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Co-adoption pathways toward
a low-carbon energy system

Maria Lagomarsino,1,2,* Mart van der Kam,1,3 Zahra Rahmani Azad,1 David Parra,3,4 and Ulf J.J. Hahnel1,2,5,*
SUMMARY

Low-carbon technology adoption is an essential element of energy transitions toward net-zero emissions
around the world. To exploit the full potential of low-carbon technologies, households should ideally co-
adopt multiple low-carbon technologies. Whereas previous research primarily investigated predictors of
single-technology adoption in isolation, here we focus on the co-adoption of multiple low-carbon technol-
ogies, including solar photovoltaics, stationary batteries, heat pumps, and electric vehicles, to examine
the interconnections between adoption decisions and the potential of certain technologies to serve as
‘‘entry points’’ for the co-adoption of multiple low-carbon technologies. Based on a sample of 1967 home-
owners, we identified unique demographic and psychological variables associated with co-adoption. We
moreover observed specific co-adoption patterns across time in that the adoption of one technology
increased the likelihood of adopting another technology. This effect, however, was primarily driven by
co-adoption in close temporal proximity, pointing to opportunities for targeted policies that support tech-
nology bundles.

INTRODUCTION

Many countries worldwide have pledged to meet net-zero emissions targets by 2050 with the vital objective of limiting the rise in global tem-

peratures as soon as possible.1,2 The energy sector is the primary global source of greenhouse gas (GHG) emissions (73.2%of total emissions),

with transportation and energy use in buildings accounting for 16.2% and 17.5% of total emissions, respectively.3 In order to achieve net-zero

targets, solutions on both the supply side and the demand side should be mobilized,4 as well as storage and flexible demand solutions. That

is, national energy strategies should aim to replace fossil-based technologies with low-carbon alternatives, and substantially increase the

share of renewable energy supported by enhanced forms of storage.

Households are key to achieving these objectives. Households can adopt low-carbon technologies that replace carbon-based fuels with

electricity, such as heat pumps and electric vehicles (EVs) as well as renewable energy technologies that produce electricity, such as photo-

voltaic (PV) solar systems. Additionally, stationary batteries can help maintain grid stability and provide economic advantages in the long run,

as feed-in tariffs are often lower than purchase tariffs. When these technologies are combined (co-adopted) at the household level, the locally

produced electricity can be directly used to cover the electricity demand of heat pumps and EVs. Although researchers, governments, and

policymakers have made strong efforts to study how to accelerate the adoption of single low-carbon technologies,5 little attention has been

drawn to the impact of the adoption of one low-carbon technology on the adoption of others.

Unveiling possible dependencies or barriers among the adoption of different technologies from a consumer perspective (co-adoption

pathways) can provide important insights to accelerate the diffusion of low-carbon technologies, which is still far from envisaged targets.2,6,7

Systematic research from the behavioral and social sciences is needed to increase the understanding of consumer decision-making in the

context of co-adoption of low-carbon technologies. This research area bears the potential to foster the development of evidence-based pol-

icies to eventually increase the uptake of multiple low-carbon technologies.

The importance of co-adoption for reaching net-zero targets is supported by technical research.1,6 On the demand side, low-carbon tech-

nologies are more efficient than conventional ones and therefore allow for a reduction in energy consumption. However, the envisaged emis-

sion reduction is possible only if the increased demand resulting from electrification is covered by an equivalent or even heightened produc-

tion of electricity from renewable sources. While the emission reduction potential of technologies such as EVs is high, global EVs’ life cycle

GHG emissions are currently only 20%–30% lower compared to the emissions from conventional internal combustion engine (ICE) vehicles.8

This low percentage is explained by the emissions associatedwith batterymanufacturing and the still high share of fossil energy sources in the

energy mix used to power EVs in many countries.9–11 Although technical innovations in the manufacturing phase of batteries are discussed,12
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the most promising additional cuts in emissions are projected in the use phase of EVs by increasing the share of renewables in the energy

mix.13 For example, full-battery EV charging powered by 100% renewable energy can lead to 78%–81% lower life cycle GHG emissions

than ICE vehicles in Europe.14

Similarly, electric heat pumps are significantly more efficient than natural gas boilers, up to three times more, which make them a more

sustainable option to heat and cool indoor spaces.15–17 This enhanced efficiency translates into substantial reductions in emissions, i.e.,

35% less life cycle emissions than fossil boilers on a global average.18 However, without co-adopting PV solar systems, the use of heat pumps

relies on the available electricity supplymix, which can significantly decrease the environmental benefits. Similar to EVs, the increase of renew-

able energy supply can greatly help maximizing the emission reduction benefits of heat pumps.18 For example, scenario-based results in the

UK suggest that with an 85% renewable energy mix, heat pumps reduce lifetime GHG emissions by 78% compared to gas boilers.19

Turning to the supply side, renewable energy sources such as solar and wind are intrinsically intermittent. For example, solar energy pro-

duction fluctuates greatly across the day and seasons, which translates in high imbalances between PV electricity supply and household de-

mand at both temporal scales.20 This imbalance results in low rates of produced solar energy that is consumed directly, referred as self-con-

sumption. In Europe, for instance, average household self-consumption rates range between 25% and 45% only.21,22 The variable production

of solar energy also challenges the stability of the grid, in particular at the distribution level.23,24 Thus strategies to increase self-consumption

are investigated, supported, and encouraged by researchers and policymakers alike.25,26

Stationary batteries are emerging as a key option to increase self-consumption and improve the utility of PV solar systems (e.g., by load

leveling and voltage regulation).27,28 Yet, other options exist. For example, EVs and heat pumps also increase significantly the self-consump-

tion rate of PV solar systems, reducing overall costs for consumers and contributing to offset the household carbon footprint.29,30 Scenario-

based studies estimate self-consumption to attain levels between 70% and 100%when various low-carbon technologies are coupledwith a PV

solar system.31–34 Moreover, recent studies indicated that households that co-adoptedmultiple low-carbon technologies are likely to change

their electricity consumption patterns, resulting in reduced net load.35–37

Taken together, the technical literature underlines the importance of coupling low-carbon technologies with solar renewable electricity,

thus emphasizing the high complementarity benefits among EVs, batteries, heat pumps, and PV solar systems. The benefits of increasing PV

self-consumption through co-adoption of additional low-carbon technologies will becomemore important with higher share of PV solar sys-

tems: the more households adopt PV solar systems, the less PV energy surplus can be absorbed by other loads in the neighborhood. The

resulting voltage rise and increased power flow put pressure on low-voltage grids and limits the number of PV solar systems that can be in-

tegrated.38 Increasing PV self-consumption by aligning electricity demand with PV energy production at the household level can significantly

alleviate these pressures.39 Household co-adoption of low-carbon technologies may thus play a key role in achieving net-zero targets.

Whereas the benefits of co-adoption are evident from a technical perspective, little is known about consumer decision-making with regard

to low-carbon technology co-adoption. This is an important research gap as consumer investment decisions hold a pivotal role in the diffusion

and co-diffusion of low-carbon technologies.

Past research in the social sciences hasmainly looked at the diffusion of singles technologies and the determinants of their adoption, high-

lighting the relevance of demographic, situational, and contextual factors,40–43 as well as of psychological characteristics, such as personal

motivation.41,44 Among the demographic variables, age, income, and home ownership have been shown to be important predictors of

low-carbon technology adoption.40,41

Individual variables, such as having a sustainable lifestyle and knowledge of the energy system, have also been found to influence adoption

decisions.45 Brown and colleagues45 further found that technology-specific factors canmake adoption less attractive, including characteristics

of low-carbon technologies, such as low mileage of EVs, or existing preconditions such as the installation of a gas-based heating system for

the adoption of heat pumps. An additional contextual factor is peer behavior, which has been shown to influence household investments in

low-carbon technologies in a direct (i.e., word-of-mouth) and indirect (i.e., spatial peer effects) manner.46

Regarding psychological characteristics, Korcaj and colleagues43 observed that perceived individual benefits such as status and financial

benefits were strongly associated with PV solar system adoption intentions, whereas perceived collective benefits such as environmental ben-

efits seemed to be of less relevance for such adoption decisions. In contrast, Herberz and colleagues47 observed that perceived environ-

mental motives were the strongest predictor of EV adoption intentions, whereas financial and status aspects were less relevant.

Findings from previous literature provide straightforward implications for the design of policies to promote the uptake of single technol-

ogies, but do not account for potential interactions between adoption decisions and thus might be less suitable for the design of policies to

motivate co-adoption of low-carbon technologies. Here, we broaden the scope of adoption research by examining the co-adoption of low-

carbon technologies, including the analysis of the demographic and psychological determinants of co-adoption choices as well as the impact

of the adoption of one technology on subsequent adoption choices (sequential co-adoption pathways). With respect to psychological factors,

we assessed to what extent our respondents felt the need to contribute to the Swiss energy transition, so to account for their values and per-

sonal motivation in this context.

We expected that—overall—the adoption of one low-carbon technology is associated with future purchases of additional low-carbon

technologies, with specific pairs of technologies to have a more pronounced association (e.g., PV solar system and heat pump co-adoption).

Based on literature from psychology and behavioral economics, we hypothesized an association between adoption decisions across technol-

ogies. Research on behavioral consistency, for instance, predicts that humans strive to be consistent in their behavior across situations.48–50 In

accordance with this literature, positive environmental actions such as the adoption of low-carbon technologies can increase a person’s envi-

ronmental self-identity, which in turn increases the likelihood of future pro-environmental decisions.51,52
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Mental accounting theory may further explain the cognitive mechanisms underlying co-adoption and especially the simultaneous pur-

chase of technologies.53,54 The hedonic editing principle from the mental accounting literature proposes that consumers tend to take

more risk when losses are aggregated, in other words when losses are perceived as a single unit (e.g., installing a heat pump and a solar sys-

tem as part of a house-renovation plan) rather than as recurring events (e.g., considering separate offers for a solar system and a heat pump at

different time points).54,55 This is in line with predictions from prospect theory and more specifically the assumed convex value function for

losses, which implies that multiple small losses are perceived as more negative than one large loss.56,57

Moreover, an emerging stream of research highlights consumers’ appreciation of bundling PV solar systems with other low-carbon tech-

nologies.25,58,59 Marketing literature suggests that consumers positively evaluate bundles of complementary products because bundles

reduce search costs.60–62 For example, vacation travel packages are often preferred over individual bookings of the hotels and train tickets

as the former reduces cognitive costs for planning. The added value associatedwith bundling is higher for unfamiliar, risky, or expensive prod-

ucts.63 These findings indicate that co-adoption is more likely to take place in close proximity in time, especially in the context of new and

unfamiliar technologies such as low-carbon technologies.64,65

Based on our analysis of the literature, we formulate the following research questions: (i) What are the demographic and psychological

determinants of co-adoption decisions and how do they differ from single-technology adoption decisions? (ii) What are prominent sequential

co-adoption pathways of low-carbon technologies? (iii) To what extent does the adoption of one technology stimulate or hinder the adoption

of another technology (immediate or lagged), i.e., can specific co-adoption pairs of low-carbon technologies be identified? To answer these

research questions, we invited all registered owners of detached and semi-detached houses in the Canton of Geneva, Switzerland, to take

part in our study (see procedure for more details), resulting in a final sample of 1967 respondents (10% response rate).

We exclusively targeted homeowners because they are more likely than tenants to co-adopt PV solar systems with other low-carbon

technologies such as heat pumps, as currently almost no solutions are available for tenants to install these systems on rented dwellings.

Adoption data show that Switzerland is representative of the European population in terms of low-carbon technology average adoption

rates.66,67 Although our sample of homeowners in the Geneva region is characterized by higher economic wealth than the population

average,68 our research approach allows to examine a sample where substantial co-adoption of low-carbon technologies already occurred

and thus provides important data on existing co-adoption patterns. By investigating villa owners in a wealthy country, our research more-

over addresses recent claims on the need to focus more strongly on the role of people with high socioeconomic status in GHG reduction

strategies.69
RESULTS

Low-carbon technology adoption

In our sample, 52.77% of respondents owned at least one low-carbon technology (i.e., heat pump, PV system, hybrid (HEV) or EV, and sta-

tionary battery), of which 40.75% had more than one technology (21.50% of the whole sample; i.e., n = 423 co-adopters) (see Table S1 sup-

plementary material for more information). The most popular technology was PV solar systems (43.79% of the technologies owned), followed

by heat pumps (32.46% of the technologies owned). Among mobility-related low-carbon technologies, HEVs were adopted more often than

EVs (14.34% and 6.15%, respectively). Just a small percentage of respondents owned a stationary battery (3.27%), as shown in Figure 1A.

Moreover, Figure 1B shows an accelerating diffusion of all technologies in the past 20 years with PV solar system and heat pump uptake

intensifying after 2014–2015, which can be attributed to increasing governmental interest in PVs and heat pumps diffusion (for example, the

new energy plan implemented in the study region70,71). Although the stationary battery market is still at an early stage, we could observe a

significant uptake in 2017. In line with cantonal subsidies and increasing market availability,72 adoption of HEVs and EVs substantially

increased over the past 20 years, especially since 2018.
Adoption and co-adoption determinants

Next, we analyzed how demographics and psychological variables were associated with the adoption (i.e., one low-carbon technology) and

co-adoption (i.e., two or more low-carbon technologies) of low-carbon technologies (see STARMethods: statistical analyses for more details).

We found that both demographic and psychological factors influence adoption and co-adoption of low-carbon technologies. Specifically, the

multinominal logistic model revealed a statistically significant effect of personal contribution, i.e., the extent to which a given participant felt

personally obliged to contribute to the Swiss energy transition (c2(2) =144.73, p < 0.001), number of people in the household (c2(2) =12.09, p =

0.002), income (c2(4) =15.88, p = 0.003), and age (c2(2) =9.37, p = 0.009) on adoption and co-adoption, but not of education. Moreover, when

added to the model, neither education, gender, nor political orientation impacted adoption and co-adoption decisions (see supplementary

material, Tables S2 and S3: Model 2 & 3 for complete statistics).

As illustrated in Figure 2A, comparing the likelihood of not adopting any technology with those of adopting of one technology and co-

adopting multiple technologies, respectively, showed a significant association between personal contribution and both adoption (see sup-

plementary material, Table S1. Model 1: OR = 1.32, 95% CI [1.22, 1.43], p < 0.001) and co-adoption (OR = 1.79, 95% CI [1.60, 2.00], p < 0.001).

Themore respondents felt a sense of personal obligation to contribute to the Swiss energy transition, themore they adopted and, especially,

co-adopted low-carbon technologies. Comparing the likelihood to adopt vs. the likelihood to co-adopt, the impact of personal contribution

was stronger for co-adoption compared to adoption (see supplementary material, Table S3. Model 1: OR = 1.36, 95% CI [1.21, 1.52],

p < 0.001).
iScience 26, 107815, October 20, 2023 3



Figure 1. Low-carbon technology adoption in the sample (N = 1967)

(A) Amount of the low-carbon technologies adopted in the sample.

(B) Adoption of low-carbon technologies across time in the sample.

Note: Photovoltaic solar system (PV), heat pump (HP), hybrid (HEV) and electric (EV) vehicle, and stationary battery (B).
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The results moreover showed a significant association between the number of people in the household and co-adoption (OR = 1.26,

95% CI [1.10, 1.45], p = 0.001), but only a marginally significant association for adoption (OR = 1.14, 95% CI [1.01, 1.28], p = 0.028). The

higher the number of people in the household was, the higher was the likelihood that the respective household co-adopted multiple low-

carbon technologies (see Figure 2B). However, the association between the number of people in the household and co-adoption was not

statistically significant when contrasted with adoption (see supplementary material, Table S3. Model 1: OR = 1.10, 95% CI [0.96, 1.27],

p = 0.168).

The results further showed a significant association between income and co-adoption (OR [I,0,000] = 1.51, 95% CI [1.11, 2.07], p = 0.011;

OR Income [28,001 or more] = 2.07, 95% CI [1.32, 3.26], p = 0.002) but not with adoption (OR Income [13,001-28,000] = 1.10, 95% CI [0.84, 1.45], p =

0.479; OR [I,001 or more] = 0.93, 95% CI [0.59, 1.46], p = 0.748). The higher the monthly household income was, the higher was the likelihood

that the respective household co-adopted multiple low-carbon technologies (see Figure 2C). When contrasted with adoption, the likelihood

to co-adopt was significantly higher for the highest income segment compared to the lowest income segment (see supplementary material,

Table S3. Model 1: OR Income [28,001 or more] = 2.23, 95% CI [1.39, 3.61], p = 0.001).

Finally, there was an association between age and co-adoption (OR = 1.02, 95%CI [1.01, 1.04], p = 0.002) but not with adoption (OR = 1.01,

95%CI [0.99, 1.02], p = 0.322), reflecting the circumstance that the likelihood to havemultiple technologies increaseswith age. The association

between age and co-adoption was marginally significant when contrasted with adoption (see supplementary material, Table S3. Model 1:

OR = 1.02, 95% CI [1.01, 1.03], p = 0.034).
Technology-specific co-adoption determinants

Next, we analyzed sequential co-adoption pathways in the sample. Furthermore, we used event-history analyses to test whether the adop-

tion of a given low-carbon technology had a statistically significant impact on the adoption of other low-carbon technologies across time.73

To test whether potential co-adoption effects were driven by co-adoption of technologies within close temporal proximity (i.e., within the

same year), we conducted additional event-history analyses in which we focused on temporally distant co-adoption only (i.e., at least a one-

year lag between the adoption of both technologies) and thus isolated effects of immediate co-adoption (i.e., co-adoption within one

year). In the event-history analyses, we focused on the combination of PV systems with other low-carbon technologies, namely heat pumps,

EVs and HEVs, and stationary batteries. The rationale was that these technology combinations cover both, the supply and demand side at

the household level. We compared these results on actual co-adoption patterns with subjective reports of technology adopters in the sam-

ple. Specifically, we assessed how the actual adoption of a given technology increased their interest in the adoption of other low-carbon

technologies.

Figure 3 provides an illustration of co-adoption pathways of low-carbon technologies in our sample (n = 423 co-adopters, not visualizing

the 929 respondents that had no technologies and the 615 who had just one technology). The Sankey graph depicts the order in which re-

spondents adopted the low-carbon technologies of interest. PV systems (24.59%) and heat pump (26.95%) weremostly frequently adopted as

first, stand-alone, technologies or within the same year (21.75%).
4 iScience 26, 107815, October 20, 2023



Figure 2. Visualization of the variables associated with the likelihood to adopt and co-adopt low-carbon technologies

(A–C) Likelihood to have no low-carbon technology, adopt one technology, and co-adopt multiple technologies as a function of a) perceived obligation to

contribute to the Swiss energy transition, b) number of individuals in the household, and c) household income in Swiss francs. Note: Personal contribution:

‘‘I feel a personal obligation to contribute to the Swiss energy transition’’ (7-point Likert scale: 1 = Strongly disagree, 7 = Strongly agree).
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Co-adoption effects of PV systems and heat pumps

The event-history analyses showed that the adoption of heat pumps significantly increased the likelihood to adopt PV systems and vice versa

(c2(1) = 46.72, p < 0.001 and c2(1) = 9.45, p = 0.002, respectively). As illustrated in Figure 4A, the cumulative likelihood to adopt a PV system

across the time period of interest (2000 until 2020) was higher in the group of participants that adopted a heat pump before PV adoption or in

the same year. These effects can be observed especially from 2016 with increasing differences between groups from this time point. However,

when excluding co-adoption of the two technologies within the same year (i.e., bundling effects), no effect of previous heat pumpadoption on

PV adoption could be observed (c2(1) = 0.59, p = 0.442, see Figure 4B). For heat pump adoption, the event-history analysis excluding co-

adoption within the same year even revealed negative co-adoption effects in that the likelihood to adopt a heat pump was smaller in the

group of respondents that previously adopted a PV system (c2(1) = 24.25, p < 0.001, see supplementary material Figure S1 for visualization,

and Table S4 for complete results). Taken together, co-adoption of PV systems and heat pumps mostly occurred within the same year with

elevated frequencies in the recent years (see Figure 4C).When isolating effects of bundled co-adoption, previous adoption of one technology

had no or even negative effects on the adoption of other technologies.

Participants’ subjective reports corroborated actual co-adoption findings to a large extent: participants reported that the adoption of a PV

system influenced their interest in adopting a heat pump. Specifically, 42.80% of respondents reported that their experience with a PV system

increased their interest in installing a heat pump. However, there were a significant proportion of participants who reported having a lower

interest in adopting a heat pump after the purchase of a PV solar system. In line with the findings on actual adoption, this effect was stronger

than the other way around in that 26.65% of respondents reported that the adoption of a PV systemmade them less or much less interested in
iScience 26, 107815, October 20, 2023 5



Figure 3. Co-adoption pathways of low-carbon technologies in the sample (n = 423 co-adopters)

The graph represents the subset of participants that co-adopted low-carbon technologies. The first technology adoption is presented on the very left side of the

figure and, moving to the right, the graph represents the co-adoption flow until the last purchased technology. The size of the vertical bars reflects the absolute

numbers of co-adopters for a given technology. Percentage values are not presented to retain clarity. Sample size specification for the first technology groups: PV

solar system (n = 104); Heat pump (n = 115); HEV (n = 41); EV (n = 11); Heat pump +EV (n = 2); Heat pump +HEV (n = 3); PV solar system +HEV (n = 4); PV solar

system + EV (n = 11); PV solar system + Stationary battery (n = 14); HEV + Stationary battery (n = 1); PV solar system +Heat pump (n = 108); Various 3 technology in

the same year (n = 9).
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adopting a heat pump, whereas 19.95% reported a similar decline in interest in PV adoption after the purchase of a heat pump (see Figures 5A

and 5B).

Co-adoption effects of PV systems and HEVs and EVs

The event-history analyses showed that the adoption of EVs did not significantly increase the likelihood to adopt PV systems (c2(1) = 2.35, p =

0.125). However, adopting a PV systembefore or in the same year significantly increased the likelihood to adopt an EV (c2(1) = 6.23, p = 0.013).

This effect, however, diminished when excluding co-adoption of the two technologies within the same year (c2(1) = 0.02, p = 0.900). Taken

together, only co-adoption effects of PV systems on EVs can be observed that were exclusively driven by co-adoption within the same year

(see supplementary material, Figures S2 and S3 for visualization; Table S5 for complete results).

While no effects of actual EV adoption on PV adoption can be observed, subjective reports showed that the adoption of EVs substantially

increased interest in PV solar systems (for 77.62% respondents indicated that the purchase of an EVmade themmore ormuchmore interested

in PV systems; see Figure 5A). Given the relatively low actual adoption rate of EVs in our sample (6.15%) in whichmost EV purchases took place

in the very recent years, the subjective reports might thus point to co-adoption effects in the future when elevated interest in PV systems after

EV purchases is translated into actual co-adoption behavior.

In line with findings on EVs, the adoption of a HEV did not increase the likelihood to adopt a PV system (c2(1) = 2.17, p = 0.141). However, a

negative co-adoption effect emerged when excluding bundling effects (i.e., co-adoption in the same year) in that the adoption of an HEV

decreased the likelihood to adopt a PV system (c2(1) = 4.68, p = 0.031). Focusing onHEV adoption, we observed a negative co-adoption effect

of PV systems on HEVs in that the likelihood to adopt a HEV was smaller in the group of participants who adopted a PV system compared to

those who did not adopt this technology (c2(1) = 7.72, p = 0.005). This pattern remained when excluding co-adoption effects within the same

year (c2(1) = 12.51, p < 0.001; see supplementary material, Figures S4 for visualization and Table S6 for complete results).
6 iScience 26, 107815, October 20, 2023



Figure 4. Impact of heat pump adoption on the likelihood to adopt PV systems across time

(A) Heat pumps were adopted in the same year or the years before PV adoption.

(B) Heat pumps were only adopted in the years before PV adoption, excluding co-adoption within the same year.

(C) Temporal occurrence of PV and heat pump adoption. The diagonal indicates co-adoption within the same year. Values below the diagonal indicate that a heat

pump was adopted before a PV system whereas values above the diagonal indicate that a PV system was adopted before a heat pump.
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Findings on subjective reports were largely in line with actual co-adoption patterns. Albeit overall high, the reported interest in adopting a

PV system after the adoption of a HEV was smaller compared to prior EV adoption (49.72% for HEVs compared to 77.62% for EVs, see Fig-

ure 5A). Turning to the effects of PV system adoption on HEV adoption, subjective reports showed that 38.29% of respondents reported to be

less or much less interested in adopting a HEV after the adoption of a PV system (see Figure 5D).

Co-adoption effects of PV and stationary batteries

As illustrated in Figure 3, stationary batteries weremostly adopted after the adoption of PV systems or in combination but not before PV adop-

tion. We were interested in the extent to which these co-adoption effects can be exclusively explained by bundling of PV and batteries within

the same year. As illustrated in Supplementary Material, Figure S5, event-history analysis showed that the likelihood to adopt a battery was

significantly higher in the group of PV adopters including and excluding bundling effects (including bundling: c2(1) = 57.00, excluding

bundling: p < 0.001; c2(1) = 16.18, p < 0.001; Table S7 for complete results). This finding has been supported by subjective reports showing

that 38.71% of respondents reported that their experience with a PV system increased their interest to install a stationary battery (see

Figure 5C).
DISCUSSION

Co-adoption of low-carbon technologies by households is an important component of energy transitions around the world, as co-adoption

enables the direct use of solar electricity for heating and mobility.14,19 Therefore, it helps to decarbonize both residential heating and the
iScience 26, 107815, October 20, 2023 7
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Figure 5. Self-reported change in interest to adopt a PV system, heat pump, battery, HEV, and EV after the adoption of another low-carbon technology

(A) The influence of other low-carbon technologies on the interest to install a PV solar system. N heat pump = 396; n hybrid car = 179; n electric car = 67. We excluded

responses for stationary battery due to small sample size (n stationary battery = 27).

(B) The influence of other low-carbon technologies on the interest to install a heat pump. N solar system = 514; n hybrid car = 171; n electric car = 65. We excluded

responses for stationary battery due to small sample size (n stationary battery = 37).

(C) The influence of other low-carbon technologies on the interest to install a stationary battery. N solar system= 589; n heat pump= 441; n hybrid car = 191; n electric car = 80.

(D) The influence of other technologies on the interest to install a hybrid vehicle. N solar system = 551; n heat pump = 438; n electric car = 72. We excluded responses for

stationary battery due to small sample size (n stationary battery = 43).

(E) The influence of other technologies on the interest to install an electric vehicle. N solar system = 594; n heat pump = 442; n hybrid car = 200.We excluded responses for

stationary battery due to small sample size (n stationary battery = 45). Only adopters of low-carbon technologies were asked how their experience with their adopted

technology or technologies influenced their interest in adopting other low-carbon technologies. The respondents who had more than one low-carbon

technology were asked only about technologies that they adopted afterward and that have not been adopted (NA = if they installed the technology before).
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transportation sector. Thus, instead of focusing on individual diffusion patterns, here we focus on the co-adoption of multiple low-carbon

technologies by investigating unique determinants of co-adoption (compared to adoption), and by highlighting common co-adoption path-

ways. In our sample of Geneva homeowners, 31.27% of respondents had only one low-carbon technology (i.e., a heat pump, PV solar system,

HEVs and EVs, and stationary battery), and 21.50% of respondents adopted multiple low-carbon technologies. We observed that both de-

mographics and psychological variables predicted co-adoption, emphasizing the relevance of considering structural factors as well as indi-

vidual values and preferences when studying technology co-diffusion. Specifically, high income, the number of people in the household, and a

perceived personal obligation to contribute to the energy transition were the strongest predictors of co-adoption in our study. The associ-

ation between income and personal obligation to contribute to the energy transition and co-adoption was also significantly stronger than the

associations between these factors and the adoption of a single technology. These results emphasize the importance of investigating co-

adoption in addition to the analysis of single-technology adoption, as the influence of core predictors differs between adoption and co-adop-

tion decisions.

When looking at specific co-adoption pathways, we could see that a third of co-adopters installed a PV solar system and a heat pump in the

same year (immediate co-adoption), but other combinations of PV solar systems could be observed as well. Event-history analyses showed

that co-adoption within the same year was a strong determinant of co-adoption patterns. In accordance, effects of heat pump adoption on PV

system adoption diminishedwhen controlling for immediate co-adoption of the technologies. Economic incentives such as bundling product

offers could partly account for this finding. Marketing literature on the effect of product bundling emphasizes further the subjective added

value of installing multiple technologies at once, as doing so reduces search costs.25,58,59 Moreover, in line with the hedonic editing principle

of themental accounting literature, accounting for a large joint investment in several technologies (one expense) is perceived as less negative

thanmultiple reoccurring investments separately (repeated expenses), even if the actual spending is the same.53,54 These streams of literature

could explain our empirical finding that lagged co-adoption was less prevalent than bundled co-adoption of technologies in close temporal

proximity.

Our results further illustrated that the adoption of one technology can influence the self-reported interest in adopting other low-carbon

technologies. Specifically, adopting an EV increased interest in adopting a PV solar systemeven though there was no effect of actual EV adop-

tion on PV adoption. That is, the use of electric mobility increases the interest in powering the EV with self-generated electricity, an effect

which might translate into actual co-adoption behavior within the next years. Practitioners can learn from these first insights to structure pol-

icies that incentivize the adoption of different low-carbon technologies in a specific order. However, there is a consistent subset of respon-

dents (�20%) for whom their experience with a PV system decreased their interest in adopting any of the other low-carbon technologies.

These findings on self-reports are corroborated by our actual adoption data: when excluding bundling effects, the likelihood to adopt a

heat pump and a HEVwas significantly smaller in the group of homeowners that adopted a PV system compared to those not having adopted

PV. One explanation for the observed negative impact of PV adoption on heat pumps and HEV adoption is that large investments in one

technology reduce the overall household budget for subsequent large investments. In this light, it is even more interesting that this negative

impact was attenuated under certain conditions, for instancewhen heat pumpswere adoptedbefore PV systems. Here, it could be speculated

that the increased household electricity demand caused by heat pumps increased the motivation to meet this demand by self-generated PV

electricity.

Low income is among the highest barriers to the adoption of low-emission technologies according to previous research.64,65 In our sample

of homeowners, high income was associated with a higher likelihood to co-adopt; however, co-adoption occurred at all levels of income.

Especially when homeowners need to renovate their heating system or the roof of their house, low-carbon technologies may offer high ad-

vantages for a relatively small cost premium. In light of projected decreasing investment costs for most low-carbon technologies,74–78 it is

likely that the effect of income on adoption and co-adoption will decrease in the future.

We set out our study only among homeowners given that, at the time of data assessment, there were only few solutions available for ten-

ants to install a PV solar system, stationary battery, or heat pump in their home. It would be nevertheless interesting to investigate co-adoption

in the general population including tenants for two main reasons. First, it is important to understand how tenants perceive co-adoption and

their intention to invest in low-carbon technologies to estimate the potential of new business models enabling tenants to invest in low-carbon

technologies. Second, even when tenants do not adopt or co-adopt low-carbon technologies in their home, they may still influence the diffu-

sion of low-carbon technologies through personal exchange with owners, which could motivate owners to install these technologies.
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Supporting and facilitating co-adoption is of foremost importance when considering the current geopolitical and economic situation with

rapidly increasing energy prices and limited security of supply. Taking the example of EV, single adoption of this technology is likely to

become less attractive as the price to charge it is estimated to greatly increase in the years to come.79 Co-adoption of EVs with solar systems,

however, can significantly buffer the impact of price shocks. In line with previous research,26,61 our findings show that there is potential for

immediate co-adoption of EVs and PV systems, which would allow for a rapid increase in the diffusion of these key low-carbon technologies.

Government and policymakers should respond to the situation and further incentivize the co-adoption of these technologies to further

strengthen the EV-solar and heat pump-solar co-adoption effects observed here.

In conclusion, combinations of low-carbon technologies that produce renewable electricity and transform it into heating andmobility, such

as heat pumps and EVs, are essential for the achievement of net-zero emissions objectives.2,6,7 Here, we illustrate that the adoption of one

low-carbon technology is temporally associated with the adoption of subsequent technologies, with specific technologies such as EVs that

could serve as ‘‘entry points’’ for co-adoption of low-carbon technologies in the future. We further point to co-adoption trajectories resulted

from cross-technology dependencies that can be specifically promoted by means of targeted policies. One promising option thereby is to

promote co-adoption in close temporal proximity, for instance by providing subsidies for adoption of technologies pairs (PV and heat pump,

PV and EVs) in bundles. We hope this research to be a starting point for systematic research addressing the co-adoption of low-carbon

technologies holistically.
Limitations of the study

The empirical results reported here should be considered in the light of some limitations. Having investigated homeowners through the coop-

eration of the regional energy provider offered a unique and highly relevant sample, but this approachmay also have increased self-selection

bias. Considering how the study has been promoted, it is possible that especially those homeowners who were already interested in renew-

able energy participated. Moreover, our sample is representative of the population of Switzerland (e.g., gender, number of people in the

house), one of the most wealthy countries in the world. Our results might thus not depict general trends at the European or worldwide level.

Finally, we relied on self-reported measures which may suffer from respondents’ imprecision or biases.
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l’électromobilité 2030.
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Deposited data

Open Science Framework under https://osf.io/gserh/

Software and algorithms

R version 4.0.5 The R Project for Statistical Computing www.r-project.org
RESOURCE AVAILABILITY

Lead contact

Further information should be addressed to and will be provided by the lead contact, Ulf Hahnel, ulf.hahnel@unibas.ch.

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The dataset is available on the Open Science Framework: https://osf.io/gserh/

d The R code generated to analyze the data is available on the Open Science Framework: https://osf.io/gserh/

d Any additional information required to reanalyze the data reported in this article is available from the lead contact upon request.

METHOD DETAILS

The survey was conducted online. Data was assessed fromNovember 27, 2020 to December 21, 2020. Ethical approval was obtained from the

ethical commission of the Faculty of Psychology and Educational Sciences of the University of Geneva before data collection. Regarding data

collection, we had access to the client e-mail list of the entire population of detached and semi-detached house owners in the Geneva canton

under the ethical agreement concluded between the University of Geneva and the electricity supplier company of the Geneva canton. We

sent emails to all clients owning a house in the Geneva canton, inviting them to participate in our online study aiming at investigating public

interest in renewable energy technologies (200641 unique emails, see Table S1 supplementary material for more information). As compensa-

tion for participation, respondents could take part in a lottery with a prize of a CHF 200 shopping coupon from one of the threemajor grocery

retailers of Switzerland.

In total, 2002 respondents completed the survey, out of which we excluded 12 observations because respondents did not remember the

purchase year of owned technologies and 23 because they did not live in theGeneva canton. The final sample consisted of 1967 respondents.

Regarding demographics and the representativeness of our sample, the sample consisted of more men (72% versus 50% of men) and was on

average older than the Swiss population (38% versus 21% of individuals 65 years-old and over).80 However, these differences can be ac-

counted by our choice to target exclusively homeowners. In the French-speaking region of Switzerland to which Geneva canton belongs,

44% of owners are 65 years-old and older.Moreover, the number of people in the household in our samplewas representative for Switzerland:

2.7 occupants per dwelling.81
Demographic information of the final study sample

Sample N = 1967

Age

18–64 years 62.1%

65 and over 37.9%

Gender

Men 72.6%

Women 25.0%

Preferred not to answer 2.4%

(Continued on next page)
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Demographic information of the final study sample

Income

130000 or less 45.0%

130000–280000 28.7%

280001 or more 7.7%

Preferred not to answer 18.6%

Education

Compulsory basic education 16.6%

Highschool/apprenticeship 19.8%

University/higher education 63.6%

Political orientation, 1-item82

Liberals (score lower than the midpoint (1–4)) 26.2%

Centrist (at the midpoint (5–6)) 36.8%

Conservative (above midpoint (7–10)) 22.2%

Preferred not to answer 14.8%

Number of people in the household 3 G 1.2 people
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Measurements

First, participants provided their informed consent to take part in the study and to provide their data. Afterward, they reported whether

they adopted the low-carbon technologies of interest and for the adopted technologies in which year, i.e., photovoltaic solar panels, heat

pump, stationary battery, hybrid car, and electric car. Second, we asked for each of the technologies owned, how much the experience

with the given technology affected their interest in installing/buying each of the other technologies (5-point Likert scale: 1 = Much less

interested, 7 = Much more interested, NA = if they installed the technology before). This data has been used for the analysis of subjective

interest in co-adoption, complementing actual adoption and co-adoption data. Third, respondents reported their level of agreement to

the following sentence: ‘‘I feel a personal obligation to contribute to the Swiss energy transition’’ (7-point Likert scale: 1 = Strongly

disagree, 7 = Strongly agree) serving as our measure of personal contribution. Finally, we assessed demographic information including

participants’ political orientation,82 which findings are reported in the supplementary material, Table S1 and S2: Model 3. After this study,

participants had the opportunity to take part in an additional study, solely focusing on the adoption of solar systems (study not yet

published).
Statistical analyses

Adoption and co-adoption determinants

To identify factors associated with the adoption of one technology and co-adoption of multiple technologies, we ran a multinominal

logistic regression model to estimate the likelihood to adopt and co-adopt low carbon technologies. In the model, the dependent

variable was coded as 0 when respondents did not adopt any low-carbon technology, as 1 when respondents adopted one low-car-

bon technology (adoption), and as 2 when respondents adopted two or more low-carbon technologies (co-adoption). By changing

the reference level, we also contrasted adoption and co-adoption, allowing to test whether a certain factor plays a more important

role for co-adoption compared to adoption decisions. As predictors of the model, we added demographics (i.e., age, education,

income, number of people in the household, gender, and political orientation) and personal contribution (see measurements section

for more details) as a measure of participants indicated personal obligation to contribute to the energy transition. In the baseline

model age, education, income, number of people in the household, and personal contribution served as predictors (supplementary

material, Tables S1 and S2: Model 1). Subsequently, we sequentially added gender and political orientation to the model (Tables S1

and S2: Model 2 and 3).

Technology diffusion patterns

To describe technology diffusion patterns, we analyzed technology ownership frequencies as well as the adoption rate by time. We further

visualized co-adoption patterns by means of a Sankey graph83 illustrating specific co-adoption pathways across time (see Figure 3). Sankey

graphs are flow diagrams where flows can be traced through a series of stages. In our case, we illustrated co-adoption flows or pathways

through technology adoption order (up to four).
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Specific co-adoption effects

We applied event-history analyses73 using Log Rank tests to compare Kaplan-Meier-Curves to test whether the adoption of a given low-car-

bon technology had a statistically significant impact on the adoption of other low-carbon technologies across time. We calculated Kaplan-

Meier estimates indicating the probability that a technology adoption occurred in a given year contingent on whether or not another tech-

nology had been previously adopted or not. If no adoption of a technology occurred by the end of data collection, this event was entered into

the analyses as censored, i.e., a parameter indicating the probability that the event did not occur.

We tested whether the cumulative probability of adopting the target technology differs between the group of previous adopters of

another technology and non-adopters. To test whether potential co-adoption effects were driven primarily by co-adoption of technologies

within close temporal proximity (i.e., within the same year) or by lagged co-adoption, we excluded co-adoption decisions within the same year

and ran the same analysis on the subset of lagged co-adopters.

Technology-specific determinants

Finally, we looked at how adopting a technology changed self-reported interest in adopting other low-carbon technologies. With a stacked

bar chart, we illustrated the percentages of respondents that reported an increase or decrease interest in co-adopting other technologies (see

Figures 5A–5E).
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