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Beyond Ownership: Sufficiency and inequality shape product-sharing’s sustainability 1 
potential 2 
 3 
Abstract 4 
 5 
Moving beyond ownership models does not necessarily benefit the environment: outcomes 6 
depend on which consumers change consumption habits, which practices they adopt and the 7 
conditions under which they do so. We couple a dynamic general equilibrium model with 8 
material-flow analysis and behavioural modelling of lifestyle dynamics to assess product-9 
service systems (PSS) in Japan. We examine twelve combinations of lifestyle drivers and 10 
enabling-infrastructure settings, with lifestyle drivers characterised by cognitions, behaviours 11 
and contexts. We show that environmental footprints fall when higher-income groups reduce 12 
ownership through sufficiency but rise when they continue consuming through ownership. 13 
Because PSS becomes more costly relative to ownership as wages rise, enabling infrastructure 14 
alone does not shift households away from ownership. A trilemma emerges: no combination 15 
simultaneously delivers environmental benefits, equitable energy-service access and welfare 16 
equity. Making access-based consumption environmentally beneficial therefore requires 17 
attention to both the distribution of behavioural change and the relative cost of PSS.   18 
 19 
Keywords: Circular Economy, Demand-side Mitigation, Sustainable Consumption, Just 20 
Transition, Integrated Assessment 21 
 22 
 23 

We live in a culture of ownership. The desire for the newest products, accelerated by 24 
technological change, drives up material use, waste and CO2 emissions1,2. Yet, habits of buying, 25 
owning and replacing before things wear out undermine the circular economy’s (CE) 26 
environmental potential. Demand-side CE strategies3–5 that change how people access, use and 27 
own goods, and potentially slow resource loops6–8, are therefore needed to reduce these 28 
environmental impacts. Product-service systems (PSS), in which consumers access services 29 
(e.g., mobility, clean clothes) rather than owning the products that deliver them, are gaining 30 
attention9–12. However, moving from ownership to access does not necessarily reduce 31 
environmental impacts. Two consumption practices are particularly relevant to moving beyond 32 
ownership: sharing, which shifts how energy services are provided, and sufficiency, which 33 
reduces demand for energy-using goods. These practices may therefore have different 34 
environmental consequences depending on consumers’ lifestyles and the availability of 35 
infrastructure enabling their adoption.  36 

Lifestyle barriers to PSS include status and materialistic orientation8, which sustain 37 
high carbon footprints and increase inequality13–16. Even those who care about the environment 38 
can buy more than they need, letting material desires override their green intentions17,18. Others 39 
lack agency or knowledge to change how they consume, slowing the adoption of sustainable 40 
consumption habits19–22. These behaviours are shaped by material and social contexts21,23, 41 
including infrastructure24, urban morphology and regulations21,25–28. Limited access to 42 
infrastructure can particularly constrain lower-income groups, who often have fewer affordable, 43 
low-carbon options23,24. These differences raise a broader question for demand-side CE 44 
strategies: how do lifestyle dynamics and enabling infrastructure shape the environmental and 45 
distributional consequences of moving beyond ownership? It remains unclear whether 46 
alternatives to ownership lead consumers towards less resource-intensive consumption or 47 
reinforce existing differences in consumption practices.   48 

Enabling infrastructure may amplify lifestyle dynamics rather than simply facilitate 49 
access-based consumption. Whether broader access reduces inequality or reinforces it depends 50 
on who is willing and able to substitute market-provided services for ownership. Although 51 
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lifestyle barriers and infrastructure have been studied as determinants of PSS adoption, their 52 
interaction in shaping environmental and distributional outcomes remains poorly understood.  53 

We address this question with a stylised dynamic general equilibrium model integrating 54 
material-flow analysis (MFA) with behavioural modelling of lifestyle characteristics (Fig. 1b), 55 
namely cognitions, behaviours and contexts14,21 (see Methods, Modelling Framework). 56 
Households belong to three lifestyle groups differing in these characteristics and can engage in 57 
two circular practices: sharing, which shifts the provision of energy services from household-58 
owned goods towards market-provided services, and sufficiency, which reduces purchases of 59 
energy-using goods. For each practice, the Ecoactive driver strengthens low-carbon cognitions 60 
among higher- and medium-income lifestyle groups, whereas the Affordability driver captures 61 
greater engagement among lower-income groups motivated by budget constraints (context). 62 
We consider four combinations: both practices Ecoactive-driven, both Affordability-driven, 63 
Ecoactive-driven sharing and Affordability-driven sufficiency, and Affordability-driven 64 
sharing and Ecoactive-driven sufficiency (Fig. 1; see Methods, Lifestyle drivers and 65 
infrastructure enablement). Motivated by evidence of positive behavioural spillovers between 66 
pro-environmental practices29, the same-driver combinations represent conditions for aligned 67 
engagement, whereas the mixed-driver combinations allow engagement to diverge without 68 
assuming positive spillovers. Engagement in each practice is calibrated from the LIFE model21 69 
and evolves endogenously through lifestyle–economic feedback. Combining the four lifestyle-70 
driver combinations with three infrastructure-enablement settings gives twelve scenarios.   71 

Infrastructure enablement governs households’ ability to substitute market-provided 72 
energy services for services produced through ownership of energy-using goods. In practice, 73 
this depends on conditions such as the availability of car-sharing stations, the digital skills and 74 
payment methods required for PSS platforms, and service locations. We represent these 75 
conditions through the substitution elasticity between these options. ‘Current enablement’ 76 
reflects Japan’s present infrastructure, with low substitution30–32 and slightly higher substitution 77 
for higher-income groups, who live in denser, better-connected areas where PSS is more 78 
available. ‘Broad’ and ‘Concentrated’ reach higher substitution by 2050, respectively extending 79 
access to lower-income groups or concentrating it among higher-income groups (Fig.  1a).  80 

All scenarios are compared with a reference SSP2 run for Japan (population decline; 81 
energy prices and energy efficiency from the model WITCH33, Supplementary Figure 1) 82 
without lifestyle heterogeneity and with low infrastructure enablement. In this reference, 83 
engagement in circular practices is driven by relative prices and budget constraints. This 84 
isolates the environmental and distributional effects of lifestyle dynamics and shows how 85 
outcomes differ when lifestyle mechanisms are endogenous rather than when social and 86 
behavioural processes are treated as exogenous34,35.  87 

We use Japan because of its developing sharing market30–32 and related policy 88 
frameworks (2025 Environment White Paper and METI’s CE Vision), and because national 89 
household survey data are available on non-ownership engagement20,30,32 (see Methods, 90 
Context). The PSS market remains small: in 2018, it accounted for 5.8% of household spending 91 
on energy services, about US$ 17 billion or 0.34% of GDP in our calibration, close to the 92 
Ministry of Economy, Trade and Industry’s (METI) estimate of 0.4% for the sharing economy. 93 

We show that moving beyond ownership is not a sustainability strategy in itself: its 94 
environmental and distributional outcomes depend on which groups change consumption, 95 
which practices they adopt and how relative costs evolve. Higher-income groups’ sufficiency 96 
drives environmental benefits, whereas sharing alone does not necessarily reduce 97 
environmental footprints. Enabling infrastructure amplifies existing behavioural tendencies 98 
rather than determining shifts away from ownership, particularly as market-provided energy 99 
services become more expensive relative to home production. Finally, greater equality in 100 
energy-service access does not necessarily improve welfare equity, revealing a trade-off 101 



   
 

3 
 

between environmental benefits, equitable energy-service access and welfare outcomes (see 102 
Methods, Outcome indicators).  103 

Our contributions are fourfold. First, we connect lifestyle conditions shaping low-104 
carbon practices22,36 with environmental and distributional assessments of demand-side 105 
strategies4,37,38. Second, we couple a lifestyle model based on national household surveys with 106 
macroeconomic and material-flow modelling, allowing lifestyle and economic dynamics to 107 
interact and informing climate-economy modelling that seeks to represent lifestyle dynamics 108 
in Integrated Assessment Models (IAMs)34–36. Third, we extend the PSS literature6,10,39,40 by 109 
assessing the environmental and distributional consequences of access-based consumption, 110 
building on research linking lifestyles and structural dynamics21,24. Fourth, we show how 111 
lifestyle dynamics and infrastructure determine whether demand-side CE strategies reduce, 112 
rather than increase, environmental footprints3–5. 113 

 114 

Figure 1 | Conceptual framework and model coupling. (a) Lifestyle drivers determine engagement in 115 
sharing and sufficiency, while infrastructure enablement governs the extent to which households can 116 
substitute towards market-provided energy services (see Methods, CIRCEE-LIFE coupling). We 117 
consider three infrastructure settings (Current, Broad, Concentrated) that differ in the distribution of 118 
enablement across lifestyle groups. All scenarios are compared with a Reference combining the Current 119 
infrastructure setting with no lifestyle heterogeneity. (b) The coupling between CIRCEE and LIFE 120 
proceeds in four steps. Step 1 generates three lifestyle types and their behavioural propensities from 121 
LIFE, using empirical data from national social surveys. Step 2 translates these propensities into 122 
modifiers for CIRCEE in 2020. Steps 3 and 4 then iteratively couple the models: CIRCEE uses modifiers 123 
to adjust sharing and sufficiency uptake, while changes in market energy-service consumption and 124 
energy-using goods expenditures are passed back to LIFE to update cognition and behavioural 125 
assumptions. The updated modifiers are then fed back to CIRCEE until convergence. 126 
 127 
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Results 128 
Enabling infrastructure amplifies rather than determines shifts away from ownership.   129 
The effort to reduce ownership (Refuse, Fig. 2a,b) is highest among those practising 130 
sufficiency, whereas the pull towards ownership strengthens for disengaging groups: lower-131 
income groups under Ecoactive, and medium- and higher-income groups under Affordability. 132 
As wages and labour productivity grow under SSP2, the provision of energy services from the 133 
PSS market becomes more expensive relative to home production because labour costs are 134 
explicitly priced in market provision, whereas household labour used in home production is not 135 
remunerated. This relative cost effect is largest for the disengaging lifestyle group, reaching 136 
43% for lower-income groups under Ecoactive and 25% for higher-income groups under 137 
Affordability (Supplementary Figure 2). Infrastructure enablement changes how strongly 138 
lifestyle groups respond to this price signal rather than determining its direction. More enabling 139 
infrastructure (Broad and Concentrated enablement) amplifies each group’s existing tendency: 140 
it strengthens the shift towards ownership among disengaging groups (lower-income group in 141 
Ecoactive and higher-income groups in Affordability) and weakens the shift towards PSS 142 
among groups practising sufficiency (Refuse and Rethink, Fig. 2b,c). The effect depends on the 143 
level rather than the distribution of enablement: the lower-income group’s Refuse response rises 144 
by 6.7 p.p. from Current to either higher-enablement setting but differs by only 0.03 p.p. 145 
between Broad and Concentrated. The shift towards PSS energy services peaks between 2030 146 
and 2035 (Rethink, Fig. 2c) under Broad and Concentrated enablement before reversing, 147 
whereas it continues to rise through 2050 under Current.  148 
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 149 
Figure 2 | Behavioural engagement across lifestyle groups. (a) Behavioural engagement, 2050 150 
snapshot. Refuse is the change in total investment in energy-using goods (new purchases plus repairs), 151 
with a reduction counted as positive engagement in sufficiency. Rethink is the change in the market-to-152 
home energy-service consumption ratio, where a shift towards market (non-ownership) energy services 153 
counts as engagement. Blue indicates engagement, red disengagement, white no change. Behavioural 154 
engagement in Rethink and Refuse is expressed as a percentage change relative to the Reference, and the 155 
values are normalised to the 95th percentile of absolute values and bounded to [−1, 1] for the colour scale. 156 
According to the colour scale, lifestyle groups never reach full engagement in circular consumption 157 
activities, but they can fully disengage. (b) shows the change in energy-using goods purchases compared 158 
to the Reference.  (c) shows the change in the market-to-home energy-service consumption ratio. Source: 159 
CIRCEE-LIFE runs. 160 
 161 
 162 
Behavioural shifts have limited effects on households’ environmental footprints. 163 
Across scenarios, carbon footprints change by no more than 3% in either direction, and waste 164 
and material footprints change by less than 1% (Fig. 3a). Sharing does not necessarily reduce 165 
footprints, whereas sufficiency can: footprints fall when higher- and medium-income groups 166 
adopt sufficiency but rise when lower-income groups adopt it (Fig. 3a). These changes are 167 
limited because most household carbon footprints arise from direct energy use associated with 168 
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ownership models rather than from the goods and services targeted by Refuse and Rethink. 169 
Direct energy use accounts for around nine-tenths of the total carbon footprint for lower-income 170 
groups, compared with less than half for higher-income groups (Fig. 3b). Even when Refuse 171 
and Rethink change significantly, the resulting change in direct energy use is smaller than the 172 
behavioural shift itself. Relative prices further limit the environmental effect of these practices, 173 
as the price changes associated with PSS provision partly offset the behavioural shift towards 174 
reduced ownership.  175 

 176 
Figure 3 | Environmental footprints across lifestyle groups. (a) shows per-household carbon, waste 177 
and material footprints. Reductions are shown as green and increases are shown as purple. Carbon 178 
footprints do not include the carbon content of imported goods; they include only the carbon content of 179 
domestically produced goods. The footprints are expressed as a percentage change relative to the 180 
Reference, and the values are normalised to the 95th percentile of absolute values and bounded to [−1, 1] 181 
for the colour scale. (b) shows the change in carbon footprints by consumption good vs. the Reference 182 
(per household, 2050). (c) shows the change in waste footprints by consumption good vs. the Reference 183 



   
 

7 
 

(per household, 2050). Results for mixed-driver scenarios are omitted because they are similar to those 184 
of Ecoactive-All and Affordability-All (see Supplementary Figure 3). Source: CIRCEE-LIFE runs. 185 
 186 
 187 
Macro-level environmental gains depend on who reduces consumption. 188 
Whether engagement in sharing is driven by budget constraints or low-carbon cognitions makes 189 
little difference to macro-level material flows, waste flows, or cumulative CO2 emissions. The 190 
Ecoactive-sharing/Affordability-sufficiency scenario tracks Affordability-All, and 191 
Affordability-sharing/Ecoactive-sufficiency tracks Ecoactive-All (Fig. 4a–c). Instead, 192 
environmental outcomes depend on which lifestyle groups practise sufficiency: material and 193 
waste flows fall under Ecoactive, when higher- and medium-income groups practise 194 
sufficiency, but rise under Affordability, when higher-income groups continue consuming.  195 

The largest behavioural effects in material flows occur for energy-using goods in 196 
relative terms, falling by around 3% from the Reference under Ecoactive (Fig. 4a). Capital 197 
goods show the largest absolute change, falling by 1.7 Mt under Ecoactive and rising by 1.8 Mt 198 
under Affordability, or 0.2% of the respective baseline, following energy-using goods demand. 199 
Waste flows decrease for industrial waste and energy-using goods under Ecoactive and increase 200 
under Affordability (Fig. 4b). The small economy-wide change in non-durable goods waste 201 
also masks different household-level responses: lower-income groups reduce non-durable 202 
consumption to finance ownership, whereas higher-income groups show little change.  203 

Cumulative CO2 emissions are driven primarily by household energy use and only 204 
marginally by incineration (Fig. 4c), consistent with the household-level results above. 205 
Enabling infrastructure amplifies these existing directions rather than changing them: because 206 
the disengaging group responds most strongly to the price signal, more enabling infrastructure 207 
moves macro-level environmental outcomes towards higher emissions under both lifestyle 208 
drivers. Relative to the Reference, the largest reduction under Ecoactive occurs with the least 209 
enabling infrastructure (−96 Mt at Current vs −82 Mt at Broad), whereas under Affordability 210 
the increase grows from +102 Mt under Current to +114 Mt under Broad and +133 Mt under 211 
Concentrated. 212 
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 213 
Figure 4 | Economy-wide material flows and cumulative CO2 emissions relative to the Reference. 214 
(a) shows changes in domestic material consumption (DMC). (b) shows changes in municipal and 215 
industrial waste flows. (c) shows changes in cumulative CO2 emissions over 2018–2050. Source: 216 
CIRCEE-LIFE runs. 217 
 218 
A trilemma emerges between environmental benefits, access equity and welfare equity. 219 
Improved access to energy services does not translate into welfare gains for lower-income 220 
groups, because it can require reallocating expenditures away from other consumption goods 221 
and services. Under Ecoactive-All, higher-income groups reduce ownership and shift towards 222 
market-provided energy services, whereas lower-income groups, whose low-carbon cognitions 223 
are weak, expand ownership and use of energy-using goods at home (Supplementary Figure 4). 224 
As a result, the low-to-high energy-service consumption gap narrows by 7.8% at Current, as 225 
lower-income groups’ energy-service access rises by 3.0% and access for the higher-income 226 
group falls by 4.5% (Fig. 5a). However, financing this additional ownership reduces lower-227 
income groups’ consumption of other goods and services by 2.0% and leads to a 3.2% loss of 228 
lifetime welfare (consumption-equivalent variation, CEV), their largest loss in any scenario. 229 
Thus, greater access can come at the expense of welfare when it is achieved through ownership. 230 
 Under Affordability-All, lower-income groups instead shift to non-ownership models 231 
in response to their budget constraints. Their share of energy services provided by the market 232 
rises to 6.2%, while the higher-income group’s share falls from 5.0% to 4.5%. The energy-233 
service consumption gap widens by 3.4%, their consumption increases by 0.7%, and their 234 
welfare improves by 0.75%. Higher-income groups’ welfare is not significantly affected 235 
(−0.15% to +0.18%; Fig. 5b). Across all scenarios, the energy-service consumption gap and 236 
welfare equity can move in different directions. 237 
 The limited role of PSS in these shifts reflects its relative cost. In 2018, PSS accounts 238 
for 5.8% of all groups’ spending on energy services, and in 2050, in the Reference scenario, 239 
this is 5.7% for lower-income groups and 5.0% for higher-income ones. Across scenarios, PSS 240 
accounts for between 1% and 6% of a group’s energy services spending in 2050 241 
(Supplementary Figure 5). Under Ecoactive-All, the lower-income share falls to 4.5% with 242 



   
 

9 
 

Current and under 1% with Broad enablement, as these households substitute towards 243 
ownership rather than PSS. Because PSS is labour-intensive (Methods, equation (12)), market 244 
provision becomes about 19% more expensive relative to home production by 2050. This price 245 
effect partly offsets  lifestyle-driven shifts towards sharing, leaving PSS provision close to its 246 
present share across scenarios. Higher enablement therefore increases households’ 247 
responsiveness to relative prices rather than their inclination towards PSS. 248 
 Taken together, the environmental, welfare and energy-service access objectives 249 
cannot all be achieved simultaneously (Fig. 5c). The sufficiency driver determines the direction 250 
of the environmental effect: carbon and waste footprints (Supplementary Figure 6) fall by 0.16 251 
to 0.66% and 0.17 to 0.28% when sufficiency is cognition-driven and rise by 0.57 to 1.21% and 252 
0.25 to 0.40% when it is context-driven. These environmental gains, however, coincide with 253 
wider welfare differences across lifestyle groups: the welfare spread ranges from 1.8 to 3.2 254 
percentage points in cognition-driven scenarios, compared with 0.2 to 1.2 in context-driven 255 
scenarios. Conversely, the closest approach to equality of energy-service access (ratio of 0.99 256 
under Affordability-Sharing with Ecoactive-Sufficiency) comes with a 1.9% lifetime welfare 257 
loss for lower-income groups. Ecoactive-All at Current illustrates the trade-off, combining the 258 
largest environmental footprint reduction (−0.66%) with the widest welfare spread (3.2 p.p.). 259 
Aggregate lifetime welfare falls by 0.52% under Ecoactive-All and rises by 0.18% under 260 
Affordability-All, although these aggregate changes mask distributional effects because lower-261 
income groups account for only 13.7% of households in Japan. Sensitivity tests (Methods, 262 
Sensitivity analysis) preserve the direction of the main environmental and welfare effects, 263 
although their magnitude can increase.  264 
 265 
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 266 
Figure 5 | Welfare and energy-service consumption inequality. (a) shows per-household energy-267 
service consumption gap by group pair (lower-/higher-income, lower-/medium-income, medium-268 
/higher-income). A value of 1 denotes parity between two lifestyle groups. A value below 1 indicates 269 
that the first group accesses less than the second. The dashed lines show the Reference, in which the gap 270 
between lower- and medium-income groups is higher than that of medium- and higher-income groups. 271 
(b) shows lifetime consumption-equivalent variation (CEV, %) by lifestyle group relative to the 272 
Reference. (c) shows the trilemma between carbon footprint, the energy-service consumption gap and 273 
welfare equity, measured as the welfare spread in lifetime CEV across groups. Each point represents one 274 
of the twelve scenarios in 2050. The x-axis represents the ratio of lower-income to higher-income group 275 
energy-service consumption, where 1.0 (dotted line) is equal access. The y-axis represents the economy-276 
wide carbon footprint relative to the Reference; points below the dashed line show a reduction in 277 
footprint. The point size shows the welfare spread, i.e. the lifetime consumption-equivalent welfare 278 
change of the best-off lifestyle group minus that of the worst-off, in percentage points. A larger point 279 
means the scenario leaves the lifestyle groups further apart from each other. Colours represent lifestyle 280 
drivers, and shapes represent infrastructure enablement. Source: CIRCEE-LIFE runs. 281 
 282 
  283 

Discussion 284 
Our results show that moving beyond ownership is not a sustainability strategy in itself.  285 
Sharing changes how energy services are accessed, whereas environmental benefits depend 286 
mainly on which lifestyle group reduces ownership through sufficiency. Across the twelve 287 
scenarios, no single scenario simultaneously delivers environmental benefits, equitable energy-288 
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service access and welfare equity. When higher- and medium-income groups adopt sufficiency, 289 
energy-service access becomes more equal and cumulative CO2 emissions decrease, but the 290 
welfare gap between lower- and higher-income groups widens because lower-income groups 291 
gain access partly by increasing ownership and reallocating consumption away from other 292 
goods and services. Conversely, scenarios in which lower-income groups shift towards non-293 
ownership models can improve their welfare while widening the energy-service consumption 294 
gap and increasing environmental footprints. These findings connect research on access-based 295 
consumption27, demand-side mitigation and well-being28, inequality and low-carbon 296 
behaviours41, and the links between service provision, material cycles and environmental 297 
impacts37 by showing that environmental, access and welfare outcomes can move in different 298 
directions when lifestyle and economic dynamics interact.  299 

Improving access to energy services therefore does not automatically translate into 300 
fairer welfare outcomes for the groups gaining access. Lower-income groups can narrow the 301 
consumption gap by purchasing more energy-using goods, but the associated expenditure 302 
reduces their consumption of other goods and services and lifetime welfare. In contrast, when 303 
budget constraints lead these households towards non-ownership models, their welfare 304 
improves but the energy-service consumption gap widens. Access and welfare equity should 305 
therefore be treated as distinct distributional outcomes rather than interchangeable measures of 306 
equity.  307 

We also show that enabling infrastructure does not determine which lifestyle group 308 
moves away from ownership. Instead, it amplifies the behavioural tendencies already 309 
associated with each lifestyle group. More enabling infrastructure increases the responsiveness 310 
of households to relative prices between ownership and PSS, but the direction of the response 311 
remains determined by the lifestyle characteristics. Because energy services provided by the 312 
PSS market become relatively more expensive than home production as wages and labour 313 
productivity increase, greater responsiveness of households can reinforce a shift towards 314 
ownership among disengaging lifestyle groups rather than towards PSS. This cost disadvantage 315 
is consistent with the type of service-sector cost dynamics described by Baumol42. Within the 316 
infrastructure settings tested here, the aggregate level of enablement matters more than its 317 
distribution. Infrastructure availability alone therefore does not induce behavioural change: its 318 
effectiveness depends on whether households exposed to it are willing and able to change their 319 
consumption practices43.  320 

Responses to infrastructure differ across lifestyle groups. Medium-income groups may 321 
disengage from both sharing and sufficiency because weaker low-carbon cognitions and lower 322 
agency compared with higher-income groups leave them less able to act on their intentions21,41. 323 
Higher-income groups can retain ownership despite strong low-carbon cognitions when 324 
materialistic orientation influences their choices17,18. Infrastructure therefore does not guarantee 325 
spillovers between circular practices. This is consistent with evidence that pro-environmental 326 
spillover onto actual behaviour can be weak29. Because ownership carries different status 327 
implications across lifestyle groups13,14, access-based consumption does not necessarily 328 
facilitate the expected shift from owning to sharing7,8.  329 

These differences are central to the environmental effectiveness of consumer-focused 330 
CE strategies. Higher-income groups have larger consumption and environmental footprints, 331 
so macro-level environmental outcomes improve when these groups reduce ownership through 332 
sufficiency. By contrast, reducing consumption among lower-income groups does not 333 
necessarily lower aggregate footprints and can impose welfare costs when households increase 334 
ownership to secure energy services. This highlights two gaps in demand-side mitigation. First, 335 
lifestyles that do not benefit climate action remain understudied. In our findings,  when circular 336 
practices are driven by affordability, higher-income groups’ continued ownership can offset 337 
environmental improvements associated with lower-income groups’ adoption of circular 338 
practices. Second, lifestyle changes among higher-income groups need more attention because 339 
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their larger environmental footprints give their behaviour greater environmental leverage. 340 
Progress on reducing material footprints and decoupling resource use from economic activity 341 
(SDGs 8.4 and 12.2), reducing waste (SDG 12.5) and advancing climate action (SDG 13) 342 
therefore depends on which lifestyle group reduces consumption, and why. This also highlights 343 
the need to distinguish energy-service access (SDG 7.1) from welfare and inequality outcomes 344 
(SDG 10). These findings support calls for demand-side CE strategies3,4 and highlight gaps in 345 
understanding lifestyle change22.  346 

These results also distinguish sharing from sufficiency as demand-side consumer CE 347 
strategies. Sufficiency acts directly on the number of energy-using goods purchased. Sharing 348 
does not necessarily reduce these purchases: households can obtain the same level of energy 349 
services through the market while continuing to own energy-using goods. The environmental 350 
potential of sharing is further constrained by the relative cost of PSS, whose labour requirement 351 
contributes to a cost disadvantage compared with home production as wages and labour 352 
productivity increase. Sharing and sufficiency are therefore not environmentally equivalent in 353 
our scenarios, consistent with concerns that PSS may not automatically decouple access to 354 
value from ownership11 and with previous findings that sharing-economy models can increase 355 
rather than reduce consumption44,45. The limited magnitude of these environmental effects 356 
indicates that access-based consumption is not equivalent to reducing resource demand and 357 
should be understood as complementary to, rather than a substitute for, energy-system 358 
decarbonisation and energy efficiency.  359 

Coupling lifestyle and economic dynamics has implications for climate-economy and 360 
CE modelling. Models imposing lifestyle change exogenously may miss how lifestyle 361 
characteristics affect consumers’ consumption habits34. In our scenarios, PSS outcomes depend 362 
on infrastructure, the relative costs of ownership and access-based services, low-carbon 363 
cognitions among higher-income groups and energy-service access for lower-income groups. 364 
Representing feedback between lifestyle dynamics, economic dynamics and material flows 365 
makes it possible to assess both environmental effects and their distribution across lifestyle 366 
groups. This addresses a broader modelling challenge: social and behavioural processes are 367 
often exogenous or studied separately, despite their environmental and distributional 368 
implications22,34–36,38. 369 

Our results suggest two broad policy lessons. First, increasing the availability of non-370 
ownership consumption options is unlikely to be enough if their relative cost remains 371 
unattractive to consumers. This availability can actually strengthen the pull towards ownership 372 
rather than weaken it, for the very lifestyle group the policy is targeting. The mechanisms 373 
identified here point to policy levers, including measures that reduce the relative cost of PSS 374 
services, such as subsidies, especially for lower-income groups that are motivated by budget 375 
constraints, or increase the relative cost of ownership, such as ownership taxes. The 376 
effectiveness of such measures will depend on how different lifestyle groups respond to the 377 
resulting price changes. Second, policies seeking environmental benefits through sufficiency 378 
need to consider which groups consume most and where reductions in consumption occur, 379 
rather than assuming all lifestyle groups can engage in sufficiency equally. The results also 380 
caution against treating sufficiency as environmentally beneficial independently of 381 
distributional outcomes. Asking households that already consume relatively little to reduce 382 
consumption further may yield smaller aggregate environmental gains than reducing 383 
consumption among higher-income groups, while potentially imposing larger welfare costs on 384 
lower-income groups. Policy design should therefore distinguish between expanding access to 385 
energy services, improving welfare and reducing carbon- and resource-intensive consumption, 386 
rather than assuming moving beyond ownership can achieve all three objectives 387 
simultaneously.   388 

There are three main limits to our analysis. We treat PSS as a competitive sector, 389 
leaving out network externalities and spatial frictions that would concentrate its benefits in 390 
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dense, higher-income areas46. The three lifestyle groups aggregate within-group heterogeneity, 391 
which can mask distributional dynamics. Finally, the results are conditioned on Japan’s high-392 
income, ageing and service-dominated economy: whether the same trilemma arises in other 393 
high-income contexts will depend on wage growth, service-sector productivity, household 394 
production and informal sharing practices. These and further limits are discussed in Methods.  395 

 396 
Methods 397 
Definitions 398 
Product-sharing Product-Service Systems. We define product-sharing PSS as a result-oriented 399 
business model in which the energy-service provider retains ownership of energy-using goods 400 
and provides services to multiple users, who pay for the outcome delivered rather than owning 401 
the goods that deliver an outcome, such as travel from point A to B11,39. The provider controls 402 
how goods are used, which can reduce underuse and premature replacement. We focus on 403 
result-oriented product-sharing PSS models because provider revenues depend on delivering 404 
the function/result of the product rather than transferring ownership of the product itself, which 405 
can create stronger incentives for durability and resource efficiency than product- or user-406 
oriented variants47,48. We focus on services provided by energy-using goods, given their 407 
lifecycle resource and carbon intensity. Goods are suitable for PSS if they meet certain 408 
conditions, such as being long-lasting. While not all energy-using consumer goods are suitable 409 
for product-sharing PSS (e.g., refrigerators)48, to keep our model traceable and stylised, we 410 
consider a single good that aggregates all energy-using goods categories (vehicles, home 411 
appliances, personal electronics, dwelling equipment such as heating systems) present in 412 
national statistics. 413 

Lifestyles. Lifestyles are defined here as the interplay between cognitions and 414 
behaviours within specific material and social contexts21 in relation to households’ access to 415 
non-ownership models. Cognition enhances individuals’ motivation to adopt low-carbon 416 
behaviours (as in the ‘Ecoactive’ driver described in the CIRCEE-LIFE coupling section 417 
below), context shapes the relationship between motivation and behaviour and can act as an 418 
enabler (as in the ‘Affordability’ driver for the lower-income group described in the CIRCEE-419 
LIFE coupling section below) or as a barrier (as in the ‘Ecoactive’ driver for the lower-income 420 
group), and lifestyle dynamics expand the range of low-carbon and circular consumption 421 
activities individuals engage in. We focus on two consumption activities related to non-422 
ownership models: sufficiency and sharing. We frame “sufficiency” as refusing to own energy-423 
using goods by reducing purchases. We frame “sharing” as adopting service-based 424 
consumption, where households purchase energy services from a product-sharing PSS market 425 
instead of owning the means of producing energy services at home.  426 

These lifestyle groups are empirically derived through hierarchical cluster analysis of 427 
national household survey data and represent stylised behavioural archetypes in the model 428 
rather than representations of homogeneous populations. Significant heterogeneity may exist 429 
within each group. The results therefore reflect the mechanisms associated with the modelled 430 
lifestyle characteristics rather than income deciles themselves.  431 

Propensity is the strength of a lifestyle group’s engagement in a given low-carbon 432 
practice, measured in LIFE as a mean centroid score from 0 (weak) to 1 (strong) across avoid, 433 
shift and improve behaviours. Propensity values are homogeneous in LIFE across circular 434 
activities: the propensities are a property of the driver, not the behaviour. They indicate the 435 
strength of each lifestyle group’s Ecoactive or Affordability motivation. A behavioural modifier 436 
is the parameter in CIRCEE that shifts a group’s preference between two options (e.g., owning 437 
vs renting a good) and is calibrated so that the group’s engagement in 2020 reproduces the ratio 438 
of its propensity to the population mean (refer to CIRCEE-LIFE coupling below). It is a 439 
multiplicative adjustment to a group’s preference for a given practice.  440 

Infrastructure enablement. We define it as the interconnected digital, physical and 441 
institutional infrastructure that allows households to access energy services without owning 442 
energy-using goods. We represent infrastructure enablement through settings that vary the 443 
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elasticity of substitution between energy services produced “at home”, from ownership models, 444 
and energy services purchased “at the market”, from non-ownership models, i.e., from a 445 
product-sharing PSS firm in our context. In our modelling framework, a highly enabling 446 
infrastructure reflects a higher elasticity of substitution between PSS market and home energy 447 
services, enabling a switch between ownership and non-ownership models. Conversely, less 448 
enabling infrastructure is represented by a lower elasticity of substitution (close to 1), which 449 
makes switching between these models more difficult. This representation of infrastructure 450 
affects only the ease with which households substitute market-provided energy services for 451 
home production. It does not directly impose a shift away from ownership.   452 

Energy-service access represents differences in access across lifestyle groups through 453 
their per-group energy-service consumption. Because PSS affects access to market-provided 454 
energy services, we assess access as an indicator of material well-being. This choice is 455 
motivated by the decent living standards literature49, which emphasises access to essential 456 
energy services as a dimension of material well-being, although our representation of energy-457 
service access is specific to the model. The energy-service consumption ratio is defined as 458 
energy services consumed by the lower-income group relative to the higher-income group; a 459 
ratio of 1 indicates equal energy-service consumption between the two groups.  460 

 461 
Context 462 
Japan provides an empirical setting where policy ambition for service-provisioning systems 463 
exists, consumer awareness and intentions are well established and growing, and infrastructure 464 
contexts are in transition. It also provides detailed material-flow accounts, national statistics 465 
and consumer surveys (Greendex from National Geographic Society, World Values Survey and 466 
other national household surveys) that allow calibration of the model at the required level of 467 
aggregation. 468 

Japan’s policy framework provides an institutional basis for sufficiency and sharing 469 
behaviours. The 2025 Environment White Paper, METI’s Circular Economy Vision, the Japan 470 
Partnership for Circular Economy, and the 2012 Act on Promotion of Consumer Education, 471 
which aims to foster sufficiency behaviours and extend product lifespans, together establish the 472 
institutional basis for non-ownership models, while the documented diversity of circular 473 
business models across automotive and clothing sectors30,31 confirms that service-provisioning 474 
systems are developing in Japan. 475 

Three features of the Japanese context directly inform our conceptual framework, 476 
described hereafter. First, consumer survey evidence reveals a gap between awareness and 477 
adoption of sharing (as a non-ownership model) behaviours: PwC Japan50 records sharing 478 
economy service awareness at 49.9% but actual engagement at only 21.6%, motivating the 479 
“Affordability” lifestyle driver in which low-carbon cognitions do not translate into action. 480 
Second, surveys by Dentsu51 show awareness of sharing at 40.7% and sufficiency at 54%, with 481 
intentions to incorporate sufficiency into daily life at almost 50%, driven primarily by 482 
environmental concerns, which we reflect in the “Ecoactive” lifestyle driver. Third, Japan’s 483 
infrastructure presents structural barriers to PSS adoption, including a well-developed public 484 
transport network that reduces incentives for mobility PSS, a historically cash-based payment 485 
infrastructure, which represents a digital infrastructure barrier to platform-based service 486 
provisioning, and a high score on Hofstede’s Uncertainty Avoidance Index (92 out of 100), 487 
motivating our sensitivity analysis, in which we vary substitution elasticities across lifestyle 488 
groups. Even where access-based services exist for home appliances, consumers often revert to 489 
ownership at the end of trial periods52, reinforcing the need to test the sensitivity of the model 490 
to the infrastructure contexts under which PSS can durably replace ownership. In the 491 
automotive sector, a survey by Mitsubishi UFJ Research and Consulting for the Consumer 492 
Affairs Agency32 finds that 27.7% of car owners considered abandoning ownership after using 493 
non-ownership models, with satisfaction rates among product-sharing car-sharing users 494 
approaching 100%, suggesting that barriers to wider adoption may lie beyond users’ experience 495 
of service quality, including awareness and infrastructure conditions. The report that 63.7% of 496 
people adopted product-sharing car-sharing post-2020 further indicates that infrastructure 497 
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contexts are beginning to shift, consistent with the dynamic evolution of substitution elasticity 498 
in Broad and Concentrated enablement settings. 499 

Energy-using goods differ in how intensively households use them in Japan. 500 
Refrigerators run continuously, while heating and air-conditioning systems are fixed to 501 
dwellings. Cars, washing machines and cooking appliances, by contrast, hold 31% of the 502 
household stock of energy-using goods and are in use under 4% of the time, against an average 503 
of 16% for the whole stock (Supplementary Table 2). We calibrate the PSS sector from data on 504 
cars and washing machines, which together hold 14% of the household stock and are the two 505 
goods for which business-to-consumer providers report use rates. The Ministry of Economy, 506 
Trade and Industry’s survey (2020) of the sharing economy identifies them as the principal 507 
shared goods in Japan, alongside money and skills53. The model is therefore calibrated on the 508 
energy-using goods through which PSS currently operates.  509 

 510 
Modelling framework 511 
All the equations presented here are in simplified form for clarity. The detailed model is 512 
available in the open-access code.  513 

Model inputs and outputs. CIRCEE-LIFE separates what is calibrated or assumed 514 
(the inputs) from what emerges from solving the coupled system. Inputs include the behavioural 515 
preference parameters (calibrated identically across lifestyle groups), the substitution elasticity 516 
between home- and market-provided energy services (calibrated per lifestyle driver, see 517 
Lifestyle drivers and infrastructure enablement), the SSP2 energy price and efficiency 518 
trajectory from WITCH, and household population shares (Supplementary Table 1). Outputs 519 
include the behavioural modifiers governing the engagement in sharing and sufficiency 520 
decisions, which emerge from the iterative LIFE-CIRCEE coupling rather than being imposed 521 
directly, all prices, and all downstream quantities reported in Results. 522 

The CIRCEE-LIFE model54 is a stylised dynamic general equilibrium model with 523 
resource stock and flow consistency designed to assess circular economy strategies. It is 524 
coupled with the LIFE model21 and has a one-way link to the IAM WITCH33 (Supplementary 525 
Figure 7). CIRCEE-LIFE incorporates microeconomic foundations and consumer lifestyle and 526 
income heterogeneity that drive the behaviours of economic agents, as well as industrial 527 
ecology concepts. The model’s dynamic, forward-looking nature allows consumers to consider 528 
current and future costs when deciding whether to own energy-using goods. Although CIRCEE 529 
can accommodate different Shared Socioeconomic Pathway (SSP) narratives, CIRCEE-LIFE 530 
runs SSP2 only because LIFE is calibrated on SSP2.  531 

Consumption structure. We model how consumers shift from ownership models 532 
through lifestyle dynamics. Product-sharing PSS enables households to move away from 533 
ownership models through two reinforcing channels: (i) a direct substitution effect (energy 534 
services from a PSS market replace ownership) and (ii) an indirect sufficiency effect (less 535 
ownership reduces energy-using good expenditures and thus ownership). Both are enabled by 536 
infrastructure in place that supports PSS. Lifestyles and income differ among the three lifestyle 537 
(household) groups: 538 

• Higher-income groups exhibit stronger low-carbon cognitions and more enabling 539 
material and social contexts (e.g., supportive social networks) than other lifestyle 540 
groups, leading them to intentionally engage in sharing and sufficiency when their 541 
low-carbon cognitions are strengthened. They have a younger age profile than other 542 
lifestyle groups and interact more strongly with technology and related social 543 
systems, which are both necessary to accelerate the transformation towards a low-544 
carbon lifestyle55. They correspond to the ‘Resourceful’ and ‘Active’ consumer 545 
clusters of LIFE21. 546 

• Lower-income groups exhibit weak low-carbon cognitions, less enabling material 547 
and social contexts, and a strong need to save money (material context), which 548 
leads them to engage in sharing and sufficiency unintentionally when low-carbon 549 
cognitions do not drive the behaviours of households in the model. The literature 550 
has shown that lower-income groups benefit from and engage most in the sharing 551 
economy56. They correspond to the ‘Constrained’ consumer cluster of LIFE21. 552 
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• Medium-income groups exhibit weaker low-carbon cognitions than higher-income 553 
groups but stronger than lower-income groups. They also exhibit higher perceived 554 
behavioural control, lower agency and moderate enabling material and social 555 
contexts compared to the higher-income group, which makes them less 556 
empowered. They have the youngest age profile, have lower levels of education 557 
than the higher-income group and have fewer children but reside in slightly larger 558 
households (e.g., extended families with elderly dependents or shared professional 559 
households) compared to other lifestyle groups. In terms of access/use of digital 560 
technologies, they are similar in profile to the higher-income group. They 561 
correspond to the ‘Cautious’ consumer cluster of LIFE21. 562 

We model the three lifestyle groups as distinct optimising agents, each maximising 563 
lifetime utility subject to a budget constraint. Households derive utility from the consumption 564 
of energy services, durable goods other than energy-using goods (e.g., furniture and clothing), 565 
and non-durable goods (e.g., food and packaging). The heterogeneity in sharing and sufficiency 566 
engagement across lifestyle groups is captured by group-specific behavioural propensity 567 
modifiers that operate on households’ continuous variable choices.  568 

Utility depends on current consumption relative to a habit stock, the accumulated 569 
standard of living from past behaviour, capturing the tendency to maintain consumption 570 
patterns over time57. In the case of sharing consumption patterns, these habits are dependent on 571 
past consumption patterns and on materialism40: 572 max௎೔,೟ ∑ ௧ߚ ௜ܷ,௧2050

௧=2018     (1 ) 573 

.ݏ .ݐ   ௜ܷ,௧ = ௜,௧ܥ) − ℎ௜,௧ܥ௜,௧−1)1− 1ఙ೔೐ೞ1 − ௜௘௦ߪ1 .ݏ 574 ( 2)     .ݐ  ௧ݏ݁ݑ݊݁ݒܴ݁  = ௧ݏ݁ݏ݊݁݌ݔܧ           (3) 575 
where ߚ௧ is the discount factor, ௜ܷ,௧ is utility in time ݐ  for lifestyle group ݅ , ܥ௜,௧ is the 576 

nested consumption aggregator, ℎ௜,௧ is the habit consumption persistence parameter, and ߪ௜௘௦ 577 
is the intertemporal elasticity of substitution, which is a measure of how willing people are to 578 
shift their spending or consumption over time. 579 

The nested consumption aggregator is as follows: 580 

௜,௧ܥ = ܧܰ)nesߙ] ௜ܵ,௧)ఙ೎−1ఙ೎  + ܧ)௘௦ߙ ௜ܵ,௧)ఙ೎−1ఙ೎ ] ఙ೎ఙ೎−1  (4) 581 

where (ߙnes, ܰ ,௖ is the elasticity of substitutionߪ ,௘௦) are distribution parametersߙ ܧ ௜ܵ,௧ 582 
are non-energy services (non-durable goods and other durable goods), and ܧ ௜ܵ,௧ are energy 583 
services. 584 

Households choose how much of their energy-service demand to satisfy through home 585 
production, ܧ ௜ܵ,௧ℎ௢௠௘, by owning energy-using goods and consuming efficient energy, and how 586 
much to purchase from a product-sharing PSS market, ܧ ௜ܵ,௧௠௔௥௞௘௧: 587 
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ܧ ௜ܵ,௧588 

=
{  
  
hom௘ߙ   ఙhom೐−1ఙhom೐(௜,௧௟௢௪௨௦௘ܦܧ௜,௧௟௢௪௨௦௘ݑ)௘ௗߙ)] + ܧ)௘௡ߙ ௜ܰ,௧௟௢௪௨௦௘)ఙhom೐−1ఙhom೐ ) ఙhom೐ఙhom೐−1]ఙ

೐ೞ−1ఙ೐ೞ⏞                                                ாௌ೔,೟ℎ೚೘೐
 589 

+ ((1 − ܾ݁ℎ௜,௧௦ℎ௔௥௜௡௚)ߙ௠௔௥௞௘௧) ܧ] ௜ܵ,௧௠௔௥௞௘௧]ఙ೐ೞ−1ఙ೐ೞ
}  
  
  ( ఙ೐ೞఙ೐ೞ−1)

 (5) 590 

 591 
where (ߙhom௘ , ௘ௗߙ , ,௘௡ߙ hom௘ߪ) ,௠௔௥௞௘௧) are distribution parametersߙ ,  ௘௦) are 592ߪ

substitution parameters between energy-using goods and efficient energy in the home-produced 593 
energy-service bundle, and between home- and market-provided energy services in the energy-594 
service bundle, which is the infrastructure measure in CIRCEE-LIFE, ݑ௜,௧௟௢௪௨௦௘ is the use rate of 595 
“low-use” energy-using goods to produce energy services at “home”, ܦܧ௜,௧௟௢௪௨௦௘ is the stock of 596 
energy-using goods owned by households, ܧ ௜ܰ,௧௟௢௪௨௦௘ is an energy bundle that aggregates 597 

efficient electricity and efficient non-electric energy, ܾ݁ℎ௜,௧௦ℎ௔௥௜௡௚is the behavioural modifier 598 
that increases (negative modifier in the model) or decreases (positive modifier in the model) 599 
the engagement in the product-sharing PSS market, ܧ ௜ܵ,௧௠௔௥௞௘௧are energy services provided by 600 
the PSS sector. The behavioural modifier is a preference shift that governs the intratemporal 601 
substitution between energy services obtained from ownership and non-ownership models. 602 
Infrastructure improvements operate through the substitution elasticity ߪ௘௦, reducing the non-603 
price frictions associated with accessing product-sharing PSS services independently of market 604 
prices. 605 

The demand for PSS market-provided energy services equates marginal utility of 606 
market-provided energy services to the all-tax-included final price: 607 Λ௜,௧ߙ௘௦ ( ܧ௜,௧ܥ ௜ܵ,௧) 1ఙ೎ (1 − ܾ݁ℎ௜,௧௦ℎ௔௥௜௡௚)ߙ௠௔௥௞௘௧ ( ܧ ௜ܵ,௧ܧ ௜ܵ,௧௠௔௥௞௘௧)

1ఙ೔,೟೐ೞ = ௧௣௦௦(1݌ +  608 (6)  (ݐܽݒ

where Λ௜,௧is the marginal utility of consumption, (ߙ௘௦,  ௠௔௥௞௘௧) are distribution 609ߙ
parameters,  ݌௧௣௦௦(1 +  is all-tax-included price of energy services from the PSS market 610 (ݐܽݒ
and ݌௜,௧hom௘ is the all-tax-included price of producing energy services at home, which depends 611 
on the user cost and the use rate of energy-using goods, and the price of energy.  612 

The decision to purchase energy-using goods is governed by a user cost equation in 613 
which the sufficiency modifier (a negative quantity when households engage in sufficiency and 614 
positive otherwise) acts as a perceived price wedge, raising the effective cost of ownership for 615 
households with stronger sufficiency lifestyles. This mechanism is similar to a psychological 616 
cost of ownership, such as environmental guilt or social norms. It also reflects how sufficiency 617 
is measured in the LIFE model: through a decrease in total expenditures. The decision equates 618 
the marginal benefit and (user) cost of purchasing one more unit of an energy-using good: 619 ߲ ௜ܷ,௧߲ܦܧ௜,௧+1௟௢௪௨௦௘ = ߚ௜,௧௡௘௪ݍ ௧௡ௗ݌௧+1௡ௗ݌ ௜,௧+1ߣ௜,௧ߣ − ௜,௧+1௡௘௪ݍ) − ௜,௧+1ௗ௘௣ݍ  ௜,௧+1௟௢௪௨௦௘)    (7) 620ߜ
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where 
డ௎೔,೟డா஽೔,೟+1೗೚ೢೠೞ೐ (=  ௜,௧) is the marginal benefit of owning one more unit of a “low-621ܿݑ 

use” energy-using good in period (t+1) decided in period t, ݍ௜,௧௡௘௪ is the shadow price of an 622 

installed unit of a newly purchased energy-using good, 
1ఉ ௣೟+1೙೏௣೟೙೏ ఒ೔,೟ఒ೔,೟−1 is the household’s inverse 623 

stochastic discount factor in real terms, which captures how much additional satisfaction 624 
(utility) the household would gain from having one extra unit of income at one point in time, 625 
and ݍ௜,௧+1ௗ௘௣ ௜,௧+1௟௢௪௨௦௘ߜ  is the value recovered from the fraction of the energy-using good stock that 626 
depreciates in (t+1), valued at the shadow price on the depreciated margin. Because depreciated 627 
units can be replaced through repair and new purchases, they are valued at ݍ௜,௧+1ௗ௘௣  rather than 628 ݍ௜,௧+1௡௘௪  ௜,௧௡௘௪ equals the effective purchase price net of the sufficiency modifier when 630ݍ 629  .

investment adjustment costs are zero and exceeds it when investment is rising. ݍ௜,௧ௗ௘௣ is defined 631 
analogously. The two shadow prices differ whenever the cost of new purchases and that of 632 
repair diverge. ݍ௜,௧௡௘௪ satisfies the following equation: 633 (1 − ܾ݁ℎ௜,௧௦௨௙௙௜௖௜௘௡௖௬) ݌௧௘ௗ = ௜,௧௡௘௪ݍ [1 − ௜,௧ܥܣ − [௜,௧௟௢௪௨௦௘ݒ݊ܫ௜,௧߲ܥܣ߲ + ߚ ௧+1௡ௗ݌௧௡ௗ݌ ௜,௧ߣ௜,௧+1ߣ ௜,௧+1௡௘௪ݍ       (8) 635 

 634 
where ݌௧௘ௗ is the all-tax-included price of energy-using goods, ܥܣ௜,௧ are the adjustment 636 

investment costs and ݒ݊ܫ௜,௧௟௢௪௨௦௘ the investments in energy-using goods owned by households. 637 
The depreciation rate is itself endogenous and households trade off using the good more 638 

intensively against wearing it out faster as follows: 639 ߜ௜,௧௟௢௪௨௦௘ = ఙ೏೐೛(௜,௧ௗ௘௣ݑ)௟௢௪௨௦௘ߜ          (9) 640 
where ߜ௟௢௪௨௦௘ is a scaling factor, ݑ௜,௧௟௢௪௨௦௘ the endogenous use rate of energy-using 641 

goods owned by households and ߪௗ௘௣ the sensitivity of the depreciation rate to the use rate. We 642 
assume that the depreciation rate of energy-using goods increases non-linearly with the use rate, 643 ݑ௜,௧௟௢௪௨௦௘, with the sensitivity parameter ߪௗ௘௣. MFA models usually use a depreciation pattern 644 
for which physical wear and tear is not proportional to time alone but to intensity of use. They 645 
rely on non-linear, probabilistic depreciation profiles, such as Weibull functions58–60. Since we 646 
do not track the age distribution of energy-using goods in our model, as in MFA models, we 647 
assume that the depreciation rate is a non-linear function of the use rate and a scale parameter 648 ߜ௟௢௪௨௦௘. We find that the calibrated value ߪௗ௘௣ exceeds unity (Supplementary Table 1), which 649 
generates a convex, increasing depreciation rate. Goods that are used more intensively therefore 650 
face higher physical wear. This is consistent with the increasing hazard regime of a Weibull 651 
distribution. The use rate of energy-using goods is determined endogenously by equating the 652 
marginal benefit of additional use against its marginal cost (the shadow value of the 653 
depreciation that use causes), which rises non-linearly with the use rate because physical wear 654 
accelerates with intensity of use: 655 ܿݑ௜,௧−1 = (1 − ܾ݁ℎ௜,௧௦௨௙௙௜௖௜௘௡௖௬)݌௜,௧௘ௗߜ௟௢௪௨௦௘ߪௗ௘௣(ݑ௜,௧௟௢௪௨௦௘)ఙ೏೐೛            (10) 656 

where ܿݑ௜,௧−1 is the user cost of owned energy-using goods, ݌௜,௧௘ௗ is the total cost 657 
(including all taxes) of “low-use” energy-using goods, multiplied by the depreciation of those 658 

goods caused by each additional unit of use time, ߜ௟௢௪௨௦௘ߪௗ௘௣(ݑ௜,௧௟௢௪௨௦௘)ఙ೏೐೛−1. As a negative 659 
quantity, the sufficiency modifier lowers the shadow cost of the depreciation caused by use. 660 
Households practising sufficiency therefore use the goods they already own more intensively 661 
rather than replacing them. Sufficiency thus reduces new purchases while increasing use of the 662 
existing stock. The two margins work in opposite directions on end-of-life flows, and the net 663 
effect on disposal is a model outcome rather than an assumption.  664 

Product-sharing PSS structure. We model the long-run dynamics of product-sharing 665 
PSS markets, where frictions, such as matching inefficiencies and transaction costs, have 666 
dissipated thanks to competition61. We model the energy-using goods stock used by product-667 
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sharing PSS providers as perfectly and costlessly divisible: the benefits to providers depend on 668 
the total stock of energy-using goods they make available through the market, irrespective of 669 
whether that stock is rented in large or small units of time. Perfect divisibility is a stronger 670 
assumption for some goods than others: it is a reasonable approximation for washing machines, 671 
where service units are discrete and cleaning between uses is minimal, but involves more 672 
abstraction for cars. We include a per-unit maintenance cost parameter, which enters the service 673 
provider’s optimisation and affects the equilibrium use rate and rental price. This cost is 674 
calibrated based on reports and literature on the share of maintenance and cleaning costs in total 675 
costs (Supplementary Table 1). The use rate evolves endogenously over time with relative 676 
prices and the depreciation schedule. It does not necessarily reach full utilisation. These 677 
assumptions are consistent with our focus on aggregate environmental and distributional 678 
outcomes rather than platform design or contract structure. 679 

The product-sharing PSS sector combines labour, energy-using goods stock, and 680 
efficient energy to produce market energy services (Supplementary Figure 8): 681 

௧ܻ௣௦௦ = {  
 ఙ೛ೞೞ−1ఙ೛ೞೞ682(௧௣௦௦ܮ௧ܣ)௟ߙ  

+ ௘௦,௣௦௦ߙ  ఙ೐ೞ,೛ೞೞ−1ఙ೐ೞ,೛ೞೞ683(௧ℎ௜௚ℎ௨௦௘ܦܧ௧ℎ௜௚ℎ௨௦௘ݑ)௘ௗ,௣௦௦ߙ)]

+ ܧ)௘௡,௣௦௦ߙ ௧ܰℎ௜௚ℎ௨௦௘)ఙ೐ೞ,೛ೞೞ−1ఙ೐ೞ,೛ೞೞ ) ఙ೐ೞ,೛ೞೞఙ೐ೞ,೛ೞೞ−1]ఙ
೛ೞೞ−1ఙ೛ೞೞ

}  
  ఙ೛ೞೞఙ೛ೞೞ−1            (11) 684 

where ܣ௧ܮ௧௣௦௦ is productive labour, (ߙ௟ ,  ௘௦,௣௦௦) are distribution parameters for labour 685ߙ
and energy-service inputs, (ߙ௘ௗ,௣௦௦ ,  ௘௡,௣௦௦) are distribution parameters for energy-using goods 686ߙ
and efficient energy, ݑ௧ℎ௜௚ℎ௨௦௘ is the use rate of “high-use” energy-using goods of the product-687 
sharing PSS sector, ܦܧ௧ℎ௜௚ℎ௨௦௘   is the stock of “high-use” energy-using goods used by the 688 
product-sharing PSS sector, ܧ ௧ܰℎ௜௚ℎ௨௦௘  is the volume of efficient energy used to produce 689 
energy services, and (ߪ௣௦௦ ,  ௘௦,௣௦௦) are the substitution parameters between labour and energy-690ߪ
service inputs, and between energy-using goods and volume of efficient energy respectively. 691 

The final price of market energy services provided by the PSS sector evolves 692 
endogenously according to: 693 ݌௧௣௦௦  = 1−ఙ೛ೞೞ(௧ݓ)ఙ೛ೞೞ(௟ߙ)]  1−ఙ೐ೞ,೛ೞೞ(௧௘,௣௦௦݌)ఙ೐ೞ,೛ೞೞ(௘௡,௣௦௦ߙ)])ఙ೛ೞೞ(௘௦,௣௦௦ߙ) + 694  [1−ఙ೐ೞ,೛ೞೞ(௧௘ௗݎ)ఙ೐ೞ,೛ೞೞ(௘ௗ,௣௦௦ߙ) + 695  11−ఙ೐ೞ,೛ೞೞ)1−ఙ೛ೞೞ] 11−ఙ೛ೞೞ           (12) 696 

where (ߙ௟ , ,௘௦,௣௦௦ߙ ௘௡,௣௦௦ߙ , ௣௦௦ߪ) ,௘ௗ,௣௦௦) are distribution parametersߙ ,  ௘௦,௣௦௦) are 697ߪ
substitution parameters, ݓ௧ is the wage per efficient unit of labour where the wage per worker 698 
is ݓ௧ܣ௧, ݌௧௘,௣௦௦ is the aggregate price of energy and ݎ௧௘ௗ is the rental rate of energy-using goods 699 
used by the PSS sector. Since labour enters directly into the price of market energy services, 700 
that price inherits wage growth in a way that the price of home energy services does not, which 701 
is the Baumol mechanism highlighted in Results. 702 

The user cost (rental price) of the energy-using goods stock used by the product-sharing 703 
energy-service provider, which determines the price of market-provided energy services along 704 
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with the total cost of energy and wages, equates the marginal benefits and marginal costs of 705 
renting one more unit of these energy-using goods:  706 

௧௣௦௦݌ ߲ ௧ܻ௣௦௦߲ܦܧ௧ℎ௜௚ℎ௨௦௘ = {
ߚ௧−1௘ௗݍ ௧−1ߣ௧ߣ − ௧௘ௗ(1ݍ] − (௧ℎ௜௚ℎ௨௦௘ߜ − ௧ℎ௜௚ℎ௨௦௘(1ݑ{[௧ℎ௜௚ℎ௨௦௘ݑ௧௠௔௜௡௧௘௡௔௡௖௘݌ − (ݔܽݐ         (13) 707 

 708 

where ݌௧௣௦௦ డ௒೟೛ೞೞడா஽೟ℎ೔೒ℎೠೞ೐ is the marginal benefit of renting one more unit of the energy-709 

using good, 
௤೟−1೐೏ఉ ఒ೟ఒ೟−1is the intertemporal replacement cost of the energy-using good stock 710 

multiplied by the intertemporal marginal utility of income, ݍ௧௘ௗ(1 −  ௧ℎ௜௚ℎ௨௦௘) is the resale 711ߜ
value of the energy-using good after accounting for depreciation, ݌௧௠௔௜௡௧௘௡௔௡௖௘ is the 712 
maintenance cost per unit of energy-using good, ݑ௧ℎ௜௚ℎ௨௦௘ is the use rate of energy-using goods, 713 
and ݔܽݐ is the taxation of revenues from renting energy-using goods. 714 

Maintenance costs enter the model as a shadow cost that affects energy-using good 715 
asset valuation and use rate decisions through the Euler equation rather than as an explicit cash 716 
outflow. This treatment is analogous to that of physical depreciation, which similarly affects 717 
investment decisions without appearing as a cash outflow. The user cost of high-use durable 718 
goods is determined endogenously to cover both the marginal depreciation cost and the 719 
maintenance cost of deploying energy-using goods through the product-sharing PSS platform, 720 
following standard asset pricing in dynamic general equilibrium models. 721 

The product-sharing PSS sector sets the use rate at the point where the return from one 722 
additional unit of use covers its marginal cost, i.e. the depreciation it induces on the energy-723 
using good stock plus the per-use maintenance expenditure. Since depreciation rises non-724 
linearly with the use rate, the model generates an upper bound on use that prevents the product-725 
sharing PSS sector from fully depleting the stock, linking use intensity to waste flows: 726 ݎ௧ℎ௜௚ℎ௨௦௘ = ఙ೏೐೛−1(௧ℎ௜௚ℎ௨௦௘ݑ)ௗ௘௣ߪℎ௜௚ℎ௨௦௘ߜ௧௘ௗݍ + ௠௔௜௡௧௘௡௔௡௖௘݌              (14) 727 

where ݎ௧ℎ௜௚ℎ௨௦௘ is the rental rate of energy-using goods, ݍ௧௘ௗ is the intertemporal 728 
replacement cost of the energy-using good stock, i.e. the present discounted value of future 729 
investment costs required to replace one unit of energy-using goods, ߪௗ௘௣ is the sensitivity 730 
parameter of the depreciation rate to the use rate of energy-using goods (Supplementary Table 731 
1, parameters sigma_dep_lowuse and sigma_dep_highuse).  732 

CIRCEE-LIFE is calibrated to a deterministic steady state in 2018 and reproduces that 733 
base year by construction; parameters and data sources are in Supplementary Tables 1 and 2. 734 
The LIFE model begins in 2020, so behavioural modifiers are calibrated to 2020 targets and 735 
their evolution through time follows the dynamics of LIFE from 2020 to 2060. They enter the 736 
model in 2019 at that calibrated level to avoid abrupt changes in 2020 and evolve along the 737 
LIFE trajectories from 2020. Infrastructure enablement is held at its current level in all scenarios 738 
until 2024, after which, following Japanese PSS policy frameworks, Broad and Concentrated 739 
diverge towards their respective 2050 values.  740 

Software. The model uses the open-source Dynare software62 and runs in MATLAB. 741 
 742 

CIRCEE-LIFE coupling 743 
The LIFE-CE model. The original LIFE model21 has been modified to align the low-carbon 744 
behaviours it measures empirically with the CE consumption activities represented in CIRCEE: 745 
sufficiency and sharing. Low-carbon behaviours are categorised according to the Avoid-Shift-746 
Improve (A-S-I) framework28. In the revised LIFE-CE model, ‘Avoid’ modifiers measure 747 
lifestyle heterogeneity across activities that reduce expenditure on durable goods (sufficiency); 748 
‘Shift’ modifiers measure heterogeneity across uptake of public and shared transport (sharing); 749 
and ‘Improve’ modifiers measure heterogeneity across repair activities (repair).  750 

CIRCEE and LIFE-CE model coupling. The heterogeneity in sharing and sufficiency 751 
engagement across lifestyle groups is captured by modifiers that enter households’ first-order 752 



   
 

21 
 

conditions and CES nest weights (Eqs. 5, 6, 8 and 10), enabling an endogenous and dynamic 753 
representation of lifestyles. The modifiers, represented as negative quantities in CIRCEE, target 754 
the propensities of LIFE-CE to adjust continuous choice variables in CIRCEE, that is, the 755 
underlying attitude towards a behaviour before it translates into observed frequency (reduced 756 
expenditures on owned energy-using goods and increased PSS market energy-service 757 
consumption). They are recalibrated to the scale and context of CIRCEE using a bisection 758 
search nested inside a fixed-point iteration (Fig. 1b). Each modifier is solved by bisection: 759 
bracketing it between values that overshoot and undershoot its target, then halving the interval. 760 
Because the three lifestyle groups share an economy and the behavioural margins overlap, each 761 
modifier is calibrated with the others held at their current values, and the procedure is repeated 762 
until all modifiers stabilise (the fixed-point outer loop). The fixed-point outer loop is required 763 
because the three lifestyle group modifiers affect CIRCEE’s prices and quantities, so each 764 
group’s calibration target depends on the modifiers applied to the other groups. The resulting 765 
modifiers reproduce the observed 2020 engagement levels of LIFE conditionally, each given 766 
the others, rather than as the solution to a single simultaneous system. Calibrating against a 767 
common zero-modifier baseline was tested and rejected: for the lower-income group, it implies 768 
a change in engagement of around 40% in 2020, for which the model fails to converge. Their 769 
dynamic evolution is then governed by the iterative coupling between CIRCEE and LIFE-CE, 770 
which feeds (frequency) changes in market-provided energy services and in expenditures of 771 
owned/low-use energy-using goods back into LIFE-CE to re-estimate cognition and behaviour 772 
inputs until convergence.  773 

Propensity values in LIFE, represented by the behavioural modifiers in CIRCEE, are 774 
measured in LIFE as universal across circular practices: the same Ecoactive or Affordability 775 
propensity value applies jointly to sharing and sufficiency in LIFE, rather than being estimated 776 
separately for each practice. By allowing sharing and sufficiency to respond to either the same 777 
or different lifestyle drivers, the framework represents conditions for aligned or divergent 778 
engagement without imposing direct behavioural spillovers across scenarios. This choice 779 
isolates lifestyle-group heterogeneity in engagement in circular practices from heterogeneity 780 
arising from how individual behaviours are measured. Thus, differences in sharing and 781 
sufficiency uptake across lifestyle groups are attributed to lifestyle heterogeneity rather than to 782 
behaviour-specific propensities. These universal propensities feed into the calibration ratios 783 
used in the iterative LIFE-CIRCEE coupling (see above), through which behaviour-specific 784 
modifiers are obtained. Changing the propensity basis therefore changes the calibration ratios 785 
and the resulting behavioural modifiers, while leaving the structure of the coupling unchanged.  786 

 787 
Lifestyle drivers and infrastructure enablement 788 
Building on the main barriers to the adoption of product-sharing PSS identified in the literature, 789 
we explore different lifestyle drivers (Fig. 1a) and test the sensitivity of these drivers to the 790 
substitution elasticity between home- and PSS market-provided energy services. 791 

Lifestyle drivers  shape the motivation of consumers to move away from ownership 792 
models through engagement in sharing and sufficiency. We distinguish between three drivers:  793 

(i) No lifestyle heterogeneity: in the absence of behavioural heterogeneity, engagement 794 
in sharing and sufficiency is driven solely by relative prices and budget constraints as in 795 
standard general equilibrium and climate-economy models34. This defines the Reference. 796 

(ii) Ecoactive: low-carbon cognitions translate into behaviour. The driver captures 797 
consumers who actively translate their low-carbon cognitions into behaviour. 798 

(iii) Affordability: behaviours driven by the need to save money (material context). The 799 
driver includes the consumers who may hold low-carbon cognitions but do not translate 800 
intentions into behaviour. 801 

These three drivers map directly onto the consumer typology defined previously. The 802 
“Ecoactive” driver applies to higher- and medium-income groups, whose behaviour is driven 803 
by low-carbon cognitions and who therefore engage relatively more in sharing and sufficiency 804 
when the driver is activated. For this lifestyle driver, we do not strengthen the low-carbon 805 
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cognitions of lower-income groups; thus, they engage relatively less in sufficiency and sharing. 806 
This is driven by different factors such as the pursuit of status, but also the socioeconomic 807 
inequalities that restrict their own capacity and opportunity to engage in these behaviours41. 808 
This highlights that higher-income groups are better positioned than lower-income groups to 809 
adopt low-carbon behaviours, though there is a need to address behavioural change across 810 
lifestyle groups. The “Affordability” driver applies to lower-income groups, whose engagement 811 
in non-ownership models is driven by budget constraints rather than environmental awareness 812 
and who engage relatively more in sharing and sufficiency when the driver is activated; and the 813 
no lifestyle heterogeneity driver serves as the Reference against which lifestyle-driven 814 
deviations are measured.  815 

Distinguishing between the different motivations to engage in a circular consumption 816 
activity acknowledges two dimensions: 817 

• Structural dimension: The drivers of low-carbon lifestyles differ between higher-818 
income groups, for whom choice is purposeful and intentional, and lower-income 819 
groups, whose consumption practices are more constrained by affordability, education, 820 
and access to infrastructure and services41,63. Contextual barriers to engaging in low-821 
carbon lifestyles, such as the digital divide, education, and lack of access to ICTs and 822 
other enabling infrastructure, translate for the “Ecoactive” driver into lower-income 823 
groups engaging relatively less in low-carbon activities24,41. 824 

• Cognitive dimension: The “Affordability” driver represents consumer groups with 825 
stronger low-carbon cognitions that do not translate into action, reflecting the gap 826 
between intentions and behaviour documented in the literature21,24 and consumer 827 
surveys in Japan50,51. This cognitive orientation supports policy measures and related 828 
narratives emphasising ‘green identity’ and ‘social benefit’21. The “Ecoactive” driver 829 
strengthens low-carbon cognitions of higher-income groups to the point where they 830 
overcome these motivational and social barriers. 831 
As illustrated in Fig. 1a, we combine these lifestyle drivers across sharing and 832 

sufficiency: (1) both Ecoactive-driven, (2) both Affordability-driven, (3) Ecoactive-driven 833 
sharing and Affordability-driven sufficiency, (4) Affordability-driven sharing and Ecoactive-834 
driven sufficiency. The Reference has no lifestyle-specific drivers. These combinations allow 835 
us to explore potential behavioural spillovers between sharing and sufficiency. A meta-analysis 836 
of pro-environmental behaviour spillovers29 shows that positive spillovers are more likely when 837 
behaviours share intrinsic motivation and are perceived as similar. Both sharing and sufficiency 838 
involve moving away from ownership, so scenarios with a common driver represent favourable 839 
conditions for aligned engagement and potential positive spillovers. However, the CIRCEE-840 
LIFE coupling allows engagement in both practices to evolve endogenously through lifestyle 841 
and economic dynamics, without imposing direct behavioural spillovers between them. Sharing 842 
can increase through infrastructure and relative-price changes without inducing sufficiency, 843 
while households may reduce ownership without shifting towards PSS. Mixed-driver scenarios 844 
also allow engagement to diverge because the two practices respond to different motivations 845 
and socioeconomic constraints41. The framework therefore represents conditions under which 846 
engagement in sharing and sufficiency may reinforce one another without assuming that 847 
positive spillovers necessarily occur.   848 

Infrastructure shapes the availability of supportive infrastructure and regulations for 849 
adopting non-ownership models. We test different levels of enablement through the substitution 850 
elasticity in equation (5) and the corresponding inequalities in access to enabling infrastructure. 851 
A higher elasticity means that home- and market-provided energy services become better 852 
substitutes at any given relative price, reflecting a context in which infrastructure lowers the 853 
non-price frictions associated with accessing product-sharing PSS, without directly affecting 854 
the market price of PSS services. Due to limited empirical evidence on the elasticity, we 855 
calibrate the bounds using the heterogeneity in observed adoption patterns across lifestyle 856 
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groups. The lowest value considered of 1.1 reflects very weak substitutability where consumers 857 
remain locked into ownership; the highest of 4.0 reflects fully enabling infrastructure beyond 858 
which further increases yield diminishing returns to lifestyle change (Supplementary Figure 9), 859 
suggesting less behavioural effort is needed for lifestyle changes.  860 

We test three infrastructure settings (Fig. 1a) that vary in two dimensions: whether 861 
lifestyle groups face equal or unequal access to service-provisioning systems, and the level of 862 
enablement of infrastructure. One setting is static and serves as the analytical benchmark: 863 
Current, in which all lifestyle groups face differentiated but constrained infrastructure for the 864 
full horizon. We assume that the current state of infrastructure is unevenly distributed among 865 
lifestyle groups by being more enabling towards higher-income groups who live in denser urban 866 
areas with better physical and digital infrastructure. This provides the reference point against 867 
which the distributional consequences of infrastructure settings can be isolated and measured. 868 
Two settings are dynamic: in each, the substitution elasticity evolves gradually towards its 869 
respective 2050 value. Consistent with the path-dependent nature of structural change 870 
documented in the literature64,65, the gradual evolution of the substitution elasticity reflects the 871 
slow pace at which structural change becomes effective. Existing infrastructure cannot change 872 
abruptly because there exist lock-in mechanisms related to sunk investments, infrastructure, 873 
and regulations, making transitions inherently slow and path-dependent65,66. At the country 874 
level, major net-zero milestones, including Japan’s NDC, the GX 2040 Vision, and the 7th 875 
Strategic Energy Plan, place the inflection point of structural change in 2040, motivating the 876 
trajectory of infrastructure improvement modelled between 2020 and 2050. The substitution 877 
elasticity reaches its final value in 2050, coinciding with Japan’s carbon neutrality target.  878 

Current enablement reflects Japan’s still developing PSS market30–32. In 2018, 879 
households spend about US$5,200 a year on energy services in the calibration, between the 880 
US$2,000 they spend on fuel, light and water and the US$6,900 they spend on these combined 881 
with transport, communication and household goods67. Of this, about US$300 goes to PSS: 882 
5.8% of spending on energy services, or US$17 billion nationally and 0.34% of GDP, consistent 883 
with METI’s estimate of 0.4% for the sharing economy and with the US$21.8 billion (0.44% 884 
of GDP) reported for 2021 by the Japan Sharing Economy Association. With Current, we 885 
calibrate income-group differences in substitution elasticity to documented differences in PSS 886 
access30–32,50–52: higher-income groups are assumed better positioned to access developing PSS 887 
markets, reflecting their concentration in high-density urban areas, where PSS uptake is higher, 888 
and their digital technology skills, following LIFE’s behavioural assumptions. We test 889 
sensitivity to this calibration directly in Supplementary Figure 9, where we vary the substitution 890 
elasticity across its full plausible range. 891 

In the real world, infrastructure enablement has physical, digital and institutional 892 
components. Physically, it is the distance to the nearest car-sharing station or laundry service, 893 
which determines whether renting is a good alternative to owning. Digitally, it is the access to 894 
smartphones, platform coverage and cashless payment options that booking an energy service 895 
provided by the market requires. Japan’s historically cash-based payment system has been a 896 
barrier here. Institutionally, it is the insurance, parking and liability rules under which shared 897 
vehicles and appliances operate. Each is unevenly distributed among household groups. Car-898 
sharing stations cluster in dense urban areas, where demand is highest, and digital skills are 899 
lower among older and lower-income households21. Under Current, these conditions hold at 900 
today’s level. Under Concentrated, expansion follows existing demand, so infrastructure 901 
reaches the urban, higher-income neighbourhoods that already have it. Under Broad, expansion 902 
extends to suburban and rural areas and to households with less digital access, so lower-income 903 
groups gain most. The infrastructure settings are structured around two research questions. 904 
First, does the overall level of infrastructure enablement matter for lifestyle changes? 905 
Comparing Current enablement with the two dynamic scenarios addresses this question.  906 
Second, does distributional policy design matter even when the overall infrastructure is highly 907 
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enabling? Broad and Concentrated address this but with opposite distributional settings. The 908 
wider gap in infrastructure access between lifestyle groups in Concentrated captures how 909 
infrastructure development tends to concentrate benefits among those already best positioned 910 
to capture them. Broad enablement reflects a highly enabling infrastructure in which policy 911 
ensures that even lower-income groups reach full enablement. Concentrated enablement 912 
reflects a trajectory in which a highly enabling infrastructure coexists with adoption barriers for 913 
lower-income groups, such as the digital divide and (physical and social) geographic barriers. 914 
The conceptual framework allows the model to isolate the independent contributions of 915 
substitution level and distributional design to CE, environmental, and equity outcomes (Fig. 1). 916 

Although calibrated to Japan, the qualitative mechanism–the environmental benefits 917 
depend on which lifestyle group adopts sufficiency–is not specific to Japan: it follows from the 918 
income-share structure of consumption and the labour intensity of PSS, both of which 919 
characterise middle- and high-income economies more broadly. Our results establish the 920 
conditions under which the mechanism operates; whether the specific elasticity thresholds and 921 
price trajectories obtain elsewhere depends on income distribution and labour cost dynamics 922 
specific to each context. Our conceptual framework maps onto the broader policy challenge 923 
facing middle- and higher-income countries where digital infrastructure, urban morphology, 924 
and regulatory frameworks are changing but unevenly across lifestyle groups and 925 
geographies41. In lower-income countries, where the overall infrastructure remains limited, the 926 
Current enablement setting is more directly relevant, capturing the lock-in structural dynamics 927 
and distributional barriers that prevent service-provisioning systems from scaling.  928 

A natural concern is whether the findings above are a design artefact: if the Ecoactive 929 
scenario is designed to strengthen the low-carbon cognitions of higher-income groups, it may 930 
seem unsurprising that their engagement determines environmental footprints at the macro level 931 
given their consumption share. The behavioural modifiers of lifestyle groups are not free 932 
parameters: their values are fixed by the calibration described above, which requires each 933 
lifestyle group’s simulated engagement to reproduce LIFE’s propensity. The coupling fixes the 934 
behavioural response, but not what follows from it. How that response propagates through the 935 
general equilibrium and material flow analysis is determined by solving the system, not by any 936 
single input to it. This is where the magnitude and channel of the environmental footprint 937 
outcomes arise, along with the divergence between energy-service access and economic 938 
welfare, the amplifying effect of enabling infrastructure, and the dominance of sufficiency in 939 
aggregate outcomes.   940 
 941 
Outcome indicators 942 
To assess how product-sharing PSS adoption affects household living standards and their 943 
distribution across lifestyle groups, we compute welfare, distributional, and energy-service 944 
indicators for each lifestyle-driver × infrastructure scenario and lifestyle group. 945 

Welfare equity. Welfare equity is measured as the spread in lifetime consumption-946 
equivalent variation (CEV) across lifestyle groups. The CEV is based on the utility function 947 
and answers how much consumption would need to change, as a percentage, to make a lifestyle 948 
group indifferent between each scenario and the reference run.  949 

Energy-service consumption equity/gap. Because product-sharing PSS adoption affects 950 
access to market-provided energy services, we assess changes in energy-service consumption 951 
as an indicator of material well-being, drawing on the emphasis on access to energy services in 952 
the decent living standards literature49. The energy-service consumption gap is defined as the 953 
ratio of energy-service consumption of the lower-income group to that of the higher-income 954 
group. A ratio below 1 indicates that lower-income groups consume fewer energy services than 955 
higher-income groups. This detects where expenditure inequality falls while energy-service 956 
inequality rises, a pattern that would occur if lower-income groups adopted non-ownership 957 
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models, through sufficiency for example, without gaining proportionate access to service 958 
provisioning systems.  959 

Environment and material indicators. Environmental footprints by lifestyle group are 960 
computed across the five product categories present in CIRCEE (e.g., nondurables, other 961 
durables, owned energy-using goods, product-sharing PSS services, and repair services) and 962 
three lifecycle phases. This allows one to identify whether patterns of material/carbon/waste 963 
footprints among lifestyle groups diverge. At the micro-level, carbon footprints are expressed 964 
in tonnes of CO2 per household per year; waste and material footprints are expressed in tonnes 965 
per household per year. At the macro-level, carbon footprints are expressed in MtCO2 per year 966 
and material and waste footprints in Mt. 967 

The production-phase carbon footprint covers the CO2 emissions from the production 968 
of goods and the economy-wide CO2 emissions net of households’ CO2 emissions from own 969 
energy use. Footprints are attributed to total energy use across producing sectors, from the 970 
processing of materials to manufacturing. The CO2 emissions from the production of capital 971 
goods are further allocated to the final consumption goods in proportion to the capital use to 972 
produce each one of them, capturing the emissions embodied in the machinery and 973 
infrastructure. The resulting production-phase footprints for consumption goods are then 974 
attributed to each lifestyle group by its expenditure share in that consumption good category, 975 
adjusted for the domestic content of consumption, excluding exports and including the material 976 
content of imports. 977 

The end-of-life carbon footprint covers the CO2 emissions from the incineration of 978 
municipal waste arising from the retirement of goods. For nondurable and other durable goods, 979 
the allocation follows lifestyle group expenditures and stock shares respectively. For owned 980 
energy-using goods, the attribution follows each group’s contribution to disposal, which 981 
depends on the use rate and repair intensity: a lifestyle group that repairs more contributes 982 
proportionally less to disposal and thus carries a lower end-of-life carbon footprint. The end-983 
of-life carbon footprint from the retirement of energy-using goods used by the product-sharing 984 
PSS sector is attributed across lifestyle groups in proportion to their share of market-provided 985 
energy services consumed. The disposal of energy-using goods of the product-sharing PSS 986 
sector is governed by the use and depreciation rates. 987 

The industrial waste carbon footprint captures the CO2 emissions from the 988 
incineration of waste generated during manufacturing (material loss) attributed to each lifestyle 989 
group through the same expenditure allocation logic as the production phase carbon footprint. 990 
Together, the three lifecycle phases sum to a total lifecycle carbon footprint for each lifestyle 991 
group that additionally includes the direct CO2 emissions from energy use. 992 

The waste footprint covers the end-of-life municipal, industrial and capital-allocation 993 
waste of the consumption basket of each lifestyle group.  994 

The material footprint captures the mass of virgin and secondary materials embedded 995 
in final goods consumed by each lifestyle group, after accounting for material losses during 996 
production. It covers both domestic material content and the material embodied in imports (via 997 
the material intensity of imported goods). The material content of the capital inputs used to 998 
produce consumption goods is also accounted for in the material footprint of the consumption 999 
basket. Also, the footprint separates the energy-using goods owned by lifestyle groups for own 1000 
use and energy-using goods used by the product-sharing PSS sector, attributing material use 1001 
proportionally to each lifestyle group’s new acquisitions of energy-using goods and PSS market 1002 
energy-service consumption respectively. This separation identifies cases where product-1003 
sharing PSS reduces material demand associated with ownership but increases material demand 1004 
associated with non-ownership consumption. 1005 

 1006 
Limitations 1007 
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There are six limits to our analysis. First, CIRCEE does not include CO2 emissions from 1008 
imports, so absolute levels can be underestimated. Since imports barely change (less than 2%), 1009 
our comparisons between lifestyle drivers and infrastructure settings are more reliable than the 1010 
absolute levels. Second, we group all energy-using goods together and leave out specific green 1011 
product design features; a more detailed product assessment would require life-cycle 1012 
assessment. Also, we assume homogeneous energy-using goods produced by a single firm, 1013 
omitting the dynamics of similar goods with varying energy, material, and CO2 profiles across 1014 
production and use. Third, we treat the PSS sector as a competitive firm, not accounting for 1015 
non-business sharing platform structures. Network externalities can generate increasing 1016 
returns46, while spatial frictions can reduce them; both can concentrate benefits in dense, higher-1017 
income areas and constrain peripheral, lower-income groups’ access. We also collapse platform 1018 
availability, digital infrastructure, and regulations into a single substitution elasticity (i.e. 1019 
infrastructure). These could improve independently, requiring a richer representation of 1020 
supportive infrastructure than the stylised model provides, and could also affect the costs of 1021 
PSS. Fourth, the model’s three lifestyle-income groups, calibrated to Pettifor et al.’s empirically 1022 
derived lifestyle typology21, aggregate within-group heterogeneity that can mask some 1023 
distributional dynamics. Extending the framework to the whole income distribution would 1024 
require re-deriving behavioural propensities at improved scales. Fifth, our results also depend 1025 
on the SSP2 energy price and efficiency path extracted from the WITCH model (Supplementary 1026 
Figure 1); different pathways would change the absolute levels but not the direction of the 1027 
effects or the comparison between lifestyle drivers, since the main cost disadvantage of energy 1028 
services produced from the market comes from labour intensity, not energy prices. Finally, our 1029 
results are conditioned on Japan’s high-income, ageing and service-dominated economy. The 1030 
direction of the trilemma should carry to other high-income settings, because it follows from 1031 
the labour intensity of service provision rather than from Japan-specific parameters, but its 1032 
magnitude will differ where wage growth, service-sector productivity or informal sharing 1033 
practices differ substantially. The relative-cost mechanism would be weaker if productivity 1034 
growth in PSS provision reduced its labour requirement. A further extension would capture the 1035 
opportunity cost of household time in producing energy services at home, and how this cost 1036 
would further shape the relative cost dynamics.  1037 
 1038 
Data sources 1039 

To ensure accurate simulations, it is essential to replicate the historical macroeconomic 1040 
data of Japan’s economy. The model is calibrated to 2018 as its initial steady state. In the 1041 
Dynare software implementation, CIRCEE-LIFE is initialised at a steady state, a balanced 1042 
growth path at which all endogenous variables grow at constant rates and agents’ optimality 1043 
conditions hold exactly, before the simulation begins over the 2018–2050 horizon. The choice 1044 
of 2018 as the base year is justified on two grounds. Technically, 2018 is the year for which the 1045 
full set of calibration data is available at sufficient disaggregation across national accounts, 1046 
material flow accounts, and consumer surveys. Empirically, 2018 corresponds to a period of 1047 
low cyclical activity in Japan: the output gap stood at 1.86% according to Bank of Japan data, 1048 
indicating that the Japanese economy was close to its potential output and therefore a reasonable 1049 
approximation of the balanced growth path that the steady state initialisation requires. Together, 1050 
these conditions ensure that the model’s initial conditions reflect structural rather than cyclical 1051 
features of the Japanese economy. 1052 

The model parameters and exogenous variables follow the latest calibration of 1053 
CIRCEE-LIFE54 using mainly Japanese national statistics (E-stat and the Agency of Natural 1054 
Resources and Energy), the Japan Industrial Productivity Database 2021 from RIETI, 1055 
OECD.stat database for fiscal data, SSP Scenario Explorer 3.2.0 for SSP2. The calibration of  1056 
depreciation rates, waste flows and material stocks and flows has been refined since earlier 1057 
versions of CIRCEE thanks to special data extracts from the Mat-stocks database68,69. We focus 1058 
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on SSP2 for demographic and economic growth data from the IIASA database, and for the 1059 
evolution of each lifestyle group in total population in the LIFE-CE model. 1060 

Parameters and exogenous variables related to materials and waste are calibrated on the 1061 
model’s first-order conditions (FOCs) and on data from the Mat_stocks database (MISO2) and 1062 
the Ministry of the Environment’s White Papers on the Sound Material Cycle society and 1063 
reports on industrial and municipal waste, RIETI’s input-output tables and the Ministry of the 1064 
Environment’s Sankey diagrams (waste generation and management). Prices of raw, virgin and 1065 
secondary materials were computed from FOCs, data from RIETI’s IO table (nominal expenses 1066 
data), material flows from MISO268,69 and waste reports from the Ministry of the Environment 1067 
(quantity data). 1068 
 1069 
Sensitivity analysis 1070 
The model’s sensitivity to key parameters is documented in Corbier et al.54,70. We also tested 1071 
robustness to a parameter central to behavioural dynamics: the elasticity of substitution between 1072 
home- and market-provided energy services (equation (5); see Supplementary Figure 9). We 1073 
do not additionally vary the SSP2 labour-productivity path because LIFE is only calibrated on 1074 
SSP2 and this path is an exogenous scenario input rather than a calibrated parameter. We also 1075 
do not vary the behavioural propensity modifiers directly, since the four lifestyle drivers already 1076 
span the relevant range of behavioural heterogeneity by construction. The magnitude of the 1077 
environmental and behavioural responses is sensitive to the substitution elasticity between 1078 
home- and market-provided energy services, consistent with its key role in the Baumol 1079 
mechanism. Also, we explored two more infrastructure settings in the model beyond those 1080 
reported. Both additional settings produced qualitatively similar dynamics, with no substantial 1081 
differences in the magnitudes of the main outcomes (‘Dystopian’ and ‘Utopian’ settings are 1082 
available at the GitHub link below).  1083 

Finally, we tested robustness to the habit persistence parameter (equation (2)) and the 1084 
elasticity of substitution between energy services and other consumption (equation (4)), as they 1085 
are important parameters in households’ consumption decisions. The habit persistence 1086 
parameter is tested at 0.45 and 0.65, compared with the value of 0.55 used in the twelve 1087 
scenarios. The elasticity of substitution between energy services and other consumption is 1088 
tested at values of 1.3 and 1.6, compared to a value of 0.98 used in the twelve scenarios. Values 1089 
below 0.98 for the substitution elasticity imply a stronger complementarity between energy 1090 
services and other consumption, which we do not regard as a plausible representation of 1091 
household preferences in the context of the paper. In scenarios where households reduce their 1092 
consumption of energy services, a value below 0.98 would imply they also want less of 1093 
everything else at the margin, i.e., they would reduce the consumption of energy services and 1094 
other consumption. Each parameter sensitivity value is reported for Ecoactive-All and 1095 
Affordability-All under Current enablement with the full coupling between CIRCEE and LIFE 1096 
(Supplementary Figures 10–13).  1097 

The direction of the main environmental and welfare effects is preserved across all 1098 
sensitivity values. Ecoactive-All reduces the macro-level DMC, waste generation and CO2 1099 
emissions and Affordability-All increases them. Cumulative CO2 emissions change by −0.33% 1100 
to −0.54% under Ecoactive-All and by +0.33% to +0.54% under Affordability-All. Domestic 1101 
material consumption changes by −0.30% to −0.26% under Ecoactive-All and by +0.28% to 1102 
+0.29% under Affordability-All, while waste changes by approximately −0.16% under 1103 
Ecoactive-All and +0.15 to +0.16%, under Affordability-All. The lower-to-higher-income 1104 
energy-service consumption ratio ranges from 0.818 to 0.827 under Ecoactive-All, compared 1105 
with 0.819 in the calibrated run, and from 0.715 to 0.736 under Affordability-All, compared 1106 
with 0.734 in the calibrated run. The welfare spread across lifestyle groups ranges from 2.38 to 1107 
3.68 percentage points under Ecoactive-All, compared with 3.23 percentage points in the 1108 
calibrated run, and from 0.47 to 0.67 percentage points under Affordability-All, compared with 1109 
0.67 percentage points in the calibrated run. The welfare gap between higher- and lower-income 1110 
groups remains positive under Ecoactive-All (2.28–3.60 percentage points) and negative under 1111 
Affordability-All (−0.67 to −0.47 percentage points). The ordering between the two lifestyle 1112 
drivers therefore holds. Overall, habit persistence has little effect, whereas the substitution 1113 



   
 

28 
 

elasticity matters more, particularly for cumulative CO2 emissions and the magnitude of the 1114 
welfare differences. 1115 

Increasing the elasticity between energy services and other consumption from 0.98 to 1116 
1.6 increases the magnitude of the environmental response under both lifestyle drivers, so the 1117 
contrast between Ecoactive-All and Affordability-All widens rather than narrows. 1118 

 1119 
Data Availability  1120 
All data supporting the findings of this study are available from publicly accessible sources and 1121 
mentioned in the References section. The input data were derived from the public databases 1122 
detailed in the Methods section and Supplementary Information (SI). The compiled datasets 1123 
used to generate the figures in this study are provided at the following Google Drive link 1124 
[https://drive.google.com/drive/folders/1uD9UOoQWqMv_RClTndqmtssEBefyTTuj?usp=sh1125 
aring]. 1126 
 1127 
Code Availability 1128 
This study uses the CIRCEE model, which is an open-source model. The source code is publicly 1129 
available at https://github.com/witch-team/circeemodel.git. The data and scripts used to 1130 
generate the main-text and supplementary figures, together with machine-readable versions of 1131 
Supplementary Tables 1 and 2, are available in the post/ directory of the same repository.  1132 
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