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Abstract
To achieve deep decarbonisation, the design of climate policy needs to account for con-
sumption choices being influenced not only by pricing but also by social learning. This 
involves changes that pertain to the whole spectrum of consumption, likely involving 
shifts in lifestyles. In this regard, it is crucial to consider social learning not only in the 
short term but also slower and longer-term cultural change. Against this background, we 
analyse the interaction between climate policy and cultural change, focusing on carbon 
pricing. We extend the notion of “social multiplier” of environmental policy derived in 
an earlier study to the context of multiple consumer needs while allowing for behavioural 
spillovers between these, giving rise to a “cultural multiplier”. We develop a model to 
assess how this multiplier contributes to the effectiveness of carbon pricing. Our results 
show that the cultural multiplier stimulates a greater reduction in emissions compared to 
fixed preferences and the social multiplier. These findings are also good news for policy 
acceptance since the cultural multiplier greatly increases the effectiveness of a carbon 
price, meaning a lower price suffices for a given emissions-reduction goal. At high carbon 
prices, the distinction between social and cultural multiplier effects diminishes, as the 
strong price signal drives even resistant individuals toward low-carbon consumption. By 
varying economic and social conditions, such as substitutability between low- and high-
carbon goods, social network structure, proximity of like-minded individuals, diversity of 
consumption lifestyles, and heterogeneity of preferences, the model provides insight into 
how cultural change can be leveraged to secure maximum effectiveness of climate policy.

Keywords  Carbon pricing · Endogenous preferences · Social networks · Agent-based 
modelling

1  Introduction

To achieve the deep decarbonisation required to meet emissions targets, consumption 
changes are needed across the board, i.e. applying to all goods, services and hence produc-
tion sectors. This may involve a shift in lifestyles (Girod et al. 2014). As part of this, there 
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can be spillovers (Lanzini and Thøgersen 2014; Truelove et al. 2014) between distinct con-
sumption categories, such as following a vegetarian diet having positive spillovers on travel 
and housing consumption choices in individuals who hold strong pro-environmental values 
(Andersson and Nässén 2022). To better understand the mechanism and implications, we 
develop a model that connects a multiple consumption category module to a social network 
module and assess how a carbon price induces decarbonisation. We focus on carbon pricing 
because of its widespread implementation in countries – think of the EU-ETS (covering 31 
countries) and carbon taxes in the UK and Sweden – its prominence in the literature on cli-
mate policy (Köppl and Schratzenstaller 2023; Döbbeling-Hildebrandt et al. 2024), and its 
flexibility in addressing heterogeneity in emissions intensity and reduction options through 
a systems-based approach (Baranzini et al. 2015).

Low-carbon consumption choices are influenced by a multitude of factors, not just pric-
ing (Wang et al. 2021). Social norms (Davis et al. 2018), the framing of a carbon tax (Hart-
mann et al. 2023) or similarities in low- and high-carbon alternatives, can play significant 
roles. For example, individuals may perceive low-carbon goods such as electric vehicles 
(EVs) to be less substitutable because of different technological characteristics, seen in phe-
nomena such as range anxiety where individuals are concerned their vehicle will run out 
of power before their destination (Pevec et al. 2020). More broadly, a growing body of 
empirical literature analyses the role of social learning in shaping environmentally relevant 
behaviours, such as electric vehicle adoption (Cui et al. 2021; Yang and Chen 2021; Bhat et 
al. 2022), rooftop solar panel uptake (Bollinger and Gillingham 2012; Liu et al. 2023), use 
of public transport and bicycles (Clark and Scott 2013; Kim et al. 2018) and vegetarian or 
plant-based diets (Nezlek and Forestell 2020). A takeaway from this literature is the need 
to include social influence processes when analysing the effectiveness of climate policy in 
driving shifts towards relevant low-carbon behaviours.

This paper contributes to the limited literature on carbon pricing with endogenous prefer-
ence changes. The model proposed in Mattauch et al. (2022) studies the impact of carbon 
pricing which directly affects preferences for clean goods. This is described as a crowding-
in (greater consumption of clean good) or -out (greater consumption of dirty good) effect of 
carbon pricing. Konc et al. (2021) study the role of direct and indirect effects of carbon pric-
ing, through price and social influence mechanisms. Their focus centres on the impact of the 
social interactions on climate policy effectiveness, defined as a “social multiplier” (Glaeser 
et al. 2003; Konc et al. 2021). The social multiplier leads to additional decarbonisation, for 
the same carbon price. One interpretation is that individuals misinterpret observed changes 
in consumption as shifts in preferences rather than responses to price changes. It specifically 
captures how individuals adjust their consumption in a specific category (e.g., transport) by 
observing neighbours’ behaviour in that same category.

To study large-scale shifts in consumption behaviours due to repeated and cumulative 
social interactions, we conduct our analysis through the lens of cultural change (Davis 
et al. 2018, Kaaronen and Strelkovskii 2020, Sovacool and Griffiths 2020). Building on 
computational models of cultural change (Epstein and Axtell 1996; Axelrod 1997; Kuper-
man 2006; Torren-Peraire et al. 2024), we study how long-term preference dynamics may 
affect decarbonisation. This involves a focus on long-term change as decarbonisation of 
lifestyles requires coordinated shifts across multiple areas of consumption, rather than a 
simple one-off behavioural switch such as buying an electric vehicle. This systemic change 
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may develop gradually over multiple decades. Therefore, we consider model dynamics over 
a multi-decade period, which is in line with many national net-zero targets.

In this article, we extend the social multiplier concept to the case of social learning 
across multiple consumption categories (e.g. transport, food, tourism), leading to a “cultural 
multiplier”. Individuals evaluate the overall pro-environmental orientation of their peers. 
Thus, rather than focusing on isolated behaviours, individuals influence each other through 
imitation of lifestyles, composed of multiple consumption choices. As such, the cultural 
multiplier describes an identity-based process of preference change across consumption 
categories. In contrast to previous economics literature on the interaction of culture and the 
environment (Schumacher 2015; Bezin 2019), we choose not to take a generation-based 
modelling approach due to the limited timeframe over which decarbonisation must occur, 
e.g. EU net-zero by 2050 target. However, in a similar fashion to Schumacher (2015) we 
model how the emergence of pro-environmental culture can stimulate greater decarbonisa-
tion in a positive feedback loop.

A key component in determining the dynamics of socially informed preferences is the 
structure of the network within which social interactions occur. This structure not only affect 
social learning but also shapes how external shocks, such as governments implementing 
carbon pricing, propagate through the network, potentially inducing contagion and tipping 
dynamics (Granovetter 1978; Orléan 1995; Watts 2002; Banerjee et al. 2013). Individuals 
with a high socioeconomic status (Nielsen et al. 2021), who tend to occupy central positions 
in social networks, can generate social tipping points for decarbonisation, for example as 
seen in the diffusion of solar energy (Bollinger and Gillingham 2012; Bollinger et al. 2020). 
However, if their preferences are not consistently aligned with decarbonisation goals they 
may also inhibit a rapid transition to low-carbon alternatives through their sustained high-
carbon consumption (Mattioli et al. 2023).

Our central research question is: How does cultural change moderate the effectiveness 
of carbon pricing. In pursuit of this goal, we explore the following sub-questions: Is the 
cultural multiplier similar in size to the social multiplier? And what are the socioeconomic 
characteristics affecting the magnitude of the cultural multiplier? Regarding the latter, we 
will consider substitutability between low- and high-carbon goods, social network structure, 
proximity of like-minded individuals in a social network, and diversity of lifestyles.

Our results show that the cultural multiplier enhances the effectiveness of carbon pricing, 
especially at low price levels relative to the social multiplier and fixed preferences as it lever-
ages faster consensus formation. However, this effect diminishes at high carbon price levels, 
where the strength of the price signal overrides social interactions and cultural change. We 
further find that the cultural multiplier becomes stronger when low- and high-carbon goods 
are more substitutable, when lifestyles involve a greater number of consumption categories, 
and when individuals are embedded in diverse networks with low homophily. Additionally, 
greater expenditure inequality leads to higher emissions while the progressive redistribu-
tion of carbon pricing revenues can mitigate this effect. Overall, these findings suggest that 
policymakers can increase emissions reduction by carbon pricing through complementing 
it with interventions that foster pro-environmental identities cultivating a broader vision of 
low-carbon lifestyles, in turn leveraging the cultural multiplier.

The remainder of the paper is organised as follows. In Sect. 2, we formulate the model of 
market processes, social network interactions, cultural change, and climate policy. In Sect. 
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3, we analyse the strength of the cultural multiplier, compare it to the social multiplier, and 
explore which socioeconomic factors shape its size. Section 4 concludes.

2  The Model

2.1  Conceptual Approach

We construct a model of individuals’ consumption behaviour subject to a carbon price. To 
capture the interaction of endogenous preference driven by social interactions and climate 
policy we use an agent-based model (ABM). Individuals act as utility-maximising agents 
with heterogeneous preferences for low-carbon goods that evolve through social imitation.

Figure 1 provides a schematic overview of the model. The yellow boxes represent the 
market modules that include the expenditure, low-carbon preferences the consumption 
choices of individuals. These choices are constructed from the utility function subject to a 
budget constraint. Stacked boxes indicate that consumption and emissions occur in multiple 
sectors, such as energy, transport or food. The blue boxes represent the social imitation 
module of the model which produces dynamic preferences for low-carbon consumption via 
social interactions. The grey stacked box indicates the multiple individuals that compose the 
social network. Individuals’ consumption choices produce emissions each time step which 
contribute to network-wide cumulative emissions, shown in the red boxes. Lastly, the green 
boxes represent the climate policy module, capturing the role of carbon pricing in guiding 
the social network towards low-carbon consumption. Specifically, a carbon price applied 

Fig. 1  Model structure. Blue boxes capture the social interactions; yellow the preference dynamics and 
consumption choices; green the climate policy; and red the carbon emissions. Arrows indicate the direc-
tion of influence. Grey stacked boxes indicate multiple individuals whilst coloured stacked boxes show 
multiple consumption categories
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to consumption across all the different categories influences high-carbon good prices and 
produces revenues which are redistributed as a lump sum. 

2.2  Market Module

The model employs a constant elasticity of substitution (CES) utility function where 
individuals have preferences for low- and high-carbon alternatives. Highly substitutable 
goods such as energy, where the source has little impact on utility, have strongly non-linear 
responses to price changes or a given preference between alternatives. However, to answer 
the main research question of how carbon pricing is affected by cultural change requires 
representing consumption habits across multiple human needs, i.e. lifestyle (Foramitti et 
al. 2024). To capture this, we extend the CES function to multiple consumption categories 
which results in a nested CES or NCES utility function. Individuals’ make choices of con-
sumption quantities between low- L and high-carbon H  goods across multiple consumption 
categories m, for a total of M  categories. In the model at each discrete time step t, indi-
viduals, denoted by index i, maximize their utility based on their preference for low-carbon 
goods, At,i,m, subject to a budget constraint imposed by individuals’ expenditure B. The 
utility is given by a NCES function with two levels (Sato 1967) as in Eq. 2. At the top 
level, we represent different consumption categories, while on the second level (within each 
category) are low- and high-carbon goods alternatives (Konc et al. 2021; Mattauch et al. 
2022), Lt,i,m and Ht,i,m with substitutability between each of the two alternatives denoted 
by σ. Between categories, there is a further preference parameter for consumption am where ∑M

m=1 am = 1 and substitutability across categories ν. 

	
max

L1,...,LM ,H1,...,HM

U(L1, ..., LM , H1, ..., HM , a1, ..., aM , A1, ..., AM , σ1, ..., σ, ν)� (1)

	
Ut,i =

(
M∑

m=1

am

(
At,i,mL

σ−1
σ

t,i,m + (1 − At,i,m)H
σ−1

σ

t,i,m

) σ(ν−1)
(σ−1)ν

) ν
ν−1

,� (2)

To reduce model complexity, for each individual i we assume the preference parameter 
between categories am, e.g. the preference for transport over energy consumption, is fixed 
and there is equal weighting of consumption categories 

∑M
m=1 am = 1. Utility maximisa-

tion is subject to a budget constraint, where individuals buy low- and high-carbon goods 
with prices PL,m and PH,m respectively. These prices do not change over time and consist 
of a base price and an additional carbon price, see Sect. 2.4. It is assumed that low-carbon 
goods are not subject to the carbon price. The base price of low- and high-carbon goods are 
PL,m, PB,H,m = 1. This assumption of price parity for low and high-carbon goods may 
not hold for all sectors, such as internal-combustion engine versus electric vehicles, but 
for other choices, such as vegetarian versus meat-based diet low-carbon alternatives can be 
cheaper. If a higher price for low carbon goods is assumed, then the required carbon price 
for the same emissions reduction would be higher. Additionally, the social and cultural mul-
tipliers would act as a lock-in mechanism of high-carbon preferences for those carbon tax 
values that are below price parity. 
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B =

M∑
m=1

Lt,i,mPL,m + Ht,i,mPH,m.� (3)

From the Lagrangian first-order conditions for the system we derive demand relationships 
for the low- and high-carbon alternatives for all consumption categories as functions of 
preferences, prices and degrees of substitution (see Appendix A). The demands for high- 
and low-carbon goods are given by, 

	
Ht,i,m =

Bχt,i,m

Zt,i
� (4)

 

	
Lt,i,m =

BΩt,i,mχt,i,m

Zt,i
� (5)

Here Ωt,i,m is the ratio between low- and high-carbon good quantities, χt,i,m captures the 
relative weighting of consumption between different categories, and Zt,i is a normalisation 
term. They are defined as: 

	
Ωt,i,m = Lt,i,m

Ht,i,m
=

(
PH,mAt,i,m

PL,m(1 − At,i,m)

)σ

� (6)

	
χt,i,m =

(
amAt,i,m

PL,mΩ
1
σ

t,i,m

)ν (
At,i,mΩ

σ−1
σ

m + 1 − At,i,m

) ν−σ
(σ−1)

� (7)

	
Zt,i =

M∑
p=1

χt,i,p(Ωt,i,pPL,t,p + PH,t,p)� (8)

2.3  Social-Imitation Module

This module is closely adapted from the one proposed in Torren-Peraire et al. (2024), which 
in turn is derived from DeGroot (1974). Individual preferences for low-carbon consumption 
evolve due to social imitation of neighbours’ consumption behaviour. A social network is 
introduced to represent the context within which this process occurs. The network is com-
posed of N  individuals i, each with ego networks Ni, which interact with each other each 
time-step t. Future preferences are a weighted average of current preferences At,i,m and 
an external social imitation influence of others’ low-carbon consumption behaviour Ct,i,m: 

	
At+1,i,m = (1 − ϕm)At,i,m + ϕm

Ni∑
j=1

αt,i,jCt,j,m,� (9)
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How sensitive an individual’s preferences are to social influence is mediated by the social 
susceptibility parameter ϕ ∈ [0, 1]. The parameter αi,j  captures how much individual i 
values the opinion of neighbouring individual j. The initial preferences for low-carbon 
consumption across multiple consumption categories A0,i,m are generated using a Beta 
distribution in the interval [0, 1]. This distribution is defined by two shape parameters (a, b) 
that dictate skewness and polarisation among sampled values. Of particular interest is its 
flexibility to approximate very different distributions, such as uniform and pseudo-normal. 
We set the similarity between an individual’s initial preferences for low-carbon consump-
tion across different categories using an initial coherence parameter, c ∈ [0, 1], where the 
case of c = 0 represents an individual whose preferences do not align with each other. Fol-
lowing Konc et al. (2021), individuals copy the proportion of neighbours’ consumption that 
is low-carbon: 

	
Ct,j,m =

Lt,j,m

Lt,j,m + Ht,j,m
.� (10)

In the model, the consumption behaviours of neighbours in the social network are not taken 
into consideration equally leading to a lack of global preference convergence (Dandekar et 
al. 2013). Instead, individuals strive for greater homophily through weighted social imita-
tion. To model this we follow Axelrod (1997), where past interactions between pairs of 
individuals leads to stronger future interactions. The intensity of these interactions between 
individuals, αt,i,j , is the channel through which the social and cultural multiplier are 
distinguished.

To highlight the role of environmental identity as a mechanism for behavioural spillovers 
in consumption, consider two individuals: Alice and Bob. Each evaluates the others’ con-
sumption behaviour across three consumption categories: food, transport, and energy. Alice 
is a vegetarian and thus has a strong low-carbon preference for the consumption category 
food (A1 = 1) but is relatively indifferent towards low-carbon consumption of other catego-
ries (e.g., A2 = A3 = 0.5). Bob has mild low carbon preferences regarding all consumption 
categories (e.g., A1 = A2 = A3 = 0.45). In the case of the social multiplier, influence is 
category specific, thus Bob may pay attention to Alice’s behaviour in transport and energy 
consumption. However, in the case of food consumption, Bob ignores Alice’s behaviour. In 
the case of the cultural multiplier, things work differently. Here Bob considers the similar-
ity in environmental identity between themselves and Alice, considering their proximity in 
preferences across multiple consumption categories (see Eq. 13). Bob pays less attention 
to Alice in transport and energy categories but considers their food choices. Over repeated 
social interactions, Alice influences Bob towards a more low-carbon preference in food 
which would have been ignored under the social multiplier scenario. In this fashion, selec-
tive imitation based on environmental identity at the individual level acts as a mechanism 
for generating cohesion in consumption across the entire social network.

For our model of the cultural multiplier, we assume that the preferences of individuals 
for low-carbon goods are not observable, instead, these must be inferred through observing 
actual consumption choices. The social multiplier of climate policy may be characterised as 
a misinterpretation of consumption change (from increased price) as a preference change. 
The result of this misinterpretation is that for a given carbon emission target a lower carbon 
price is required. Alternatively, the actual decarbonisation effect exceeds the one predicted 
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by fixed preference models of Pigouvian taxes, as the policy induces preference change 
(Koessler et al. 2021). Given the importance of imitation, in Appendix B we study how 
greater substitutability between goods leads to a more non-linear relationship between pref-
erences and consumption shares.

We now formulate the social and cultural multipliers in the model by specifying the 
weighting matrices that determine how strongly an individual imitates each neighbour. Both 
are modelled using a softmax function (Konc and Savin 2019) such that the interaction 
strength of individuals with all their neighbours is normalised, with greater similarity in 
preferences or environmental identity resulting in stronger interactions. A confirmation bias 
θ modulates how open individuals are to imitating the behaviour of neighbours with differ-
ent preferences or environmental identity. The social multiplier is represented via a weight-
ing matrix αSM

t,i,j,m where individuals evaluate their similarities with neighbours separately 
for each of their m consumption categories, making its structure one-dimensional in line 
with Konc et al. (2021), 

	

αSM
t,i,j,m = e−θ|At,i,m−At,j,m|

Ni∑
j ̸=i

e−θ|At,i,m−At,j,m|
.
� (11)

This can result in individuals paying varying amounts of attention to a neighbour’s consump-
tion behaviour depending on the consumption category. By contrast, interaction strength in 
the cultural multiplier takes a multiple consumption category approach, where similarity 
in environmental identity is used. A simplified version of the identity model developed in 
Torren-Peraire et al. (2024) is implemented here. It defines the environmental identity of an 
individual as the average of their preferences for different categories of low-carbon goods. 
This model provides an indirect mechanism for spillovers, through which a greater pro-
environmental identity can make green behaviours more likely (Van der Werff et al. 2014). 
The social network weighting matrix in the cultural multiplier case, αCM

t,i,j , is given by, 

	

αCM
t,i,j = e−θ|It,i−It,j |

Ni∑
j ̸=i

e−θ|It,i−It,j |
,
� (12)

Based on the environmental identity distance of Ni neighbours, 

	
It,i = 1

M

M∑
m=1

At,i,m.� (13)

A shift towards pro-environmental identities not only requires a change in one category of 
consumption, such as the growing popularity of a vegan diet, but coordination across mul-
tiple consumption categories in a low-carbon direction. This results in preference change 
producing a slower, longer-term cultural change.

Social influence between individuals is facilitated in the model via a social network. The 
specification of the network can be adapted to capture the relevant context in terms of con-
sumption category (e.g., more or less conspicuous) and medium of social interaction (e.g., 

1 3



The Cultural Multiplier of Climate Policy

face-to-face, word of mouth, online, or geographical). We consider three unique network 
structures, each with differing degree distribution: Small-world, SW (Watts and Strogatz 
1998), Stochastic block model, SBM (Holland et al. 1983), and Scale-free, SF (Albert and 
Barabási 2002), see Fig. 2. 

The SW model represents physical (offline) social networks where people form densely 
connected clusters of friends with short paths between these clusters, representing social 
mobility (studies abroad, relocation for a new job) or people occasionally migrating. This 
results in a network with simultaneously high clustering and short mean path length produc-
ing the small world property. The SBM allows for the representation of clustered groups of 
nodes that have higher connection density within blocks than between them. In the model, 
we consider how the dichotomous relationship between two blocks can affect decarbonisa-
tion across the entire network. This network structure facilitates the study of consumption 
decarbonisation in loosely linked communities, such as rural versus urban settings. For the 
SF network, the use of a growing network with preferential attachment generates a degree 
distribution that follows a power law. This results in a handful of nodes having a high 
number of connections whilst most have few, such as in online social networks. This net-
work structure may be used to study the role of individuals with high socioeconomic status 
(Nielsen et al. 2021). Specifically of interest is how a central hegemony of low- or high-
carbon consumption in the highest degree nodes may tip the rest of the system due to their 
far-reaching social influence.

We assume that network structures remain fixed over time but allow for dynamic strength 
of connections enabling agents to ignore individuals with very different preferences within 
their neighbour network. This choice allows to reduce model complexity as we do not have 
to include a mechanism for deciding the process of re-wiring social connections. This sim-
plification has the benefit of preserving the properties of the network types considered; 
Watts-Strogatz (small-world), Barabasi-Albert (scale free) and stochastic block model net-
works (multiple but separate communities). The structure of the social network indirectly 
influences preference dynamics by dictating whom an individual can imitate and the ease 
with which different lifestyles can diffuse through the population. For example, in the SF 
network hubs can accelerate diffusion by broadcasting to a large population, or in the SBM 
network the nodes between communities can act as bridges for preference diffusion.

Lastly, we introduce a measure of homophily h ∈ [0, 1], which indicates the distribution 
of initial environmental identities among neighbours. For h = 0, individuals are randomly 

Fig. 2  Illustrative example of different social network structures tested (left - SW, middle – SBM, right 
- SF)
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positioned within the network, while for h = 1 individuals connected have the smallest pos-
sible distance in environmental identities.

2.4  Climate-Policy Module

Without loss of generality, we assume that high-carbon goods and services have emissions 
of one and the low-carbon goods have zero emissions. The consumption of high-carbon 
goods by individuals produces emissions which contribute to a global cumulative quantity 
E, according to 

	
E =

tmax∑
t=0

N∑
i=1

M∑
m=1

Ht,i,m.� (14)

where there are tmax time steps in each experiment. The carbon price is implemented as a 
tax, τ , on high-carbon goods 

	 PH,m = PB,H,m + τ � (15)

The revenues of the carbon price are recycled to consumers in a lump-sum.

3  Results

3.1  Overview of Numerical Experiments

Each experimental run consists of 3000 individuals interacting over 360 time steps. This 
can be considered to represent 30 years with each time step being a month. Unless stated 
otherwise in the following results each sub-figure is composed of 30,000 experimental runs. 
Individual initial preferences are drawn from a Beta distribution symmetrical about indif-
ference towards the carbon content of goods (Ām = 0.5). In the initial results, individuals 
are assumed to have the same budget, B, and this assumption is later relaxed to test the 
effects of heterogeneous budgets. Appendix Fig. 11 gives an illustrative example of a typical 
model run showing the environmental identity trajectories for zero and low carbon price of 
τ = 0.15. The parameters used in models are shown in Table 1. 

Evaluating the ultural multiplier
To assess the impact of cultural change on the effectiveness of climate policy we measure 

cumulative carbon emissions E under three conditions:

(1)	 Fixed preferences – no social influence of preferences and consumption decisions.
(2)	 Social multiplier - dynamic preferences due to social imitation through preference simi-

larity for each consumption category separately, as captured by Eq. 11
(3)	 Cultural multiplier - dynamic preferences due to social imitation through identity simi-

larity, as captured by Eq. 12
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In the model, social influence occurs through the imitation of consumption behaviours 
which depend on both preferences and the carbon price level. To test whether the cultural 
multiplier is a function of the strength of the carbon price we consider a range of values 
τ = [0, 1]. Figure 3 shows the cumulative emissions for the three different cases in a small-
world network. For each carbon price and network structure, we ran 100 experiments with 
different stochastic seeds for the initial preference distribution, network structure, distribu-
tion of individuals in the network and coherence in preferences. In the figure the solid line 
shows the mean and shaded region showing the 95% confidence interval over stochastic 
seed runs. 

In the case of the cultural multiplier (green) we see a large and instant decrease in cumu-
lative emissions with the introduction of a carbon price, relative to the fixed preferences 

Table 1  Model parameters
Parameter Name Symbol Description De-

fault 
Value

Range 
Tested

Initial preference Beta a, b Beta distribution parameters used to generate 
initial preferences

(2,2) ([0.1, 
8],[0.1, 
8])

Low- and high-carbon 
substitutability

σ Elasticity of substitution between low- and 
high-carbon goods

4 [1.1, 8]

Between category 
substitutability

ν Elasticity of substitution across consumption 
categories

2 [1.1, 8]

Social susceptibility ϕ Influence of social imitation on preference for 
low-carbon consumption

0.02 [0,1]

Confirmation bias θ Confirmation bias towards individuals with 
similar environmental identities

5 [0, 50]

Carbon price τ Additional price imposed on high-carbon goods [0,1] [0, 5]
Consumption 
categories

M Number of categories of goods 2 [1, 50]

Total individuals N Total number of individuals in the model 3000 [500,3000]
Homophily state h Degree of initial similarity between neighbours 

in terms of environmental identity
0 [0, 1]

Coherence state c Similarity individual’s low-carbon preferences 
across consumption categories.

0.9 [0, 1]

Maximum time steps tmax Total time-steps in experimental runs 360
Price of low-carbon 
goods

PL,m Price of low-carbon goods in category m 1

Base price of high-
carbon goods

PB,H,m Base price of high-carbon goods in category m 1

SF density Density of connections between individuals 0.1
SBM block number Number of blocks in stochastic block model 2
SBM intra-block 
density

Density of connection between individuals 
within block

0.02

SBM inter-block 
density

Density of connection between individuals 
between blocks

0.005

SW density Density of connections between individuals 0.1
SW probability rewire Probability of rewiring to produce long distance 

ties
0.1

Stochastic Seed 
Repetitions

Variations of initials seed for preferences, net-
work structure, homophily and coherence

100
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scenario. The imitation of consumption choices results in additional decarbonisation across 
multiple consumption categories. When comparing the social (orange) and cultural multi-
plier cases (green) we find that the latter has much lower emissions for low carbon prices 
(approximately τ < 0.5). This greater strength of the cultural multiplier over the social mul-
tiplier can be explained by the consensus-forming effect of environmental identity. When 
evaluating individuals across multiple preferences collectively it becomes harder for outli-
ers in the preference space to isolate themselves into communities with a high degree of 
preference homophily. This results in individuals imitating a wider range of consumption 
behaviours, and reach faster consensus formation, translating into greater emissions reduc-
tion of carbon pricing.

In the model, we assume price parity between low- and high-carbon goods, meaning 
their base prices are equal and only high-carbon goods are subject to the carbon price. 
However, for specific consumption categories such as EVs this is not the case as internal 
combustion engine vehicles are cheaper. If generally low-carbon goods are assumed to have 
a higher base price than high-carbon goods, then a higher carbon price would be required to 
achieve the same level of emissions reduction. Additionally, the social and cultural multipli-
ers would act as a lock-in mechanism of high-carbon preferences for those carbon prices 
that are below price parity. This lock-in leads to higher emission than those of the fixed 
preferences case for both social and cultural multipliers.

Changes and especially a gradual increase in the carbon price the EU-ETS over time 
suggests that next to a constant carbon price, as considered in Fig. 3, it is worthwhile to 
assess the implications of a dynamic carbon price, to see if effects simply scale up or some 
nonlinear effects result. To evaluate this, we consider the impact of a linearly increasing 
carbon price under fixed preferences and social and cultural multipliers. The results are 
shown in Appendix Fig. 13. The horizontal axis indicates the final carbon price after 360 
periods. The general finding is that the results stay robust. For example, the ordering of the 

Fig. 3  Cumulative emissions 
for the case of fixed preferences 
(blue), cultural multiplier (green) 
and social multiplier (orange) 
using a small-world network. The 
shaded region indicates 95% con-
fidence interval for 100 stochastic 
runs (small due to high number of 
runs). The stochastic block model 
and scale-free graphs are shown in 
Appendix Fig. 12
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emission curves is unchanged, and both the fixed preferences and cultural multiplier behave 
consistently across the fixed and linear cases. The key difference between the two carbon 
price implementations is that for small values the social multiplier follows the emission path 
of the fixed preferences, unlike in Fig. 3. At low carbon price values, τ < 1, individuals can 
lock-in high-carbon preferences due to social imitation early in the simulation, before the 
penalty from the carbon price becomes too large later on. It is only for values above a final 
tax of 1 that the social multiplier emissions falls rapidly as the strength of the carbon price 
tips the network out of its locked-in preferences and towards low-carbon consumption.

To compare the findings with previous work by Konc et al. (2021) we study the tax 
reduction Mtax, induced by the social and cultural multipliers, defined as 

	
Mtax = 1 − τs

τf
� (16)

where τf  is the carbon price required in the fixed preferences case to match the emissions 
reduction caused by a carbon price τs in the social and cultural multiplier cases. Using data 
from Fig. 4 on cumulative emissions we can map the required τf  value onto a τs value 
i.e. for a given emissions target what is the carbon price required in the fixed preferences, 
social and cultural multiplier cases. However, given that cumulative emissions are much 
lower with the social and cultural multipliers than in the fixed preferences case, additional 
simulations are needed to determine the carbon price required for the fixed preferences 
case to match the emissions of the other two across all carbon price levels. With this aim, 
we first calculate what the maximum and minimum cumulative emission produced by the 
social and cultural multiplier cases are for carbon prices τs = [0, 1]. Secondly, we use these 
extreme emission values as targets and calculate what the required carbon price τf  would be 
to achieve this in the fixed preferences case. 

Fig. 4  Carbon price reduction 
for social multiplier (orange) 
and cultural multiplier (green). 
A small-world network is used; 
results for alternative networks are 
shown in Appendix Fig. 14. The 
shaded region indicates 95% con-
fidence interval for 100 stochastic 
seed runs
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Figure 4 shows that the cultural multiplier has a greater tax reduction effect than the 
social multiplier. Additionally, due to the repeated nature of the interactions in the model, 
the mean magnitude of the emissions reduction (Mtax > 0.5) of both multipliers is much 
stronger than that identified in Konc et al. (2021) (Mtax = 0.38). With each time step, a 
growing share of an individual’s current preferences are shaped cumulatively by the behav-
iour of their neighbours, potentially away from their initial preferences. For high carbon 
prices, τ > 0.5 the difference between the social and cultural multiplier cases almost van-
ishes. At these values, the strength of the carbon price signal overwhelms any nuances in 
how the preference change due to social influence occurs. Even the most resistant of indi-
viduals with strong high-carbon preferences choose to pursue low-carbon consumption in 
all categories, with social imitation accelerating this change in lifestyles. In other words, if 
high-carbon goods are sufficiently expensive relative to the low-carbon alternative, then the 
specifics of who individuals choose to imitate no longer matter; the network tips collectively 
towards low-carbon consumption. In the case of very small carbon prices (τ < 0.05), there 
is a much greater variance in the tax reduction Mtax due to the strong path dependency of 
the model. Small differences in social interactions can lead to radically different preference 
outcomes and, consequently, emissions due to the polarizing effect of consumption imita-
tion. As opposed, the presence of a higher carbon price steers the system towards a narrower 
set of equilibrium states.

3.2  Impact of Key Parameters on the Cultural Multiplier

3.2.1  Impact of Substitutability Between Low- and High-Carbon Goods on the Cultural 
Multiplier

To better understand how sensitive the cultural multiplier is to different socio-economic 
conditions, we vary the latter and assess how these influence the effectiveness of the car-
bon price in reducing carbon emissions. Improvements in low-carbon technologies such 
as plant-based alternatives, better EV charging facilities or investment in public transport 
may increase the substitutability between low- and high-carbon goods. Therefore, different 
levels of low- and high-carbon good substitutability σ can represent degrees of low-carbon 
technological progress or infrastructure availability. We now consider the strength of the 
cultural multiplier under these varying scenarios. In Fig. 5 we plot cumulative emissions 
for the cultural multiplier case (preference spillovers) for different substitutability σ in the 
SW network (see Appendix Fig. 15 for SBM and SF networks). For high-carbon prices, the 
greater the substitutability, the greater the decarbonisation. This occurs because individuals 
receive a much lower penalty in the utility function for concentrating their consumption 
in one good, allowing them to better exploit the price asymmetry between low- and high-
carbon alternatives. However, this same concentration of consumption results in polarised 
consumption proportions Ct,i,m. Individuals then imitate these consumption proportions, 
gradually leading to polarisation in low-carbon preferences. This can inhibit the spread 
of low-carbon consumption as individuals who have high-carbon preferences are able to 
express this preference in their consumption. Consequently, high-carbon groups of indi-
viduals isolate themselves by avoiding interactions with “greener” neighbours. This effect 
hinders decarbonisation at low carbon prices, reversing the emissions pattern across substi-
tutability scenarios. In contrast to these dynamics in the extreme case of σ = 1.01, the emis-
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sions curves detach from that of larger substitutability values. Here, individuals are unable 
to fully express their preferences in their consumption, and thus, social imitation becomes 
less representative of true beliefs, resulting in a lower effectiveness of carbon pricing. 

To represent the varied constraints that individuals may face in the adoption of low-
carbon goods other than preferences, for example high range-anxiety with EV adoption or 
dietary requirements for vegetarianism, we now consider a model extension of heteroge-
neous elasticity of substitution. Building on the results of Fig. 5, our analysis now considers 
a distribution of elasticity values σi, instead of a single elasticity of substitution between 
high- and low-carbon goods, σ. In Appendix Fig. 16, the mean elasticity of substitution is 
varied while keeping the values distributed in a pseudo-normal fashion, again using a Beta 
distribution, spanning a range of 1 between the minimum and maximum in the samples. 
As in Fig. 5, the greater the mean elasticity of substitution, the lower the decarbonisation 
achieved by low carbon prices and the greater decarbonisation at large carbon prices. Over-
all, the inclusion of a distribution of substitutability values for individuals has little effect 
on overall decarbonisation dynamics. However, due to the greater variance in elasticity of 
substitution values this leads to a wider 95% confidence interval, as indicated by the shaded 
region.

To further study the relationship between the social and cultural multiplier we compare 
the two for different levels of input substitutability between low- and high-carbon goods σ, 
see Fig. 6. Note that in this figure we only consider the small-world network case. For very 
low substitutability σ = 1.01, the social and cultural multiplier converge. As previously 
identified in Fig. 5, this low substitutability causes a breakdown in effective social learning 
through imitation. This results in less opportunity for behavioural spillovers to be leveraged, 
hence the small differences in emissions between the social and cultural multiplier. On the 
other hand, increasing substitutability enhances the cultural multiplier, whereas the effect 
of the social multiplier shows a comparatively smaller gain. This effect is especially perti-
nent at low tax values where the gap between the two multipliers is largest. The emissions 

Fig. 5  Impact of substitutability 
between low- and high-carbon al-
ternatives on cumulative emissions
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curve for the social multiplier (orange) shifts towards the fixed preferences case (blue) for 
increasing substitutability (across sub-figures). As highlighted in Fig. 5, a greater σ param-
eter facilitates the concentration of consumption into either a low or high-carbon good. 
This polarisation enables the formation of social bubbles in which individuals who prefer 
high-carbon goods only communicate with like-minded individuals. These effects make 
preference change more challenging in the social multiplier case, as individuals become 
less responsive to the consumption habits of others outside their social bubble. Therefore, 
the absence of a behavioural spillover mechanism in the social multiplier case results in a 
lock-in of high-carbon consumption for individuals with a preference for high-carbon goods 
(A < 0.5). Consequently, in the social multiplier case at large values of the input substitut-
ability, a larger part of consumption changes occur primarily due to carbon price increases 
across experiments. However, a much higher substitutability does not significantly increase 
the gap between the social and cultural multiplier. This can be seen in comparing Fig. 3, 
σ = 4, with the σ = 10 experiments in Fig. 5. 

3.2.2  Homophily, Network Structure and Lifestyle Diversity

When comparing the social and cultural multiplier cumulative emissions curves over a range 
of carbon prices for the SW, SBM and SF networks, we see little variation in results (shown 
in Fig. 3 and Appendix Fig. 12). This can be explained by the fact that, in these experimental 
runs, we assume no homophily in the initial environmental identity of individuals within the 
network. However, ideological polarisation surrounding climate change is growing (Falken-
berg et al. 2022). Therefore, a key avenue for study is how this polarisation of preferences 
within social networks, and the structure of networks themselves, can inhibit decarbonisa-
tion of consumption (von Flüe and Vogt 2024). In our model we represent this polarisation 
by considering initial homophily in environmental identity: The extent to which individu-
als are surrounded by like-minded neighbours. Across the SW, SBM and SF networks we 

Fig. 6  Diffrences between social and cultural multiplier at diffrent values of input substitutability between 
low and high-carbon goods
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find that greater homophily in initial preferences between neighbours increases the required 
effective carbon price to meet the same emissions reduction - see 8 for an in-depth study.

Given the importance of behavioural spillover shown in the cultural versus social multi-
plier, we now consider how a richer representation of lifestyles can affect decarbonisation 
by increasing the complexity of consumption decisions. In Appendix Fig. 18, we, therefore, 
vary the number of consumption categories modelled, M , for three different carbon prices. 
For the cultural multiplier, at low carbon prices, the addition of more consumption catego-
ries leads to lower emissions, relative to the social multiplier case. The greater M , the lower 
the impact of extreme preferences on the formation of environmental identity I . This results 
in greater consensus formation and thus a faster collective shift to low-carbon lifestyles. 
However, at high carbon prices, as in Fig. 3, there is no distinction between the cultural and 
social multiplier due to the constraining force of the price signal on consumption choices.

3.2.3  Expenditure Inequality and Revenue Recycling

With the current model formulation, inequality plays no role in decarbonisation. This is due 
to the homothetic nature of the constant elasticity of substitution function used, implying 
that if preferences are equal then individuals consume goods in the same proportions regard-
less of their expenditure. To test the role of inequality we therefore consider an adjustment 
to the NCES model implemented, namely requiring a minimum quantity of high-carbon 
goods, hm, such as transport and heating as necessities. This can drive dynamics in which 
the consumption habits of poorer individuals are largely dictated by needs rather than pref-
erences. We capture this through a CES function with Stone-Geary preferences (Jacobs and 
van der Ploeg 2019; Sancho 2024) 

	
Ut,i =

(
M∑

m=1

am

(
At,i,mL

σ−1
σ

t,i,m + (1 − At,i,m)(Ht,i,m − hm)
σ−1

σ

) σ(ν−1)
(σ−1)ν

) ν
ν−1

,� (17)

with the quantities of high- and low-carbon goods now given by, 

	
Ht,i,m =

(Bi −
∑M

p=1 PH,php)χt,i,m

Zt,i
+ hm� (18)

	
Lt,i,m =

(Bi −
∑M

p=1 PH,php)Ωt,i,mχt,i,m

Zt,i

� (19)

These demand equations are identical to those in Eqs. 4 and 5, expect with that the con-
sumed quantity of the high-carbon good now account for this minimum amount required. 
Additionally, both the low- and high-carbon goods have a lower disposable expenditure to 
assign based on preferences.

In Fig. 7 the quantity of the high-carbon good required is varied such that a larger share of 
individuals expenditure B is dedicated to fulfilling this need. Thus, the greater the minimum 
expenditure share the lower the influence of an individual’s preferences on their consump-
tion habits. The social imitation of these consumption habits reinforces this high-carbon 
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consumption as individuals cannot distinguish between consumption due to needs and pref-
erence. This lock-in due to social imitation can be seen in the concave nature of the curve at 
high proportion as the population collectively tips towards high-carbon consumption. 

A key area of interest when modelling carbon pricing is the potential for “double div-
idend” wherein the revenue recycling can have additional benefits beyond carbon emis-
sion reduction. To study this we consider the role redistribution of carbon price revenues 
at different levels of inequality and carbon prices in Fig. 8D. Here the quantity of high-
carbon goods required is kept constant and then the distribution of remaining expenditure 
is adjusted to generate different Gini coefficient values. We measure the cumulative carbon 
emission at different carbon prices with a progressive lump sum redistribution (dashed line) 
and without redistribution (dotted line) of revenues. Note that in the case of a zero carbon 
price there is no redistribution of revenues hence emissions are not affected. As a reference 
we also include the case where individuals all have the same expenditure. To be able to 
make comparisons between runs we maintain the total expenditure across all individuals, 
∑I

i=1 Bi = 1, constant. 
Lower inequality leads to lower emissions as individuals can better express their prefer-

ences given that a lower proportion of their consumption is determined by needs. Inequality 
in expenditures has the largest effect at lower carbon prices where social learning plays a 
more important role. This effect can be seen in the lower slope of those lines with higher 

Fig. 7  Cumulative carbon emissions whilst varying the minimum proportion of expenditure dedicated 
to the high-carbon good. Social imitation leads to high-carbon emission relative to fixed preferences 
scenario
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carbon price. In the case of no redistribution of revenues the effect of inequality is stronger, 
as this acts as a mechanism to moderate inequality. A key takeaway from this simplified 
model is that higher income inequality in the face of minimum high-carbon consumption 
can increase overall emissions, while progressive redistribution of carbon price revenues can 
mitigate this effect. However, at high carbon prices the role played by both inequality and 
redistribution is much weaker as consumption is more strongly dictated by price differences.

3.2.4  Sensitivity to Other Model Parameters

The model is designed to explore how social dynamics, through long-term cultural change, 
influence decarbonisation outcomes under a wide range of plausible behavioural and policy 
conditions. Instead of pursuing the empirical calibration of highly abstract parameters such 
as confirmation bias or social susceptibility we instead test a wide range of values with 
sensitivity analysis. For example, in the case of substitutability we ensure that the range 
considered in Figs. 5 and 6 are guided by those found in related literature (Papageorgiou 
et al. 2017). On the other hand, for key parameters such as the Beta distribution for prefer-
ence values we choose a default of (a = 2, b = 2) to generate a distribution where most 
individuals are indifferent between low- or high-carbon consumption but still one or more 
small groups of individuals with extreme low/high-carbon preferences emerge. Moreover, 
the ranges considered for the Beta parameters allows for the study of strong polarisation 
amongst the population.

To evaluate how the relative importance of model parameters and bolster the robustness 
of our previous results we conduct Sobol sensitivity analysis (Sobol 2001). This is imple-
mented with the SALib python library (Herman and Usher 2017) for the cases of a SW, 
SBM and SF networks. Parameter ranges tested and fixed parameters are shown Table 1. 
For each of the 11 variables, we take 128 values with a mean of 20 stochastic variations for 
a total of 184,320 experiments. The total order sensitivity of final cumulative emissions is 
shown in Fig. 9, with the first order index depicted in Appendix Fig. 17. Cumulative emis-

Fig. 8  The impact of varying inequality in individuals’ expenditures on cumulative carbon emissions 
with a minimum consumption quantity of high-carbon goods. Dashed lines show cases with lump-sum 
redistribution of carbon pricing revenues and solid those without
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sions are primarily determined by the initial preferences Beta a parameter. A greater value 
relative to the Beta b parameter results in an initial preference distribution which results in 
more low-carbon consumption. The carbon price also strongly contributes to the cumula-
tive emissions variance as these induce low-carbon consumption through price inequalities. 
Additionally, in the Total Sobol index, we see that the low-carbon substitutability is signifi-
cant. This is due to greater non-linearity in consumption choices with greater substitutability 
as described in Appendix B. Lastly, in Fig. 9, we do not see variation across the different 
network structures in the importance of parameters. 

4  Conclusions

This study has highlighted the joint effect of carbon pricing and cultural change in fostering 
low-carbon consumption. We extended the literature on carbon pricing with endogenous 
preference change through an analysis of the role of longer-term cultural change. To this 
end, we extended the concept of a social multiplier of environmental policy, increased emis-
sions reduction from a carbon price due to social imitation (Konc et al. 2021) to the case of 
repeated social imitation in multiple consumption categories and define this as the cultural 
multiplier. In our novel agent-based model, individuals make consumption choices between 
low- and high-carbon goods across multiple categories. These individuals have heteroge-
neous and dynamic preferences for low-carbon goods, which evolve through repeated and 
weighted social interactions. The model assesses how cultural change may enhance or hin-
der the impact of carbon pricing. Additionally, we identify which socio-economic character-
istics influence the magnitude of the cultural multiplier.

Our results show that incorporating change in endogenous preferences through the cul-
tural multiplier significantly enhances the effectiveness of carbon pricing relative to a fixed 
preference counter case. Additionally, the cultural multiplier is found to be stronger than the 
social multiplier, particularly when the carbon price is low. This is due to the consensus-
forming effect of the cultural multiplier, resulting in greater difficulty in individuals sustain-

Fig. 9  Total Sobol sensitivity analysis for 128 parameter values for a total of 184,320 experiments
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ing fringe consumption behaviours. However, this difference disappears for higher carbon 
prices where nuances between different social imitation schemes are dominated by the mag-
nitude of the price signal.

Additionally, we show that with increasing substitutability of low- and high-carbon 
goods, the cultural multiplier strengthens, whilst the social multiplier weakens. In the 
absence of behavioural spillovers across different consumption categories, high substitut-
ability amplifies polarization in consumption, reinforcing entrenched high-carbon prefer-
ences. Therefore, individuals with high-carbon preferences become less responsive to social 
influence due to their like-minded social bubble. Our findings suggest that greater similarity 
in environmental identity among peers connected via social networks increases the effective 
carbon price required to reach emission reduction targets. Additionally, a richer or more 
diverse representation of lifestyles, achieved by increasing the number of consumption cat-
egories, enhances the strength of the cultural multiplier at low carbon price levels. If a mini-
mum quantity of high-carbon consumption is assumed, greater income inequality leads to 
higher emissions. This effect can be alleviated through the redistribution of revenue raised 
from carbon pricing. Our global sensitivity analysis confirms the robustness of our results 
over wide parameter ranges.

In future research, the model could be extended to include rebound between consump-
tion categories due to context-dependent preferences. This might include the possibility of 
low-carbon consumption in one consumption category leading to increased emissions in 
other areas due to moral licensing effects (Gholamzadehmir et al. 2019). Whilst our results 
considered the role of homophily in environmental identity across different network struc-
tures, future research could examine other parallel sources of homophily, such as income, 
education, or geographic location in a multiplex network. Additionally, one could extend 
the model with a utility function possessing non-homothetic preferences to generate non-
linear Engel curves in a more flexible fashion than the shifted NCES function considered, 
as this does not fully capture the heterogeneous behaviour of agents in different expenditure 
deciles. This would better capture the ease with which more wealthy individuals can switch 
to low-carbon alternatives (Oswald et al. 2020, 2023).

By fostering stronger pro-environmental identities, policymakers can leverage the cul-
tural multiplier to reduce an effective carbon price, contributing to greater policy support. 
This may be achieved through the introduction of policies complementary to a carbon price. 
This may take the form of extending current visions of low-carbon lifestyles to be more sys-
temic or rich in detail, including consumption in a high number of categories. For example 
information provision policies such as eco-labelling may correct misinformation on the true 
carbon impact of less socially salient consumption categories. Alternatively, increasing the 
substitutability of low- and high-carbon alternatives both through technological improve-
ments (e.g. widespread charging infrastructure and higher battery capacity to alleviate EV 
range anxiety (Pevec et al. 2020)) and nudge techniques to increase the social acceptability 
of low-carbon alternatives (e.g. plant-based meat substitutes (Edenbrandt and Lagerkvist 
2021; Coucke et al. 2022)). Additionally, policymakers should be mindful of network struc-
tures in which social imitation occurs when evaluating the expected effect of carbon pricing, 
as high similarity in pro-environmental identities amongst communities can act as road-
blocks to decarbonisation.
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Appendix A Analytical Results for the NCES Utility Function

In the M -dimensional case we have low and high-carbon goods for each consumption cat-
egory, Lm and Hm, with an associated preference between the two Am, and substitutability 
between goods σ. Between categories there is a further preference for consumption am 
where 

∑M
m=1 am = 1 and substitutability across categories ν. 

	
max

L1,...,LM ,H1,...,HM

U(L1, ..., LM , H1, ..., HM , a1, ..., aM , A1, ..., AM , σ1, ..., σ, ν)� (20)

the utility function to maximise is given by, 

	
U =

(
M∑

m=1

amUω
m

) 1
ω

,� (21)

where the pseudo-utility Um is given by 

	 Um(Lm, Hm, Am, σ) =
(
AmLψ

m + (1 − Am)Hψ
m

) 1
ψ � (22)

to simplify notation of the substitutabilities between low- and high-carbon goods for 
each category σ, and the between categories ν, we use ψ = σ−1

σ  and ω = ν−1
ν . This is 

subject to the budget constraint, 

	
B =

M∑
m=1

LmPL,m + HmPH,m� (23)

To derive the demand functions for the utility function we require the Lagrangian for the 
system, given by 

	
L =

(
M∑

m=1

amUω
m

) 1
ω

− λ

(
M∑

m=1

LmPL,m + HmPH,m − B

)
,� (24)

This produces general first-order conditions of low and high-carbon goods 

	

∂L
∂Lm

= am

(
M∑

m=1

amUω
m

) 1
ω −1

Uω−1
m

∂Um

∂Lm
− λPL,m = 0� (25)

	

∂L
∂Hm

= am

(
M∑

m=1

amUω
m

) 1
ω −1

Uω−1
m

∂Um

∂Hm
− λPH,m = 0� (26)
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In order to find Lm in terms of Hm we use the first order conditions with respect to the 
low and high-carbon good of the same category (same top level CES nest), re-arranging for 
λ and equating the two 

	

1
PL,m

∂Um

∂Lm
= 1

PH,m

∂Um

∂Hm
� (27)

	

( ∂Um

∂Hm
)

( ∂Um

∂Lm
)

=
PH,m

PL,m
� (28)

We now produce the derivative of the pseudo-utilities Um with respect to Hm and Lm 

	
∂Um

∂Lm
=

(
AmLψ

m + (1 − Am)Hψ
m

) 1
ψ −1

AmLψ−1
m � (29)

	
∂Um

∂Hm
=

(
AmLψ

m + (1 − Am)(Hm − hm)ψ
) 1

ψ −1 (1 − Am)Hψ−1
m � (30)

Note that Eqs. 29 and 30 do not contain any between category terms. Substituting in the 
partial differentials or Um with respect to Hm and Lm into our equated first order condi-
tions in Eq. 28 we produce a relationship between the quantity of low-carbon Lm and high-
carbon good Hm 

	

(1 − Am)Hψ−1
m

(
AmLψ

m + (1 − Am)Hψ
m

) 1
ψ −1

AmLψ−1
m

(
AmLψ

m + (1 − Am)Hψ
m

) 1
ψ −1

= PH,m

PL,m
� (31)

	

Hψ−1
m

Lψ−1
m

= PH,mAm

PL,m(1 − Am) � (32)

	

Lm

Hm
=

(
PH,mAm

PL,m(1 − Am)

) −1
ψ−1

,� (33)

in terms of substituabilities between low- and high-carbon goods, using the property 
σ = −1

ψ−1 , the general ratio between the low and high-carbon good for the mth category is 
defined as 

	
Ωm = Lm

Hm
=

(
PH,mAm

PL,m(1 − Am)

)σ

.� (34)

Next, we compare low-carbon goods from different categories to derive the ratio between 
high-carbon goods for two different categories (Hp and Hq). Re-arranging the first-order 
conditions of two low-carbon goods and equating them, where p, q are dummy variables for 
the m’th category, 
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1
PL,p

∂U

∂Lp
= 1

PL,q

∂U

∂Lq
� (35)

	

1
PL,p

ap

(
M∑

m=1

amUω
m

) 1
ω −1

Uω−1
p

∂Up

∂Lp
= 1

PL,q
aq

(
M∑
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amUω
m

) 1
ω −1

Uω−1
q

∂Uq

∂Lq

� (36)

	

1
PL,p

apUω−1
p

∂Up

∂Lp
= 1

PL,q
aqUω−1

q

∂Uq

∂Lq
� (37)

Substituting our expression of the partial differential from Eq. 29 and the pseudo-utility 
Um from Eq. 22, 

	
1

PL,p
ap

(
ApL

ψp
p + (1 − Ap)Hψp

p

) ω−1
ψp ∂Up

∂Lp
= 1

PL,q
aq

(
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ψq
q + (1 − Aq)Hψq

q
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ψq ∂Uq
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� (38)
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p
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p
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(
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p

(
ApL
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p

) ω−1
ψp

+ 1
ψp

−1

= 1
PL,q

aqAqL
ψq−1
q

(
AqL

ψq
q + (1 − Aq)Hψq

q

) ω−1
ψq

+ 1
ψq

−1
� (40)

	
1

PL,p
apApL

ψp−1
p

(
ApL

ψp
p + (1 − Ap)Hψp

p

) ω
ψp

−1
= 1

PL,q
aqAqL

ψq−1
q

(
AqL

ψq
q + (1 − Aq)Hψq

q

) ω
ψq

−1
� (41)

Substituting in the general ratio of low to high-carbon goods within a branch, 
Lm = HmΩm,

 

	

1
PL,p

apApΩψp−1
p H

ψp−1
p

(
ApΩψp

p H
ψp
p + (1 − Ap)Hψp

p

) ω
ψp

−1

= 1
PL,q

aqAqΩψq−1
q H

ψq−1
q

(
AqΩψq

q H
ψq
q + (1 − Aq)Hψq

q

) ω
ψq

−1 � (42)

	
1

PL,p
apApΩψp−1

p Hω−1
p

(
ApΩψp

p + 1 − Ap

) ω
ψp

−1
= 1

PL,q
aqAqΩψq−1

q Hω−1
q

(
AqΩψq

q + 1 − Aq

) ω
ψq

−1
� (43)

Now gathering high-carbon consumption terms, 

	

Hω−1
p

Hω−1
q

=
aqAqΩψq−1

q

(
AqΩψq

q + 1 − Aq

) ω
ψq

−1

PL,q

PL,p

apApΩψp−1
p

(
ApΩψp

p + 1 − Ap

) ω
ψp

−1 � (44)
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Hp

Hq
=




aqAqΩψq−1
q

(
AqΩψq

q + 1 − Aq

) ω
ψq

−1

PL,q

PL,p

apApΩψp−1
p

(
ApΩψp

p + 1 − Ap

) ω
ψp

−1




1
ω−1

� (45)

In terms of category substitutabilities the ratio between the high-carbon quantities from 
different categories is given by, where we substitute in ψ = σ−1

σ  and ω = ν−1
ν , 

	

Hp

Hq
=




PL,qΩ
1

σq
q

aqAq

(
AqΩ

σq −1
σq

q + 1 − Aq

) ν−σq
ν(σq −1)

apAp

(
ApΩψp

p + 1 − Ap

) ν−σp
ν(σp−1)

PL,pΩ
σp−1

σp
p




ν

� (46)

To simplify notation of the quantities we introduce an interaction term χm 

	
χm =

(
amAm

PL,mΩ
1
σ
m

)ν (
AmΩ

σ−1
σ

m + 1 − Am

) ν−σ
(σ−1)

� (47)

such that the quantity of dummy category p may be expressed in terms of the quantity 
of dummy category q 

	
Hp =

(
χp

χq

)
Hq � (48)

Lastly to derive demand functions for the low- and high-carbon goods in terms of pref-
erences, prices and substitutabilities we consider the budget constraint and use previous 
definition of low to high-carbon goods from Eq. 34 

	
B =

M∑
p=1

LpPL,p + HpPH,p� (49)

	
=

M∑
p=1

(HpΩpPL,p + HpPH,p)� (50)

	
=

M∑
p=1

Hp(ΩpPL,p + PH,p)� (51)

Note that again p is a dummy variable representing any category. Now substituting 
in the interaction term χm between different categories defined in Eq. 47 we express the 
high-carbon quantity of a given dummy category q in terms of the preferences, prices and 
substitutabilities, 
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B =

M∑
p=1

(
χp

χq
Hq

)
(ΩpPL,p + PH,p)� (52)

	
=

M∑
p=1

χp

χq
(Hq(ΩpPL,p + PH,p)� (53)

	
=

Hq

χq

M∑
p=1

χp(ΩpPL,p + PH,p)� (54)

	
Hq =

χqB∑M
p=1 χp(ΩpPL,p + PH,p) � (55)

Thus the quantity of the mth good is given by, 

	
Hm = Bχm

Z
� (56)

	
Lm = BΩmχm

Z
� (57)

where to simplify notation Z is defined as, 

	
Z =

M∑
m=1

χm(ΩmPL,m + PH,m)� (58)

this serves as a normalization term across categories.

Appendix B Social Imitation of Consumption Behaviour

The existence of a social multiplier relies on two key features regarding the model of social 
imitation; firstly, that the preferences of individuals for low-carbon goods are not observ-
able and secondly that the utility function is not common knowledge. It is important to note 
that in the case that either of these assumptions does not hold the social multiplier effect 
vanishes, as the carbon price no longer has a channel through which to affect preferences. 
However, if we assume that some portion of social information is, in fact, a direct observa-
tion of preferences then we still find a non-linearity in decarbonisation if that signal is not 
entirely preference-based information.

To understand how the quantities of low- and high-carbon goods consumed affect the 
social imitation process, we require an understanding of how changes in preferences result in 
changes to low-carbon consumption ratio Ct,i,m as a function of prices and substitutability. 
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Ct,i,m =

Lt,i,m

Lt,j,m + Ht,i,m
� (59)

	
= Ht,i,mΩt,i,m

Ht,i,mΩt,i,m + Ht,i,m
� (60)

	
= Ωt,i,m

Ωt,i,m + 1 � (61)

Now substituting in the ratio of low to high-carbon consumption Ωt,i,m 

	

Ct,i,m =

(
PH,mAt,i,m

PL,m(1−At,i,m)

)σ

(
PH,mAt,i,m

PL,m(1−At,i,m)

)σ

+ 1
� (62)

To simplify notation the ratio of prices between low- and high-carbon goods P̄m is 
defined as 

	
P̄m =

PL,m

PH,m
� (63)

We substitute in the price ratio to obtain a simplified low-carbon consumption proportion 

	

Ct,i,m =

(
At,i,m

P̄m(1−At,i,m)

)σ

(
At,i,m

P̄m(1−At,i,m)

)σ

+ 1
� (64)

Fig. 10  The proportion of total consumption assigned to low-carbon good within a category Ct,i,m as a 
function of the preference for that low-carbon good At,i,m and price ratio between low- and high-carbon 
goods P̄m
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=

Aσ
t,i,m

Aσ
t,i,m +

(
P̄m(1 − At,i,m)

)σ � (65)

The smaller the value of the price ratio P̄m the smaller the value of the low-carbon pref-
erence At,i,m required to induce a complete switch to low-carbon good consumption in that 
category. Figure 10 shows the dependence of Ct,i,m on At,i,m. Small differences in prefer-
ences for goods can lead to large changes in consumption proportions due to the non-linear 
impact of substitutability between the goods and price differences.

Additionally, under the conditions σ → 1 and prices between low- and high-carbon 
goods equal P̄m = 1 then 

	 Ct,i,m = At,i,m� (66)

Therefore, under these conditions the preferences dynamics collapses to those studied in 
Torren-Peraire et al. (2024). On the other hand, when goods are perfect substitutes σ → ∞ 
then Ct,i,m tends to a step function in terms of At,i,m, where the location of the step in 
preference space is given by 

	
Astep,m = P̄m − 1

P̄m

.� (67)

Appendix C Additional Simulation Results

Fig. 11  Environmental identity over time for two carbon prices for the small-world network
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Fig. 12  Cumulative emissions for the case of fixed preferences (blue), cultural multiplier (green) and social 
multiplier (orange) using a stochastic block model and scale free network. Shading around curves indicates 
95% confidence interval (small due to high number of simulation runs)

Fig. 13  Cumulative emissions for the case of linearly increasing carbon price, horizontal axis indicates the 
carbon price at end of 360 periods, in a small-world network

1 3



D. Torren-Peraire et al.

Fig. 14  Carbon price reduction relative to fixed preferences for cultural multiplier (green) and social multipli-
er (orange) using a stochastic-block model and scale-free network. Shaded region indicates 95% confidence 
interval for 100 stochastic runs

Fig. 15  Varying substitutability between the low- and high-carbon good alternatives
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Fig. 16  Cumulative emissions for diversity amongst individuals of elasticity-of-substitution values between 
low- and high-carbon goods. Based on a Beta distribution with shape parameters (2,2) and bounded with 
range 1 between min and max values

Fig. 17  First order sobol sensitivity analysis for 128 parameter values for a total of 184,320 experiments
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Fig. 18  Cumulative emissions for increasing number of consumption categories at different carbon prices

Network Structure and Homophily in Initial Environmental Identity

To investigate the role of initial homophily (similarity in environmental identity) in shap-
ing decarbonisation dynamics, we use the SW network and SBM. Specifically, we examine 
whether initial homophily creates barriers or promotes social tipping points towards the 
adoption of low-carbon alternatives. On the other hand, for the SF network, the large asym-
metries in a number of social connections mean that similarities in the initial environmental 
identity of central agents are of key interest. We label this concentration of similar envi-
ronmental identities in high-degree nodes as a low- or high-carbon hegemony. Note that 
this section builds on the social learning module whereby individuals socially imitate in a 
weighted fashion based on similarity in identity (cultural multiplier). Therefore, we consider 
how homophily in environmental identity change the effectiveness of a carbon price.

The results in Fig. 19 show that the introduction of homophily reduces the strength of 
the cultural multiplier both in the SW and SBM networks. Greater initial homophily in 
environmental identity sustains high-carbon consumption practices (relative to the no or 
low homophily counter-case) of individuals as they closely imitate each other. For the SBM, 
greater homophily means that low carbon prices are unable to induce a major change in con-
sumption behaviours of all individuals. However, when a critical carbon price is reached, 
the system tips towards low-carbon consumption.

This tipping behaviour is a result of the block structure of the network, which allows for 
a mixed distribution of preferences both between and within block communities. One com-
munity can exhibit high-carbon consumption while the other adopts low-carbon behaviours, 
or each community can have a mix of both high- and low-carbon consumption. Due to this 
effect, the cultural multiplier is negative for low tax values as greater decarbonisation would 
be achieved with fixed preferences (dashed black line). In contrast, for the SW network, we 
see a more gradual decline in emissions due to a more homogenous distribution of the node 
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degree in the network, meaning no single individual or small community can tip the system 
towards low-carbon consumption. This is also seen in the lower magnitude of price elastici-
ties for the SW network in Appendix Fig. 21, relative to the SBM.

In some social contexts, such as online social networks, peer influence can be highly 
asymmetric. To capture this, we introduce the concept of hegemony, where a high-carbon 
hegemony reflects a concentration of high-carbon environmental identities amongst the 
most connected individuals. Figure 20 shows how, in the case of low-carbon hegemony, 
even without a carbon price, emissions are significantly reduced relative to the no-homoph-
ily case. This occurs because centrally placed individuals exert strong influence over many 
neighbours with preferences for high-carbon consumption while selectively imitating those 
with similar environmental identities, thereby minimising exposure to opposing behaviours. 
Under high-carbon hegemony, the cultural multiplier is negative for low carbon prices, 
impeding decarbonisation efforts, but may become positive for a sufficiently high carbon 
price. In the case of high-carbon hegemony, the social network shifts towards low-carbon 
consumption from the periphery to the highly connected centre. Due to this the SF network 
has a greater price elasticity than the SW network but lower than the SBM, see Appendix 
Fig. 21. 

Fig. 19  Emissions reduction due to carbon pricing for different degrees of initial homophily in environmen-
tal identity, for a total of 18,000 experiments. The dashed line is the mean emissions of 100 stochastic runs 
for the case of fixed preferences
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Fig. 20  Cumulative emissions for a scale-free network where central nodes are grouped by environmental 
identity at the start of the experiment, for a total of 9,000 experiments.The dashed line is the mean emissions 
of 100 stochastic runs for the case of fixed preferences

Fig. 21  Price elasticities for three network structures with different distributions of initial environmental 
identity (homophily and hegemony)
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