. CGEBox is built on the GTAP standard model and includes modules for database321

disaggregation, flexible nesting, and baseline construction. We use its G-RDEM module42 to322
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construct the BAU baseline by calibrating total factor productivity to exogenous GDP and population323

projections from the Shared Socioeconomic Pathway 2 (SSP2), while accounting for structural324

change processes consistent with this narrative (see Goebel and Britz43). Our model setup includes325

a MAIDADS final demand system estimated by Britz44, which is particularly suited to modelling326

long-run food expenditure as budget shares adjust with rising incomes. We also incorporate GTAP-327

E45 to allow substitution between capital and energy, and an extended version of GTAP-AEZ46,328

which enables conversion between cropland, pastureland, and managed forest within the same329

agro-ecological zone (AEZ) and lets the stock of managed land adjust to land rents using regionally330

estimated AEZ elasticities, with a default of 0.05 where estimates are unavailable47.331

We modify the final demand structure by adding lower-level CES sub-nests for the agro-food332

sector to reflect substitution between similar commodities, drawing on the structure of GTAP-333

AGR48. We extend the existing CES structure for composite meat and dairy commodities by nesting334

conventional meat with the plant-based meat analogue and conventional dairy products with the335

plant-based dairy analogue. Both composites are assigned a substitution elasticity of 0.5, consistent336

with within-group elasticities for meat and dairy products reflecting findings that elasticities between337

plant-based and animal-based products are similar to those between different animal-based foods49.338

We aggregate the GTAP-Power v.11 regions by income level, using World Bank income classifi-339

cation and geographic region, into high-, upper-middle-, lower-middle-, and low-income categories340

(Table 16, Supplementary Notes). China and Brazil (both upper-middle-income) and India (lower-341

middle-income) remain disaggregated as major agricultural producers. To improve computational342

efficiency, we combine all electricity-generating technologies (11) into one electricity-generating343

sector (ely). All other sectors are kept disaggregated, resulting in 66 sectors pre-split. The fi-344

nal database comprises 19 countries or regions, a non-diagonal make with 78 commodities, 77345

production activities, and five production factors.346

To implement the dietary shocks, we use a twist parameter (see van der Mensbrugghe50) to347

update preferences towards plant-based and conventional animal foods, while preserving aggregate348

utility. We calibrate the twist parameter from baseline final consumption quantities to achieve 20:80,349
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40:60 and 60:40 splits between plant-based and conventional animal foods by 2040, corresponding350

to the 20%, 40% and 60% shock sizes (Tables 17–19, Supplementary notes). The shock is introduced351

in a stepwise fashion, accounting for changes in the relative prices of conventional animal products352

and PBAs.353

For the technology scenario, we also use twist parameters to lower feedstock requirements by354

10% and energy requirements by 60% while holding initial production costs constant, relative to the355

extended and high-income diet-shift scenarios in each period. The twist updates the non-neutral356

productivity shifters in the capital–energy bundle to reduce energy requirements while increasing357

capital use, and in the intermediate input bundle to reduce feedstock requirements while increasing358

the use of other inputs. We calibrate these technology shocks using prices from the extended359

and high-income diet-shift scenarios, allowing the model to still capture endogenous responses to360

changes in feedstock and energy prices (Tables 20–22, Supplementary notes).361
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