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Abstract

We examine consumer demand for animal-free dairy cheese produced using cellular agriculture. Our data is
generated through a hypothetical choice experiment completed by 1249 UK residents. Using a mixed logit
model, we predict that animal-free dairy cheese would have a conditional market share of 22% when priced
at a 25% markup relative to premium conventional cheese. However, the market share is quite sensitive to
price: only 2% of consumers would purchase animal-free dairy cheese if it were twice the price of premium
conventional cheese. Three-quarters of consumers who purchase animal-free dairy cheese would have
purchased conventional dairy cheese if animal-free dairy cheese were unavailable. We use our experimental
results to examine the impact of higher conventional dairy cheese prices, such as those that might result
from a tax on livestock products. We find that the introduction of animal-free dairy cheese reduces consumer
losses from higher conventional dairy prices by about 20%.
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1. Introduction

The role of industrial animal agriculture is increasingly prominent in discussions about climate change, animal
welfare, and human health (Bonnet ef al., 2020). Livestock is responsible for 14.5% of global greenhouse gas
(GHG) emissions and 5% of emissions in the United Kingdom (UK)) (Department for Environment Food &
Rural Affairs, 2021; Gerber et al., 2013; Ritchie and Roser, 2013). Within the UK, there are serious discussions
about reducing livestock emissions as the country strives for carbon neutrality by 2050 (Government of the
United Kingdom, 2021; Gatten, 2021).

Concerns about the impact of livestock production have led to an increased interest in alternatives to meat
and dairy products (Government of the United Kingdom, 2021). Global sales of plant-based products are
growing rapidly, although they remain small compared to overall sales of livestock products. The Good Food
Institute (2021) reported that in 2020 US sales of plant-based milk were $2.5 billion, sales of plant-based
meat were $1.4 billion, and sales of plant-based cheese were $270 million. In comparison, the Bureau of
Labour Statistics (2021) finds that sales of fresh milk and cream were $19.3 billion and sales of meat were
$132 billion (these figures only account for food consumed at home). According to one estimate, sales of
plant-based milk and meat alternatives in the United States (US) now exceed $7 billion (Good Food Institute,
2021). Alae-Carew et al. (2022) also show a dramatic increase in the number of UK consumers who purchased
plant-based alternatives between 2009 and 2018.

Despite the small market share of livestock substitutes, a substantial minority of omnivores appear open to
reducing their livestock consumption (Graga et al., 2015; Malek et al., 2019). The most significant barrier to
further adoption of plant-based products is taste; a wide body of research finds that omnivores are considerably
more likely to adopt livestock alternatives that emulate the taste and texture of livestock products (Elzerman
et al., 2011; Michel et al., 2021).

Cellular agriculture holds the promise of creating foods that have the same sensory appeal as livestock
products, while avoiding the use of animals. Rather than formulating plant proteins to taste like animal
products, cellular agriculture employs synthetic biology, tissue engineering, and/or molecular biology
to produce ingredients that are compositionally identical to animal-derived products. Investment in research
and development of cellular agricultural products has increased considerably in the past decade (Keerie,
2021). However, it remains to be seen whether consumers will adopt these products and whether these
adopters will reduce their consumption of livestock-derived foods.

In this paper, we examine consumer demand for animal-free dairy cheese produced through precision
fermentation, a branch of cellular agriculture in which specific proteins or fats are produced by microorganisms.
Our primary objectives are to estimate the potential market share for animal-free dairy cheese and to
analyze the relationship between demand for animal-free dairy cheese, conventional dairy cheese, and plant-
based cheese.

We note that the term “animal-free dairy” is not without controversy, as “dairy” has typically been used
to refer to foods that are produced with mammalian milk. However, “animal-free dairy” is used to market
existing products and appears to be the standard terminology in academia (Broad et al., 2022; Hettinga,
2022; Loike, 2022; Waltz, 2022), the popular press (Bandoim, 2018; Levitt, 2016; Mack, 2019), and industry
(ADM, 2022; Nestle, 2022; Perfect Day, 2022).

To our knowledge, there are no existing estimates of the potential market share for animal-free dairy. In
contrast, there is a significant amount of research investigating consumer adoption of cultivated meat (Bryant
et al., 2019; Bryant and Barnett, 2020). The relative lack of interest in dairy products produced via cellular
agriculture is surprising as the dairy sector has a substantial environmental footprint, and dairy products
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produced via cellular agriculture are closer to widespread commercialization than cultivated meat products
(Morach et al., 2021).

We estimate consumer preferences using a mixed-logit model. The model is estimated on data from a
hypothetical discrete choice experiment in which consumers choose between animal-free dairy cheese,
nut-based vegan cheese, and three types of conventional dairy cheese. We use these estimates to examine
three interrelated questions.

First, we predict the share of consumers who would purchase animal-free dairy cheese and analyze how
the introduction of animal-free dairy cheese impacts the market share of conventional cheese. Given that
animal-free dairy cheese is not yet widely commercialized, we pay particular attention to how the price of
this product will impact market shares. Second, we estimate the price elasticities of market shares, revealing
the degree of substitutability between different types of cheese. Finally, we examine how animal-free dairy
cheese moderates the impact of higher conventional cheese prices, which could result from production shocks
or taxes on livestock products (Bonnet et al, 2020).

2. Background

In this section, we overview the production and marketing of conventional, plant-based, and animal-free
dairy cheese.

2.1 Conventional dairy cheese

In 2018, the UK produced 470 000 ton of cheese and consumed 790 000 ton. This amounts to 11.9 kg of
cheese consumed per person (Food and Agricultural Organization, 2021). UK dairy production requires
1.9 million dairy cows and creates a substantial amount of greenhouse gas emissions, primarily through methane
released during the digestive process of cattle (Department for Environment, Food and Rural Affairs, 2022).
In Appendix A, we survey estimates of the emissions factors from cheese production. These factors range
from 4.68 to 12.12 kg of carbon dioxide equivalent (kg of CO,¢) per kg of cheese, with a median of 6.70.
The wide range of estimates is due to factors such as ripening time, protein density, country of origin, and
type of cow (Aguirre-Villegas ef al., 2011). Based on the median emission factor, the average UK consumer’s
cheese consumption creates 79.73 kg of CO,e. Collectively, this is equal to 1.2% of GHG emissions in the
UK (Department for Business, Energy and Industrial Strategy, 2020). In addition to climate change impacts,
dairy production is a significant source of eutrophying emissions and uses substantial amounts of land and
water (Steinfeld et al., 2006).

2.2 Plant-based cheese

Several plant-based vegan cheese alternatives are currently available. Grossmann and McClements (2021)
survey the ingredients and nutritional information of several popular cheese alternatives. The most common
primary ingredients in these products are cashews, almonds, soy, and coconut oil. The nutrient profile of
plant-based cheese alternatives is markedly different from dairy cheese, with many alternatives containing
no protein or calcium. After detailing different methods for producing plant-based cheese, Grossman and
McClements (2021) remark that a major challenge for these products is mimicking the complex structure
of dairy proteins. Similarly, Short ez al. (2021) note that plant-based cheese alternatives have not been able
to emulate the taste and mouthfeel of conventional cheese. Although the number and quality of plant-based
cheese alternatives continues to grow, their market penetration remains low compared to plant-based meat
and milk alternatives (Alae-Carew ef al., 2022).

To our knowledge, no academic studies have examined the GHG emission factors for plant-based cheese
alternatives; however, the primary ingredients in these products have emissions factors that are well below
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those of conventional dairy cheese (Grossmann and McClements, 2021). A life-cycle assessment commissioned
by Violife, a plant-based cheese company, found that the production of its plant-based mozzarella (made
predominantly of coconut oil and starches) resulted in 79% less greenhouse gas emissions, 84% less land
use, and 52% less water use compared to conventional mozzarella (Quantis, 2022).

We are not aware of any existing estimates of potential market shares for plant-based cheese. There is a
small literature that examines plant-based milk, which experienced rapid growth in demand after 2010. Slade
(2023) finds that when households increase their purchases of plant-based milk by one gallon, they reduce
their dairy milk consumption by 0.43 to 0.60 gallons. Slade and Markevych (2023) find that plant-based milk
sales are higher among women and younger individuals. Conversely, sales are lower among individuals with
food neophobia and those who value taste and tradition. The same sociodemographic characteristics and
attitudes impact the consumption of plant-based meat (Elzerman et al., 2015; Hoek et al., 2004; Schosler
et al., 2012; Siegrist and Hartmann, 2019; Slade, 2018b).

2.3 Cellular agriculture and animal-free dairy cheese

Cellular agriculture products can be categorized as either cellular or acellular. Cellular products, such as
cultivated meat, are derived from live or formerly live cells, and these cells are used in the final product.
In contrast, acellular products — such as animal-free dairy cheese — harness cells to produce specific proteins
or fats, which are then separated from the cells themselves. In the case of animal-free dairy cheese, precision
fermentation is used to produce whey and casein, key components in dairy products.

Producing animal-free dairy cheese with precision fermentation involves six main steps: strain engineering,
fermentation, harvesting, combining, coagulating, and forming. The first step is to determine the DNA
sequences responsible for milk protein production and transpose a copy of these sequences into a host
microorganism, allowing them to synthesize milk proteins. These microorganisms are then transferred
to large-scale fermentation tanks similar to those used in beer production, where conditions and feed are
optimized for milk-protein production. After a number of days, the fermentation broth is collected and finely
filtered to extract the protein. This protein is then combined with fats, salts, and carbohydrates to create a
concentrate that serves as the basis for cheese and other dairy products. As in traditional cheese production,
fermentation enzymes or heat are used to coagulate this mixture into a curd, which can then be immediately
packaged as fresh cheese or ripened to create stronger, firmer cheeses.

Animal-free dairy ice cream and cream cheese are currently available in limited quantities in US locations
(Perfect Day, 2022), and several companies are in the process of bringing animal-free dairy cheese to market.
Two recent life-cycle analyses have examined the emissions impacts of animal-free dairy protein (specifically,
the two studies examine recombinantly produced beta-lactoglobulin made in Trichoderma reesei). A study
by Perfect Day (an animal-free dairy producer) found that GHG emissions from their product were 91-97%
less than emissions from protein produced via cows (Perfect Day, 2021). In a hypothetical analysis, Behm
et al. (2022) estimate that emissions from producing animal-free dairy protein would be 50—100% of the
emissions from conventionally produced dairy protein in New Zealand. These two studies note that emissions
from annual-free dairy production depend on several critical factors, including the source of energy, the raw
materials used as feedstock, the yield of microorganisms, the efficiency of down-stream processing and the
allocation of emissions to by-products. This latter factor accounts for much of the difference in estimated
emissions between the two studies.

As cellular agriculture is still in its infancy, it is difficult to project the impact of economies of scale, production
optimization, and new innovations. Jarvioé (2021) note that energy emissions (the largest source of emissions
in the production of animal-free dairy products) can be reduced by sourcing energy from renewable sources
or locating production facilities in areas with clean energy. Similarly, a variety of feedstocks can be used
for microbial growth, with varying climate impacts (Hamdan and Senez, 1992). Linder (2019) even notes
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the potential for carbon-negative feedstocks. Under most assumptions, however, substantially less land
and water are required to produce cellular agricultural products compared to livestock-derived products
(Tuomisto, 2022).

We are not aware of any studies that directly compare the environmental footprint of plant-based dairy
alternatives and animal-free dairy products. Most studies agree that the carbon footprint of cellular agricultural
products is considerably higher than products from plant-based sources (Tuomisto, 2022). However, these
studies generally do not consider emissions from processing plant-based sources into a final product, such
as plant-based cheese. The ultimate environmental impact of animal-free dairy depends on the extent to
which it can be produced with lower emissions than livestock-derived products and the extent to which it
substitutes for livestock-derived products instead of plant-based alternatives.

Zollman-Thomas and Bryant (2021) explore consumer willingness to adopt animal-free dairy cheese in five
countries. In their sample, 79% of consumers are willing to try animal-free dairy cheese, with significant
variation between the countries sampled. This is notably higher than consumers’ willingness to try cultivated
meat (Bryant and Barnett, 2020).

While there has been relatively little research examining consumer perceptions of animal-free dairy,
considerable attention has been paid to understanding consumer demand for cultivated meat. Several studies
show that cultivated meat appeals to consumers who are younger and more educated consumers (Mancini and
Antonioli, 2019; Slade, 2018b; Weinrich et al., 2020), and to omnivores more than to vegetarians or vegans
(Bryant and Dillard, 2019; Mancini and Antonioli, 2019; Valente et al., 2019; Wilks and Phillips, 2017).

3. Materials

To analyze the potential market for animal-free dairy cheese, we conducted a survey and a discrete choice
experiment that was completed by 1,249 UK respondents. This study received ethical approval from the
Psychology Research Ethics Committee of the University of Bath. Participants used a checkbox on the
questionnaire to indicate their informed consent in accordance with the Declaration of Helsinki.

3.1 Participant recruitment and screening

Participants were recruited through the SurveyGo research panel. Panelists were sent a general email
asking if they would like to participate in a survey. After answering questions about their age and gender,
qualified participants were routed to the survey. We used four interlocking quotas to ensure that the sample
was representative of the age and gender of the UK population. Participants who completed the experiment
received a redeemable points incentive, equivalent to roughly £1.50.

Participants were removed from the study if they did not provide their consent or failed one of two attention
checks included in the survey. The first attention check required participants to spend at least 15 seconds on
the screen containing a 160-word description of precision fermentation manufacturing methods. The second
check required participants to select one option from a list of five possibilities. We also deleted observations
in which responses to text input questions were either non-sensical or repeated across multiple questions.
These responses were likely generated by inattentive participants or bots.

3.2 Information
To avoid using the term “cheese”, which the EU restricts to products made with mammalian milk, the

experiment refers to the animal-free dairy cheese product by the brand name “Legendairy” (see EU regulation
1308/2013). Respondents were provided an information script (contained in Appendix B) that outlined the
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production method. The information script advised participants that animal-free dairy cheese would taste
and behave the same as conventional cheese while having a lower carbon footprint.

3.3 Experiment

In the discrete choice experiment, participants faced ten different choice tasks. In each task, participants could
choose between six options: nut-based mozzarella, premium mozzarella, ball mozzarella, block mozzarella,
animal-free dairy (i.e. Legendairy) mozzarella, or not purchasing. A sample choice question is shown in
Figure 1. All cheese products weighed 200 g.

Cheese prices were drawn from a discrete set of prices, which are displayed in Table 1. These prices were
based on the range of cheese prices observed in UK supermarkets. As there is uncertainty about the eventual
retail price of animal-free dairy cheese, a wider range of prices was chosen for this product. We created 30
different choice tasks with prices randomly drawn from the discrete distribution of prices. Respondents were
shown ten random choice tasks from this set of 30.

As our primary focus is estimating market shares for different cheese types, the choice experiment did not
specify any product attributes other than the type of cheese (e.g. ingredients, brand, country of origin, and
environmental labels). When attribute levels are missing, respondents may make inferences about the levels
of missing attributes across different products (Islam et al., 2007; Kardes et al., 2004). The predicted demand
for animal-free dairy cheese will be understated (or overstated) if consumers infer that the animal-free dairy
product has negative (or positive) attributes that are not inherent in the product. For example, respondents
might derive positive utility from locally produced cheese and believe that premium cheese is more likely
to be locally produced than animal-free dairy cheese. In this case, respondents’ relative willingness to pay
for premium cheese relative to animal-free dairy cheese will be overstated if the two cheese types share the
same origin.

Which of the following would you choose? Each product weighs the same, 200g.

Vegan nut

based Basic Block Legendairy Premium If these
Mozzarella Supermarket Mozzarella Moarclia Mozzarella were the
£2.29 Mozzarella £2.09 #5139 £2.42 only

| == £2.23 options, |

- -
Cay

_ 1 H = | would buy
S U LS Rl =
Figure 1. Sample choice task.

Table 1. Distribution of cheese prices.

Product (200 g)

Set of prices (£)

Animal-free dairy mozzarella
Nut-based mozzarella
Premium mozzarella

Ball mozzarella

Block mozzarella

{2.39,3.70, 5.02, 13.50}
{2.29,3.09, 3.89}
(1.79, 2.42, 3.04}
(131, 1.77,2.23}
(1.61,2.09, 2.58}
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4. Data

Descriptive statistics of the data are contained in Table 2. The sampling scheme used four broad age quotas.
However, the distribution of the sample diverged from the population when more granular age categories
are considered (e.g., the number of 18-25-year-olds in our survey was below the proportion in the UK
adult population). All of our descriptive statistics and subsequent analyses employ weights that reflect the
age and gender of the UK population. Before completing the choice survey, respondents were asked if they
would consider purchasing animal-free dairy cheese: 65% of respondents said they probably or definitely
would, 22% said they might, and 14% said they would probably not or definitely not. In Table 2 we divide
the sample into those willing to purchase animal-free dairy cheese and those who are unwilling or unsure.
Zollman-Thomas and Bryant (2021) provide a deeper exploration of these descriptive statistics.

Table 2. Descriptive statistics.

Full sample Willingness to purchase animal-free dairy cheese

Unwilling/unsure Willing

Willing to purchase animal-free dairy cheese?

Definitely not 4.75% 13.5% 0%
Probably not 8.53% 24.3% 0%
Might or might not 21.8% 62.2% 0%
Probably yes 38.1% 0% 58.7%
Definitely yes 26.8% 0% 41.3%
Diet
Cheese consumption per month®  16.1 11.3 19.6%**
Vegan 1.71% 1.53% 1.83%
Vegetarian 4.62% 3.31% 5.55%*
Flexitarian/pescatarian 18.9% 9.82% 25.3%%**
Omnivore 72.3% 82.5% 65.2%***
Other diet (than the four above) 2.43% 2.80% 2.16%

Sociodemographic characteristics

Age 45.7 48.2 43.9%%**
Education® 3.12 3.15 3.09
Female 0.506 0.509 0.504
Income® 2.13 2.08 2.17
Liberal political orientationd 3.10 3.02 3.16%**
Urban index® 2.18 2.21 2 N S

Weighted mean values (or percentages) with standard deviations in parentheses. *, **, *** denote statistically significant differences
in mean values or percentages between the second and third columns at the 10%, 5%, and 1% levels.

8 Sum of consumption of hard mozzarella, soft mozzarella, ricotta, vegan cheese, soft cheese, hard cheese, blue cheese, and pre-grated
cheese. Respondents were asked to rate their consumption of each cheese on a six-point scale. We convert this into time eaten per
month in the following manner: 0=Never purchase or less than once per month; 2=Less than once per week; 8=1-3 times per week;
20=4—6 times per week; 30=every day.

b 1=Secondary School, 2=Sixth Form/College, 3=Some university, no degree, 4=Undergraduate degree, 5=Master’s degree,
6=Professional or doctorate degree.

¢ 1=Less than £25 000, 2=£25 000—49 999, 3=£50 000-74 999, 4= £75 000-99 999; 5=£100 000—124,999, 6=£125000 or more.

d 1=Lives in rural area, 2=Lives in town, 3=Lives in city.

¢ 1=Very conservative, 2=Somewhat conservative, 3=Moderate, 4=Somewhat liberal, 5=Very liberal.
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On average, respondents consume cheese 16 times a month. Higher levels of cheese consumption are
associated with a greater willingness to try animal-free dairy cheese. Of the respondents, 1.7% reported
having a vegan diet, 4.6% a vegetarian diet, and 18.9% a flexitarian diet (defined as making an effort to
only occasionally eat meat). Respondents’ food consumption is not always consistent with their stated diet:
84% of self-reported vegans eat cheese, although most consume it infrequently. Interestingly, vegetarians
or flexitarians are more willing to consume animal-free dairy cheese; however, vegans are not.

5. Model

Our primary analysis involves data from our choice experiment. To model consumer preferences, we assume
that the utility the ith individual receives from the jth type of cheese is,

MiJ(Pj, Z; ﬂi):ﬁo,iJ+ﬁ1pj+ﬂ2JZi+eiJa ()

where p denotes price; z denotes the individual-specific diet and sociodemographic variables listed in Table 2;
and P are parameters to be estimated. Allowing that the error term follows a Gumbel distribution, and the
individual receives zero utility from not purchasing a product, the probability of purchasing the jth cheese is
_ eXp(ui,j(pj’Zi;ﬁi))

1+, exp(u (23 B)) ©)

Pr; (choice = j,p,Z,»;ﬁ;)

where C is the set of all cheese types.

Without the individual subscripts on ), we could estimate equation 2 with a standard multinomial logit
model. However, this model assumes the independence of irrelevant alternatives. Under this assumption, the
introduction of a new cheese would have the same relative impact on the market share of all other cheeses.
In reality, the introduction of animal-free dairy cheese is likely to have a relatively greater impact on the
market shares of certain cheeses (e.g., nut-based cheese).

To relax this assumption, we allow the constant terms in each utility function to be randomly distributed
according to a multivariate normal distribution. This allows (though does not impose) a correlation in the
utility individuals receive from different cheeses. For example, individuals with stronger preferences for
animal-free dairy cheese could also have stronger preferences for nut-based cheese.

The mixed logit model is estimated by maximizing a simulated likelihood function. To estimate this likelihood,
we draw 500 sets of random coefficients from the multivariate distribution using a Sobel sequence. For each
draw, we calculate the probability that the individual makes their observed choices and average across these
probabilities. The individual simulated likelihood is

() =ﬁ 3% (I122, Pr; (choice = /7, p,.7;3 8, (2))) ©

where r indexes the draws, ¢ indexes the 10 choice tasks that each individual faces, j: denotes the actual
choice the individual made in the cth choice task, p . denotes the prices in the cth choice task, and Q denotes
the vector of parameters that determine the distribution of the coefficients in the data (i.e. this vector holds
the means of the random variables, the variance-covariance matrix, and the non-random parameters). These
individual likelihoods are then logged and summed together to obtain the overall log-likelihood. We use the
Apollo package in R to estimate the model (Hess and Palma, 2019).

5.1 Predicted market shares, elasticities, and marginal effects

After estimating the model, we contextualize our results by predicting market shares for each cheese type,
calculating the elasticity of these market shares with respect to prices, and computing the marginal effect
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of the explanatory variables on these market shares. We use the median prices in Table 1 as the base prices
for all our cheese types except animal-free dairy cheese, which we price at £3.00 per 200 g. Admittedly, the
eventual market price of animal-free dairy cheese is uncertain. The price will depend on the market power
of producers, the premium that consumers are willing to pay, and costs of production. To our knowledge, the
only animal-free dairy cheese currently available is a cream cheese priced at 10 USD (£7.51) for a 226 g unit
(Modern Kitchen, 2021). This price will likely decrease over time as more companies enter the market and
production costs fall. Considering the uncertainty around the price of animal-free dairy cheese, we examine
the sensitivity of our predicted market shares to changes in this price.

Predicted market shares are calculated by averaging across 500 draws of the random intercepts:

AN 1 N 1 500 . e = D A
MS (Q)= R %Zr:l Pr, (chmce =J,D:2:; B, ( Q)), )
where » indexes over the random draws, ,@, is the set of parameters including the rth random draw of
the intercepts, p is the vector of base prices, and N is the number of individuals in the data. For each
draw of the intercepts, we predict the probability individuals in the data would purchase each product,

Pr, (choice =7, D.Z;; ﬁ, ( f))), using equation 2. We then average across the draws and across the individuals

in our data to obtain the market share.

To obtain the elasticity of the market share of the ith product with respect to the price of the jth product,
we predict the market share of the ith product when the price of the jth product is 10% above its base price.
The elasticity is equal to the percentage change in the market share of the ith product relative to its market
share under the base prices divided by 10% (i.e. the percentage change in price).

The marginal effects of the explanatory variables (i.e. diet and sociodemographic characteristics) on market
shares are calculated numerically. For continuous variables, the marginal effect of the variable of interest is
the difference between the predicted market shares at the observed levels of the explanatory variables and
the predicted market shares with the variable of interest increased by one unit for all respondents (holding all
other variables constant). The marginal effect for binary variables is the difference between the market share
with the variable of interest set equal to one and the market share with the variable of interest set equal to zero.

We generate standard errors for market shares, elasticities, and marginal effects numerically. To estimate these
standard errors, we redraw the estimated coefficients (€) 500 times based on the estimated variance-covariance.
For each draw, we calculate the metric of interest using the procedure discussed above and take the standard
deviation of these predictions.

6. Results

The raw estimates from our model are contained in the supplementary appendix. To contextualize the results,
we focus on the share of consumers that are predicted to purchase each cheese type.

6.1 Predicted market shares

Figure 2 holds the predicted market shares conditional on purchase. In Figure 2a animal-free dairy cheese
is priced at £3.00 (per 200 g package), and in Figure 2b animal-free dairy cheese is priced at parity with
premium dairy cheese (£2.42 per 200 g package). At our base prices (Figure 2a), the conditional market
share of premium cheese is 27%. The conditional market shares of block, ball, and animal-free dairy cheese
are 22% each. Nut-based cheese has the lowest conditional market share at 6%. When priced at parity with
premium conventional cheese, the conditional market share of animal-free dairy increases by 11 percentage
points to 33%, with most of this increase in market share coming at the expense of premium cheese.
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Animal-free dairy:
Ball: Animal-free dairy: 33.2% (2.8%)

22.3% (1.3%) 22.4% (2.3%)

Ball:
20.3% (1.3%)

Nut-based:
< o - Nut-based:
6.6% (0.5%) ‘53% (0.5%)
Block:
22.1% (1.3%) Block:
ium: ) Premium:
Premium:
2600 (8o 19.9% (1.5%) 21.3% (1.5%)
(a) Animal-free dairy cheese (£3.00) (b) Animal-free dairy cheese (£2.42)

Figure 2. Predicted market shares (conditional on purchase). Standard errors are in parentheses. Based on the
following prices (for 200 g packages): ball cheese (£1.77); block cheese (£2.09); premium cheese (£2.42);
and nut-based cheese (£3.09).

The predicted market share of animal-free dairy cheese is considerably higher than the market share of
cultivated meat predicted by studies in Canada (Slade, 2018b) and the US (Van Loo et al., 2020). There are
three notable differences between our analysis and these two previous studies. First, we examine consumers in
the UK instead of North America. Preferences may differ between these regions, although Zollman-Thomas
and Bryant (2021) find little difference in willingness to try animal-free dairy cheese in the US and the UK.
Second, we examine preferences for animal-free dairy cheese as opposed to cultivated meat. As mentioned,
animal-free dairy cheese may be more acceptable due to differences in production practices (i.e. cellular
versus acellular methods) and because cheese is already considered a processed product. Third, our experiment
was conducted in 2020, after the previous two experiments were completed. In the period between these
studies, consumers may have become more comfortable with cellular agriculture or more motivated to
reduce livestock production.

A critical question in the study of livestock substitutes is the extent to which these products reduce the
consumption of livestock-derived products rather than being purchased by consumers who would otherwise
have purchased a different plant-based product or would have opted against purchasing. To address this
question, Figure 3 illustrates how the unconditional market shares for conventional dairy cheeses change
when nut-based cheese and animal-free dairy cheese are introduced to the market. Note that these market
shares differ from those in Figure 2 because they are not conditioned on purchasing a product (i.e. the
probability of no purchase is included).

Introducing nut-based cheese to the market (without animal-free dairy cheese) reduces the collective market
share of conventional cheeses by 6.9 percentage points. Conversely, it reduces the share of respondents who
do not purchase any cheese by just 0.8 percentage points. More than half of the market share for nut-based
cheese comes from consumers who would otherwise have purchased premium cheese.

The introduction of animal-free dairy cheese further reduces the share of conventional cheese by
14.0 percentage points. Over half of consumers who purchase animal-free dairy cheese would otherwise have
consumed premium cheese, and another quarter would have consumed ball or block cheese. The remaining
consumers would have purchased nut-based cheese (2.5 percentage points) or chosen the no purchase option
(1.2 percentage points).

Our findings echo past research that has examined patterns of substitution between livestock products and
plant-based alternatives, which has generally found that most of the demand for livestock alternatives comes
at the expense of animal-derived products (Bryant, 2022; Slade, 2023; Slade and Markevych, 2023). One
implication of these results is that the environmental impact of introducing animal-free dairy cheese depends
primarily on the difference between the environmental footprints of animal-free dairy and conventional dairy
rather than the relative footprints of animal-free dairy products and plant-based alternatives.
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. DPremium: 21.0% (1.2%)
Premium: 34.4% (1.5%) Premium: 30.2% (1.5%)

. Animal-free dairy: 17.7% (1.8%)
I Nut-based: 7.7% (0.5%)

I Nut-based: 5.2% (0.4%)
DBlock: 21.6% (1.1%) |:|Block: 20.0% (0.9%) DBlock' 17.4% (1.0%)

I:lBall: 20.9% (1.1%) |:|Ball: 19.9% (1.1%) DB"“’ 17.6% (1.0%)

No purchase: 23.1% (1.7%) No purchase: 22.3% (1.7%) No purchase: 21.1% (1.8%)

Figure 3. Unconditional market shares before and after the introduction of nut-based and animal-free dairy
cheese. Standard errors are in parentheses. The left-hand of the diagram illustrates the predicted market
shares without nut-based or animal-free dairy cheese. The middle panel of the diagram illustrates market
shares when nut-based cheese is introduced. The right-hand side illustrates market shares when animal-free
dairy cheese is introduced. Based on the following prices (for 200 g packages): ball cheese (£1.77); block
cheese (£2.09); premium cheese (£2.42); nut-based cheese (£3.09); and animal-free dairy cheese (£3.00).

6.2 Market share elasticities and the price of animal-free dairy cheese

To further understand the relationship between conventional cheese, animal-free dairy cheese, and nut-based
cheese, we calculate a set of market share elasticities, which are contained in Table 3. The own-price elasticities
range from -1.32 to -2.36. Demand for basic cheeses (block and ball) is considerably more inelastic than
demand for premium and vegan cheeses. Consistent with Figure 3, animal-free dairy cheese is more sensitive
to changes in the price of premium cheese than to changes in the price of block or ball cheese. Similarly,
premium and nut-based cheeses are more sensitive to changes in the price of animal-free dairy cheese than
to changes in the prices of other products. These elasticities provide additional evidence that animal-free
and nut-based cheeses are perceived as premium products.

As we discussed previously, there is considerable uncertainty about the price of animal-free dairy cheese.
Figure 4 plots market shares across a range of prices for animal-free dairy cheese. Consistent with the high
own-price elasticity in Table 3, the share of consumers who select animal-free dairy cheese ranges from 35%
when animal-free dairy cheese is priced at £2.00 per 200 g package to 0.09% when it is priced at £7.00 per
200 g. At moderately high prices, animal-free dairy cheese would capture a niche market. For example, at
£4.00 per 200 g package 7.5% of consumers would buy animal-free dairy. Although, at twice the price of
premium cheese (£5.00 per 200 g package) only 2% of consumers would purchase animal-free dairy cheese.
As expected, nut-based and premium cheese benefit the most from higher animal-free dairy cheese prices.

6.3 Diet and socio-demographic characteristics

As mentioned, our model contains diet and sociodemographic characteristics. These variables influence the
utility that individuals derive from each type of cheese (according to Equation 1). In Table 4 we report the
marginal effects of these covariates on the market shares of animal-free and nut-based cheese. The impact
of these covariates on the market share for other cheese types is contained in the appendix, along with the
raw estimates from the model.

Greater monthly cheese consumption is associated with a higher probability of purchasing both animal-free
dairy and nut-based cheese. One potential explanation for this result is that those with high cheese consumption
may be more worried about the ethical and environmental impact of their consumption decisions. Vegans,
vegetarians, and flexitarians are considerably more likely to purchase nut-based cheese. However, these diets
do not have a statistically significant impact on animal-free dairy cheese, suggesting that animal-free dairy
cheese appeals as much to omnivores as it does to those who actively reduce their livestock consumption.
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Table 3. Market share elasticities.

With respect to % change in the market share of

% changeinthe  Apjmal-free  Nut-based Premium Block Ball No purchase
price of dairy
Animal-free dairy —2.36 0.928 0.917 0.380 0.359 0.163
(0.184)"** (0.142)"** (0.080)"" (0.089)"*  (0.036)"™*  (0.038)""
Nut-based 0.282 -1.90 0.090 0.071 0.044 0.037
(0.036)"** (0.173)"** (0.024)"** 0.019"*  (0.009)"*  (0.006)""
Premium 0.880 0.284 —2.13 0.440 0.886 0.153
(0.099)"** (0.069)"** (0.200)"** (0.053)"  (0.068)""  (0.041)""
Block 0.263 0.162 0.317 -1.32 0.415 0.148
(0.035)"** (0.036)"™* (0.053)™" (0.096)*  (0.077)"™  (0.018)""
Ball 0.213 0.085 0.547 0.356 —1.43 0.139
(0.028)"** (0.016)"* (0.055)"** (0.053)"*  (0.100)"™*  (0.018)""
Standard errors are in parentheses. *, *, *** denote statistical significance at the 10%, 5%, and 1% levels. Based on the following

prices (for 200 g packages): ball cheese (£1.77); block cheese (£2.09); premium cheese (£2.42); nut-based cheese (£3.09), and
animal-free cheese (£3.00).

IS
S -
2
X
o | .
o | O\ emememm - Premium
g - Block
R Ball
B R | X e No purchase
<<
©
= =
e | Nut-based
N . .
i ] Animal-free dairy

I T I I T I T T
2 3 4 5 6 7 8 9

Price of animal-free dairy cheese (£/200g)

Figure 4. Predicted market shares as a function of the price of animal-free dairy cheese. Based on the
following prices (per 200 g package): ball cheese (£1.77); block cheese (£2.09); premium cheese (£2.42);
and nut-based cheese (£3.09).

Animal-free dairy cheese has a higher market share among those with higher incomes, rural residences, and
liberal orientations. The coefficients on income and political orientation are consistent with past research
examining demand for cultivated meat (Slade, 2018b); however, the coefficient on the urban index was
unexpected. Nut-based cheese has a higher market share among individuals who are younger, more urban,
and more liberal.

7. Welfare effects of higher cheese prices

Several commentators have suggested taxing livestock animal products in order to improve animal welfare
and decrease greenhouse gas emissions. Initially, the idea of taxing livestock was mainly driven by animal
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Table 4. Marginal effects of individual characteristics on market shares.

Animal-free dairy Nut-based
Diet
Cheese consumption? 0.036 (0.006)"** 0.008 (0.001)"**
Vegan® —0.001 (0.054) 0.618 (0.037)™"
Vegetarian® 0.063 (0.039) 0.116 (0.025)"*"
Flexitarian® 0.045 (0.036) 0.078 (0.015)"*"
Sociodemographic
Age —0.003 (0.012) —0.015 (0.006)""
Education —0.005 (0.011) —0.002 (0.003)
Female —0.043 (0.035) 0.007 (0.008)
Income 0.033 (0.012)"*" 0.001 (0.003)
Urban index -0.021 (0.010)"" 0.009 (0.003)"**
Liberal orientation 0.027 (0.014)" 0.009 (0.003)"*

Standard errors are in parentheses. For continuous variables, the marginal effect is reported. For binary variables, the effect of a
discrete change is reported. Standard errors are in parenthesis. *, **, *** denote statistical significance at the 10%, 5%, and 1% levels.
Based on the following prices (per 200 g package): ball cheese (£1.77); block cheese (£2.09); premium cheese (£2.42); nut-based
cheese (£3.09); and animal-free dairy cheese (£3.00).

2 Number of times consumed per month.

b Relative to omnivore/other diet.

welfare concerns (Blackorby and Donaldson, 1992; Harvey and Hubbard, 2013; Lusk, 2011). Kuruc and
McFadden (2021) estimate that the social cost of animal agriculture on animal welfare is much greater than
its environmental cost, which suggests that a Pigouvian livestock tax is more justifiable on animal welfare
grounds than on environmental grounds.

However, most of the recent interest in livestock taxes is rooted in concerns about GHG emissions. Although
many countries place a price on GHG emissions, none have extended this price to cover emissions from
livestock products (World Bank, 2022). One notable exception is the government of New Zealand, which
recently announced its intention to tax emissions from farm animals (McKenzie, 2022). In the UK, large
GHG emitters must purchase emission allowances on an emissions trading system. In 2022, the price of
carbon in the UK’s biweekly auctions averaged £70 per ton of CO, equivalent (CO,e) (data available at
https://www.theice.com/emissions/auctions/uk-emission-allowances).

The impact of extending carbon taxes to livestock emissions has been examined in a number of different
studies (Bonnet ef al., 2018; Caillavet et al., 2016; Slade, 2018a; Sall and Gren, 2015). In a survey of this
literature, Bonnet et al. (2020) find that applying contemporaneous carbon prices to livestock products
would reduce agricultural emissions by between 2—8%, depending on the level of taxation and the country
being considered.

In this section, we simulate how higher prices for dairy cheese (such as those that might result from a
livestock tax) would impact market shares and consumer welfare. As our survey only considers mozzarella
cheese, we are not able to provide a complete analysis of how a livestock tax would impact overall
cheese consumption. This tax would increase not only the price of mozzarella cheese but also the price of
other cheeses and livestock products. However, Revoredo-Giha et al. (2018) estimate a low cross-price
elasticity between cheese and other livestock products in the UK, and Bouhlal ez al. (2013) find a similarly
low elasticity between mozzarella and other cheeses in the US (we could not find a study of demand for
cheese varieties within the UK). This suggests that our analysis may closely approximate the impact of
livestock taxes on demand for mozzarella.
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In our simulation, we examine price increases of between £0.05 and £0.25 per 200 g package, which are
applied equally to all conventional dairy cheeses. For reference, a carbon price of £75 per ton of CO,e (the
average price in the UK in 2022) would correspond to an increase of £0.09 for a 200 g package of cheese,
based on an emission factor of 6.135 kg of CO,e per kg of cheese (the average of the two estimates for
mozzarella cheese that are contained in Appendix A). We note that emissions from energy production, the
primary source of emissions from animal-free dairy products, are already covered by the UK’s carbon price.

We consider two different market scenarios: one in which animal-free dairy cheese is not available and another
in which it is available. We calculate (unconditional) market shares using the same procedure that was used
to generate Figures 2 and 3. The change in consumer welfare is calculated as the utility consumers receive
from their most preferred option (see equation 1), divided by the estimated coefficient on price in our base
model, which provides a money-metric utility measure. The results are contained in Table 5.

Across both scenarios, higher prices of dairy cheese result in lower market shares for dairy cheese and a
decrease in consumer welfare. However, the presence of animal-free dairy cheese modifies both of these
results. The reduction in the market share of dairy cheese is 80% greater when animal-free dairy cheese is
available, as consumers are more willing to give up conventional cheese if they can switch to a close substitute.
Furthermore, the change in consumer welfare is approximately 20% lower when animal-free dairy cheese is
available. There are two reasons for the moderation in consumer harm. First, consumers who purchase
animal-free dairy cheese at the base prices are not affected by an increase in the conventional cheese price.
Second, some consumers who purchase conventional cheese at the base prices would switch to animal-
free dairy cheese when prices increase. This implies that their welfare loss is less than the price increase (if
it were not, then they would purchase the conventional cheese despite the price increase).

The simulation results suggest that the presence of animal-free dairy cheese could make livestock taxes
more effective and less socially costly. However, the results in Table 5 can be viewed from another angle.
Without animal-free dairy cheese, dairy prices would need to increase by over £0.25 per 200 g to achieve a
2.36 percentage point reduction in the share of consumers who purchase dairy cheese. If taxes are based on
GHG emissions, such a price increase would be equivalent to a carbon price of £200 per ton of CO,e (based
on an emissions factor of 6.135 kg of CO,e per kg of cheese). Furthermore, this estimate is likely an upper
bound on the true impact of carbon prices, as we do not account for the impact of carbon prices on the price
of substitute goods. In contrast, the introduction of animal-free dairy cheese reduces the conditional market
share of dairy cheese by 14 percentage points (see Figure 3), without any change in the price of dairy cheese.

Table 5. Effect of increased dairy cheese prices

Change in dairy Without animal-free dairy cheese With animal-free dairy cheese
cheese price (per Change in dairy Change in Change in dairy Change in
200 g) cheese share consumer cheese share consumer
(pp)* welfareP (pp)? welfareP
£0.05 —0.462 —£0.037 —0.839 —£0.030
£0.10 —0.930 —£0.074 —1.68 —£0.059
£0.15 —1.40 —£0.110 —2.53 —£0.088
£0.20 —1.88 —£0.146 —3.39 —£0.116
£0.25 —2.36 —£0.182 —4.25 —£0.144

The predictions in the table use the following base prices (for 200 g packages): ball cheese (£1.77); block cheese (£2.09); premium
cheese (£2.42); nut-based cheese (£3.09); and animal-free dairy cheese (£3.00).
@ Percentage point (pp) change in the unconditional market share of premium, block, and ball cheese.

b The change in the utility an individual receives from their most preferred option, divided by the coefficient on price.
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8. Conclusion

In this paper, we examine consumer demand for animal-free dairy cheese in the UK using a hypothetical
discrete choice experiment. Our primary finding is that a significant minority of consumers are willing to
adopt animal-free dairy cheese if it is priced competitively with conventional dairy cheese: animal-free dairy
has a conditional market share of 22% when priced at a 25% markup relative to premium dairy cheese.
When animal-free dairy cheese is priced at parity with premium dairy cheese, this market share increases to
33%. However, most consumers are unwilling to pay a substantial premium for animal-free dairy cheese,
with market shares falling to 2% when the price of animal-free dairy cheese is twice the price of premium
dairy cheese. These predicted market shares demonstrate that a viable market exists for animal-free dairy
cheese if the industry is able to create a product that is competitive with conventional dairy cheese in terms
of both taste and price.

Our research also speaks to the common suspicion that demand for alternative proteins comes at the expense
of other plant-based products. In fact, three-quarters of those who buy animal-free dairy cheese would have
purchased conventional cheese if animal-free dairy was unavailable. Notably, most of the market share for
animal-free dairy cheese comes at the expense of premium cheese. The potential loss in market share from
animal-free dairy cheese is a significant threat to the UK dairy industry. To better compete with animal-free
dairy cheese, the dairy industry might consider marketing products with enhanced animal welfare and
environmental attributes, two of the major selling points for animal-free dairy cheese.

We also find that the two types of non-animal cheese (animal-free dairy and nut-based cheese) are imperfect
substitutes. Although the introduction of animal-free dairy cheese reduces the market share of nut-based
cheese, both products maintain a viable market share across all our pricing scenarios — albeit nut-based
cheese has less than 1/3 of the market share of animal-free dairy cheese at our base prices. These market
shares suggest that animal-free and nut-based cheese appeal to somewhat different sets of consumers and
can co-exist in the same market. Taste has previously been identified as one of the barriers to the adoption
of nut-based cheese and may explain the substantially higher market share for animal-free dairy cheese.

From the perspective of public policy, the availability of animal-free dairy products attenuates the welfare
losses from increased dairy cheese prices, which could make it more politically palatable to enact a tax on
livestock products. However, higher prices have a relatively muted impact on market shares for livestock
products compared to the impact of introducing animal-free dairy cheese. Our findings suggest that continued
public investment in the development of livestock alternatives and a hospitable regulatory environment may
be more effective in reducing livestock emissions than a tax on livestock products.

To our knowledge, we have provided the first estimates of the potential market share for animal-free dairy
cheese. As such, there is considerable scope for future work in this area. Given that our primary goal in
this paper was to understand the potential market share for animal-free dairy cheese, we did not examine
consumers’ motivations for choosing animal-free dairy products. Future work is needed to uncover these
underlying determinants of demand, which might include dietary restrictions (e.g., lactose intolerance) and
concerns for animal welfare and the environment. Conversely, food neophobia may inhibit consumption of
animal-free dairy products.

Adoption of animal-free dairy cheese might also depend on product characteristics that are omitted from our
experiment. For example, consumers may feel more comfortable purchasing a novel product if it is marketed
by a known brand. Conversely, conventional dairy producers may be able to cut into the market share of
animal-free dairy products through product labelling that highlights enhanced attributes in dairy products
(e.g. organic certification or place-based labelling).

Our analysis is also limited in geographic and product space; we only consider the market for mozzarella
cheese in the UK. Animal-free dairy is currently marketed in limited quantities in ice cream, spreadable
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cheeses, and beverages. It would be interesting to explore how consumer preferences vary across these
product categories. Additionally, dairy products have various cultural and culinary functions across different
countries. Further research is needed to better understand the potential for animal-free dairy to be adopted
in these distinct consumption contexts.

The predicted market shares in this paper are generated through a hypothetical experiment, as animal-free
dairy cheese is not yet available for purchase. Although consumers were asked to make decisions as they
would in an actual purchase context, such experiments are subject to hypothetical biases (Louviere et al.,
2000). Furthermore, our experimental instructions may be an imperfect replacement for the sensory experience
of consuming the product; while respondents were told that animal-free dairy cheese would taste the same
as conventional dairy cheese, some individuals may have harbored doubts about the sensory appeal of
the product. Our results should be re-examined using non-hypothetical experiments and sales data when
animal-free dairy cheese is available for purchase.
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Appendix A
Overview of emissions factors from cheese production

Table A1. Emission factors for cheese

Study Country and product Emissions factor?
On-farm Total
Berlin (2002) Semi-hard cheese in Sweden 8.30 8.69
Berners-Lee ef al. (2012) Cheese in the United Kingdom 12.12 12.35
Dalla Riva et al. (2017) High-moisture mozzarella in Italy 5.54 6.27
Finnegan et al. (2017) Cheese in Ireland 4.68 5.90
Flysjo et al. (2014) Cheese in Denmark 6.00 6.50
Kim et al. (2013) Mozzarella in United States 6.71 7.28
Van Middelaar et al. (2011) Semi-hard cheese in the Netherlands 7.50 8.47

2 kg of CO,e per kg of retail product. Does not include emissions past the processor (i.e. retailing and home consumption).

Appendix B
Information provided to survey respondents

Participants were provided the following information about the production method and taste of animal-free
dairy cheese:

Legendairy foods is launching a new mozzarella product, made without any animals involved. Instead of
relying on cows for milk, Legendairy uses a process similar to that of beer or soy-sauce production where
microorganisms produce the ingredients. The main ingredients of traditional cheese are the proteins whey
and casein — these are what the microorganism makes. To begin this process, the part of cow DNA that
makes milk proteins is copied and inserted into the microorganisms’ genes. Through fermentation, these
microorganisms start to produce proteins, just the same as the proteins a cow would make. These proteins
are collected from the microorganisms and turned into products such as mozzarella. Legendairy mozzarella
production doesn’t involve any animals (nor the antibiotics that animals are often fed), doesn’t contain
lactose, has a much lower carbon footprint than regular cheese and it tastes and behaves exactly the same
as regular mozzarella.
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