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Household battery storage systems (BSSs) are increasingly installed alongside residential photovoltaics (PV), yet
behavioral research on BSS adoption remains limited. This study investigates whether established frameworks
explaining PV uptake extend to BSS adoption and whether households perceive the two technologies as distinct
or interconnected. Using a proposed integrated framework combining insights from Diffusion of Innovations
theory, Theory of Planned Behavior, and Value-Belief-Norm theory, we surveyed German households (N = 371)
and compared non-adopters, PV adopters, and PV-BSS adopters on psychological determinants of adoption.

Despite PV being perceived as somewhat more visible, socially endorsed, and environmentally beneficial than
BSSs, households did not appear to evaluate PV and BSS as entirely separate decisions. Compared to non-
adopters, both adopter groups expressed more favorable beliefs about the technologies, with PV-BSS adopters
perceiving the strongest benefits, lowest expense concerns, and reporting the highest personal innovativeness.
Measurement model comparisons further indicated that PV- and BSS-specific beliefs were highly correlated,
pointing to a unified decision-making structure. Structural equation modeling revealed that adoption intention
was positively associated with personal norms to use renewable energy, perceived social approval, innovative-
ness, and perceived personal benefits, while expense concerns were related to lower intentions. Overall, our
integrated model explained 42% of the variance in intention. Perceived control over installation was not
significantly related to intention. These findings provide empirical support for a triangulated theoretical
framework in the context of household energy technology adoption, underscoring the inclusion of norm acti-
vation processes into models of PV-BSS adoption and potentially other low-carbon technologies.

1. Introduction is particularly relevant, as it represents a comparatively advanced

diffusion context for residential PV and, increasingly, household battery

Energy generated from photovoltaics (PV), including rooftop resi-
dential PV, is a central pillar of the sustainable energy transition in many
countries. In recent years, interest in storing energy from residential PV
in home battery storage systems has grown exponentially. This trend
might have been triggered by structural factors, such as rising retail
electricity prices, sharply decreasing costs of lithium-ion batteries, and
reductions in feed-in tariffs [1,2], all of which provide economic op-
portunities for self-consumption. In Germany, the number of battery
storage systems (BSSs) installed alongside residential PV has steadily
increased over recent years. This uptake resulted in 80% of all new PV
systems including a BSS in 2024, bringing the cumulative number of BSS
installations to roughly 1.8 million nationwide [3]. The German context

storage, in which adoption has been shaped by a changing policy envi-
ronment. Under the Renewable Energy Sources Act (EEG, [4]), resi-
dential PV was historically supported by high feed-in tariffs that
declined over time and, together with high retail electricity prices, have
increasingly shifted the economic rationale of residential PV toward self-
consumption [5]. Beyond household-level benefits, residential battery
storage can provide significant system-level benefits to local energy
grids. BSSs can enable households to use solar energy generated at
midday during evening hours, supporting demand-side flexibility. Such
flexibility can contribute to aligning electricity consumption with fluc-
tuating renewable supply and reducing grid stress during peak hours and
in regions with high PV penetration [6]. These systems thus significantly

* Corresponding author at: Chair of Energy Economics, Institute for Industrial Production (IIP), Karlsruhe Institute of Technology (KIT), Hertzstrafie 16, 76187,

Karlsruhe, Germany.
E-mail address: stephanie.stumpf@kit.edu (S. Stumpf).

https://doi.org/10.1016/j.erss.2026.104996

Received 12 March 2026; Received in revised form 11 September 2026; Accepted 24 September 2026

Available online 8 October 2026

2214-6296/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

Open access funding enabled and organized by Projekt DEAL.


mailto:stephanie.stumpf@kit.edu
www.sciencedirect.com/science/journal/22146296
https://www.elsevier.com/locate/erss
https://doi.org/10.1016/j.erss.2026.104996
https://doi.org/10.1016/j.erss.2026.104996
http://crossmark.crossref.org/dialog/?doi=10.1016/j.erss.2026.104996&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/

S. Stumpf et al.

enhance both the effectiveness and efficiency of demand-side flexibility
by reducing risks of congestion, reverse power flows, and the need for
renewable curtailment [7]. Though this study focuses on household-
level benefits and decision-making processes, these system-level bene-
fits are important for understanding the socio-technical relevance of BSS
adoption.

Despite the multiple technical and social functions battery storage
systems might address, academic and policy discussions of the residen-
tial sector tend to focus primarily on solar adoption without storage,
thereby neglecting potentially distinct drivers and barriers for the
adoption of storage systems. Thus, while household decision-making
and social acceptability for rooftop PV adoption have been extensively
investigated [8-10], determinants of BSS adoption remain compara-
tively underexplored in spite of the technology's economic and technical
relevance [11,12]. Given the frequent co-adoption of PV systems and
BSSs, coupled with overlapping incentives and technical context, similar
behavioral drivers of adoption might be expected. Yet, the two tech-
nologies differ in important aspects, such as purchasing costs and spe-
cific benefits they provide to the household. This puts into question
whether their adoption can be treated as one, and empirical evidence
suggesting that PV adoption insights might extend to BSSs is currently
limited [11]. Previous studies of PV adoption have advanced theory by
integrating motivations, drivers, and barriers from the theory of planned
behavior [13], value belief norm theory [14], and diffusion of in-
novations theory [8,9,15-17]. However, a similarly comprehensive
theoretical foundation has yet to emerge for battery storage (or coupled)
adoption. Building on the well-established literature on PV adoption
therefore provides a valuable basis to ground new empirical work on
BSS within a mature conceptual framework and to explore whether
comparable motivational mechanisms apply. Moreover, most existing
studies on PV adoption focus on non-adopters only, trying to understand
decision-making regarding future PV installations. Yet a growing stream
of research systematically compares the two groups of adopters and non-
adopters (see, e.g., [18-22] and a comprehensive review by Alipour
et al. [16]). Initial evidence suggests potential variation across adopter
groups regarding socio-demographic and motivational characteristics
for PV-only and PV-BSS adopters, as shown by Alipour et al. [11].
Although their study did not explicitly test for differences between the
groups, the descriptive patterns point to the value of further differenti-
ating adopter types. However, studies comparing these groups with
respect to psychological factors prevalent in established theories of PV
adoption are scarce, which limits current theoretical understanding of
BSS adoption. At the same time, adoption decision-making is highly
contextual due to differences in energy systems, market structures, and
policy incentives. Thus, it is essential to validate and refine theoretical
developments within different contexts, such as adoption in Germany,
whose advance diffusion context might serve as a model for other
countries.

Building on these research gaps, the present study aims to advance
understanding of household adoption of PV and BSS by empirically
examining how established behavioral frameworks explaining photo-
voltaic adoption apply to battery storage adoption in the German
context. Specifically, the study examines the following research
questions:

1. Do households perceive PV and BSS technologies similarly or
differently?

2. How do non-adopters, PV-only adopters, and PV with BSS adopters
compare with respect to theory-based psychological determinants of
adoption?

3. Does decision-making for PV and BSS reflect a shared structure or
technology-specific structures, and how are motivational and belief
structures related to adoption intention for the technologies indi-
vidually and in combination?

In addressing these questions, the study develops and applies a
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triangulated theoretical framework that integrates key behavioral the-
ories frequently used in PV adoption research, thereby extending their
empirical validation to BSS adoption. Our findings show that households
evaluate PV and BSS through a largely shared belief structure rather
than as fully separate technologies. This study thereby contributes to
bridging the empirical and theoretical divide between photovoltaic and
battery storage research and advances the development of more
comprehensive models of household energy technology uptake that span
different technologies.

In the remainder of this paper, we review the existing empirical
literature on BSS adoption and develop our integrated conceptual model
by reviewing existing empirical work on the integration of theories on
sustainable behaviors and technology adoption, including PV adoption.
Then, research methods involving survey participants and procedure,
measures, and the analytical approach of group comparisons and
structural equation modeling are presented. Next, we report study re-
sults before discussing implications, limitations, and suggestions for
future work.

2. Literature review
2.1. Existing literature on PV and BSS adoption

In recent years, empirical work investigating the determinants of
household decision-making in renewable energy technology adoption
has advanced rapidly (for an overview, see [10,16,23,24]). The most
prominently investigated technologies in this field are alternative-fuel
vehicles [25,26], energy-efficient appliances [27-29], and residential
PV systems. The adoption of PV systems in particular has been investi-
gated from diverse perspectives, including economic, socio-
psychological, and sociological research. Reviews and meta-analytic
studies on PV and related household energy technologies have espe-
cially consolidated evidence on psychological and socio-technical de-
terminants, which form the focus of the following sections. Behavioral-
economic perspectives on rational choice, heuristics, and biases offer
complementary insights into household energy decision-making, but fall
outside the primary theoretical scope of the present study. Several meta-
analyses have summarized the main drivers and barriers related to PV
decision-making (PV in specific: [8,9], renewable energy technologies
more broadly: [10,24]). Across these meta-analyses, the most impactful
and consistent determinants of household PV adoption were found to be
positive evaluations of PV, operationalized as attitudes or perceived
benefits, and external economic factors, which show the largest pooled
associations with individuals' intention to adopt. Moreover, subjective
norms have a smaller but reliable positive effect. General motivations,
such as environmental concern and innovativeness, also correlate with
adoption intentions. In contrast, the influence of socio-demographic
variables and perceived behavioral control is often weak or negligible,
although existing barriers, such as roof suitability can reduce adoption
intentions [8,9].

Despite this comprehensive literature on PV adoption, only a few
studies have investigated determinants shaping the decision-making of
battery storage systems. Existing empirical research across Germany,
Australia, and the United States highlights how household and com-
munity characteristics, as well as economic and psychological motives,
shape BSS adoption. In both Germany and Australia, discrete choice
experiments demonstrate that upfront costs, anticipated savings on
electricity bills, and a desire to achieve self-sufficiency and reduce
reliance on electricity companies strongly influence the decision to
adopt [30,31]. These findings are consistent with prior studies by Gahrs
etal. [32] and Ecker et al. [33], which show that beliefs about personal
benefits, especially related to independence, can act as drivers of BSS
adoption.

In a study among PV owners, Poier et al. [34] primarily examined the
role of general personal values to distinguish between BSS adopters and
non-adopters, finding that conservation (also referred to as
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traditionalism) had a negative influence, while self-transcendence
(altruism) had a positive effect on the adoption decision. Environ-
mental concern, however, appeared to have no effect on the decision to
purchase BSS. In a more recent study, Poier [35] emphasized both
personality traits and perceived risk dimensions as key factors dis-
tinguishing battery adopters from non-adopters. Compared to PV-only
adopters, battery adopters perceived lower financial risk and exhibited
greater extraversion as well as emotional stability. These findings indi-
cate that economic feasibility might constitute an adoption barrier, but
individual characteristics and risk perceptions of potential adopters
might be important next to objective cost structures. Brown [36],
analyzing residential battery installations under California's Self-
Generation Incentive Program (SGIP), examined adoption rates across
over 1500 zip codes. Adoption was found to concentrate in communities
that have higher household income and lower environmental justice
concerns. These findings show that communal settings and structural
access play a decisive role in determining where residential battery
adoption accumulates. Besides financial factors, moral, social, and af-
fective factors are important determinants of BSS adoption. In Australia,
Alipour et al. [12], using a hybrid discrete choice and latent-variable
model, found that energy autonomy was the strongest predictor of in-
tegrated PV-battery adoption, especially for non-adopters considering
their first installation. McCarthy and Liu [37], surveying 557 Queens-
land homeowners, extended this finding by demonstrating that social
and identity factors as well as technical and load-shifting interest exert
significant influence on acceptance.

Recent research has also differentiated between different adopter
groups. Alipour et al. [12] found that people who had already adopted a
PV system stated that battery size was decisive in driving adoption,
while those who had not adopted indicated that achieving autonomy
was most important. In a separate study, McCarthy and Liu [38] found
that households that already engage with PV exhibit stronger accep-
tance, fewer concerns, and are typically in a higher income group than
non-adopters. Poier [35] further investigated differences between
combined PV-BSS adopters and PV-only adopters, identifying that
adopters of both technologies were typically younger, more extraverted,
and less financially risk-averse than PV-only owners.

Overall, the existing evidence underscores that household decision-
making around battery storage is best understood as the outcome of
numerous economic, psychological, and social factors. Many of these
factors align closely with the conceptual dimensions emphasized in
research on PV adoption. Consequently, these findings provide a valu-
able empirical foundation for linking battery storage adoption to the
theoretical frameworks that have been most influential in explaining
photovoltaic adoption behavior.

2.2. Theory triangulation and conceptual model

Building on the theoretical foundations that have been most
frequently applied to explain household PV adoption, this section de-
velops a conceptual framework for analyzing household decision-
making regarding PV and BSS. Among the various theories used to un-
derstand household decision-making for installing PV systems, three
theories have repeatedly provided successful explanations for adoption,
namely the diffusion of innovations theory (DOI) [15], the theory of
planned behavior (TPB) [13], and the value belief-norm theory (VBN)
[8,9,14,16,17,39]. These theories cover different strands of explanation,
as PV-BSS adoption can be understood as a multi-faceted decision
context [40]. It may reflect a rational consumer choice involving an
evaluation of tangible costs and benefits, a pro-environmental behavior
grounded in moral obligations and value-based motivations, or a
response influenced by the diffusion process of novel technologies.
These perspectives do not necessarily represent competing explanations
but may address different levels of decision-making that operate
concurrently. Specifically, the TPB captures deliberative and intention-
based evaluations through attitudes, subjective norms, and perceived
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behavioral control [13], whereas VBN theory extends this perspective by
accounting for internalized moral norms and value-driven motivations
that are particularly salient in environmentally consequential decisions
[14]. DOI complements both approaches by introducing an innovation-
oriented perspective that emphasizes how perceptions of technological
novelty, compatibility, and observability influence adoption propensity
[15]. Prior integrative applications in the residential energy context
further support this theoretical combination, demonstrating that these
frameworks can be meaningfully combined to explain household in-
vestment behavior (e.g., [17,40]).Taken together, integrating these
perspectives enables a more comprehensive understanding of household
PV-BSS adoption by accounting for the interplay between rational
evaluation, normative commitment, and innovation-related adoption
processes.

From an innovation diffusion perspective, DOI theory emphasizes
that the uptake of an innovation depends not only on the technology's
characteristics, but also on the characteristics of the adopter, such as a
person's general tendency to try new technologies or behaviors. On the
other hand, the TPB adopts a framework for rational decision-making
and assumes that a person's behavior is primarily determined by their
intention to behave in a certain way, which in turn is driven by the three
factors of attitude, subjective norms, and the perceived ability to
perform the behavior under consideration. In contrast, VBN theory
mainly emphasizes personal norms, understood as feelings of moral
obligation, as the main determinant of environmental behavior, such as
adopting PV. Empirical studies have shown that these theories
contribute to understanding decision-making processes for or against
installing PV systems more in a complementary way than as competing
theories [17], suggesting value in combining them to understand
adoption behavior holistically. To address this heterogeneity of de-
terminants across the two technologies, we triangulate these three
behavioral theories, building on the integrative model of PV adoption
proposed by Wolske et al. [17]. More recent research has produced
additional evidence on the integration of these three theories. Thus, we
reviewed existing evidence of pro-environmental behavior and tech-
nology acceptance beyond PV that integrates two or all of the theories.
This allows us to clarify well-supported cross-theory paths and to
identify underexplored links between constructs from different theo-
retical perspectives.

A substantial stream of research shows that combining VBN's moral-
normative pathway with TPB's socio-cognitive predictors improves the
explanatory power for sustainable behaviors [41,42]. A meta-analytic
review concluded that models integrating rational choice elements
with personal moral norms perform better than single-theory specifi-
cations [43]. Within this integration, personal norm frequently emerges
as a mediator or parallel driver of intention alongside TPB constructs. A
recent meta-analysis reports that subjective norm exerts indirect effects
via personal norm, which mediate the effect of subjective norms on
intention [44]. Primary studies similarly indicate that social normative
pressures can activate feelings of moral obligation, with subjective
norms positively predicting personal norms as well as ascription of re-
sponsibility (AR) [45]. Evidence on cross-links to other TPB components
is mixed. Han et al. [46] suggest that attitude impacts personal norms in
the context of eco-behavior among hotel guests, but across most studies
integrating VBN and TPB, personal norms and attitude typically operate
as independent antecedents of intention. Overall, the most consistently
supported relationship indicates that personal norms might act as a
mediator between subjective norm and intention, while personal norms
and attitude tend to operate as independent, additive determinants of
intention.

Complementing the findings connecting TPB and VBN, studies inte-
grating DOI and TPB emphasize the role of an individual's innovative-
ness in shaping evaluations of the technology considered. Across
multiple domains, including sustainable consumption, energy, mobility,
and digital services, empirical studies show that consumer innovative-
ness is positively associated with attitudes toward the focal technology
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and, in some cases, with stated adoption intentions [e.g. 47-55]. Several
contributions further indicate that innovativeness positively impacts
perceived usefulness, perceived ease of use, and perceived personal as
well as environmental benefits, thereby strengthening beliefs and in-
tentions across domains [e.g. 51,52,56,57]. Some studies have reported
innovativeness exhibits a direct positive effect on intention [58,59]. In
addition, Vu et al. [55] show that Innovativeness acts as a moderator
between attitudinal evaluations and intention in the context of rooftop
PV adoption in Vietnam.

With respect to perceived behavioral control, research on sustainable
energy behavior suggests that innovativeness is positively related to
perceived control [40,57]. With regard to subjective norms and DOI, a
meta-analysis by Schulte et al. [9] shows that both subjective norms and
innovativeness have a significant positive effect on perceived benefits of
PV systems. Moreover, the authors indicate that subjective norms may
influence the intention to adopt PV indirectly through increasing
perceived benefits of adoption, rather than directly. Consistent with this
account, primary evidence in a household PV context shows that
perceived benefits are positively related to attitude and intention [60].
Findings for observability (another DOI variable) are mixed across set-
tings. In an education-technology context, observability is not signifi-
cantly associated with attitude [61], whereas studies in household
energy domains show that observability relates positively to attitude for
green appliances in South Africa [62] and to both attitude and intention
for household PV in Malaysia [60].

Direct empirical links between DOI and VBN are scarce. Beyond the
integrative approach by Wolske et al. [17], we did not identify studies
that explicitly connect VBN variables to DOI attributes within a single
empirical model. However, a study by Sloot et al. [57] examined
participation in demand response programs in an integrated model of
personal motivations, beliefs, and norms. One of the personal motiva-
tions measured was innovation-seeking self-identity, which was
measured in a similar way to innovativeness. Their study showed an
indirect effect of innovation-seeking self-identity on intention to
participate via personal norm.

In summary, the most consistently supported cross-theory relation-
ships are: (i) social influence shaping moral obligation, with personal
norm mediating the effect of subjective norm on intention [44,45], (ii)
consumer innovativeness being associated with more favorable attitudes
and beliefs (e.g., perceived benefits of the adopting technology) and, in
several studies, directly with intentions [47-49,51,52,56,58,59], and
(iii) subjective norms associated with higher perceived benefits and,
consequently, stronger intentions through belief-based pathways in the
context of PV adoption [9,60]. In contrast, DOI-VBN connections
remain underexplored within our domain. Building on the integrated
model examined by Wolske et al. [17] and the literature discussed
above, we propose an adapted integrated model for the context of PV
and BSS adoption. In line with the TPB, our integrated model assumes
that intention to adopt an energy technology is significantly impacted by
attitudes, subjective norm, and PBC. In this context, attitudes are
described as various facets of beliefs regarding the technologies. These
beliefs may be influenced by subjective norms and observability of the
technology, as perceived approval or adoption by relevant others can
provide social information about the benefits of the technology, which,
in turn, depend on the individual's innovativeness, as described within
the DOL. In addition, personal norm is included in the model as a pre-
dictor of intention in accordance with VBN theory, while subjective
norm directly affects personal norm. Furthermore, our integrated model
suggests that ascription of responsibility, awareness of consequences
and biospheric values act as key antecedents of personal norm. The in-
terrelationships between these constructs follow the original casual
chain of the VBN theory, with the exception that we exclude the New
Ecological Paradigm (NEP) construct as an intermediate predictor to
maintain model parsimony, given its close conceptual and empirical
overlap with awareness-of-consequences beliefs already represented in
the model [63].
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Thus, following the reviewed evidence on theoretical integration, we
make three substantial adjustments to the Wolske et al. [17] model:
First, we include the indirect effect of subjective norm on intention via
personal norm. Second, we add a path from subjective norm to attitu-
dinal evaluations, which is aligned with the meta-analysis by Schulte
et al. [9]. Third, we do not include the factor of social curiosity in our
integrated model, as it has not been examined further in the literature,
and instead focus on the main outcome of adoption intention. Our in-
tegrated conceptual model is shown in Fig. 1.

3. Materials and methods
3.1. Participants and procedure

In order to test our conceptual model, we conducted an online survey
among German homeowners that was distributed via a commercial
online panel between August and September 2022." The sample was
representative of the German population regarding gender and age.
Compared to the overall German population, the respondents in our
sample had a slightly smaller number of household members. Complete
responses included those participants who passed an attention-check
item and whose completion time was above one-third of the sample
median completion time, which was 15.4 min. The final sample included
371 respondents (see Table 1 for general sample composition).” Within
the final sample, 17.0% already had installed a PV system and 8.4% also
had a battery storage system.

Overall, the survey comprised sociodemographic as well as building
characteristics and questions about renewable technologies already
installed, before assessing variables corresponding to the three theories
of DOI, TBP, and VBN. While some of the measures captured general
individual characteristics or motivations (e.g., values), others were
specific to the targeted technology (e.g., beliefs about advantages of
BSS). These variables were asked separately for both technologies, PV
systems as well as battery storage systems.

3.2. Survey measures

Since our integrated model is based on Wolske et al. [17], most items
relating to PV systems were used from this study, and the corresponding
items referring to BSS were adapted accordingly (unless otherwise
specified in the following). For any additional variables that were not
used by Wolske et al., such as further VBN variables, we consistently
employed previously used measures, as indicated below. Lastly, all
measures were translated into German. Unless otherwise specified, we
employed a five-point Likert scale ranging from “strongly disagree” (1)
to “strongly agree” (5). A complete list of the English translations of the
items used can be found in the Supplementary materials.

3.2.1. General characteristics

Since only biospheric values had a considerable significant impact on
intention in the integrated model by Wolske et al. [17], we only
measured biospheric values within our model. The value scales are
based on Schwartz [67] and Stern et al. [68], of which we used a

! Respondents were recruited through GapFish (a CINT Group Company), an
ISO 20252-certified online access panel provider. According to the provider's
panel documentation, GapFish applies panel-level quality controls including
double opt-in registration, automated verification procedures, manual partici-
pant review, duplicate checks and identity validation, and individual risk
scoring. Respondent incentives were administered by the panel provider and
may vary across panel sources, including monetary, points-based, or donation-
based incentives.

2 We originally conducted the survey using a sample that also included
tenants, but we only used the sub-sample of homeowners for our study, as they
were the group relevant to our research question.
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Fig. 1. Integrated conceptual model on PV and BSS adoption (arrows are only shown for the effect on the most proximate outcome, see A4 in the Supplementary

materials for a full list of the indirect paths).

Table 1
Sample composition.

Socio-demographic variable N % German population (%)"”
Gender
Female 189 50.9 50.7
Male 182 49.1 49.3
Age
18-34 years 135 36.8 36.6
35-44 years 44 12.0 12.9
45-54 years 61 16.6 13.3
55-64 years 54 14.7 15.6
65 years or above 73 19.9 21.6
Monthly net income®
Less than 1000 € 125 33.7 35.4
1000 €-1500 € 48 12.9 14.2
1500 €-2500 € 104 28.0 27.0
2500 €-3500 € 47 12.7 13.6
3500 € or more 47 12.7 9.8
Size of the household
Single 43 11.6 20.6
Two-person 129 34.8 33.2
Three-person 68 18.8 17.6
Four-person or more 90 35.4 28.6

# We asked for personal, not household income. Also, the reference for the
overall German population refers to the year 2024, as there is no German data
for individual net income in 2022.

b Sources: [64-66].

shortened version similar to Steg et al. [69]. The scale captured items on
the significance of protecting the environment, preventing pollution,
and unity with nature as guiding principles. Values were measured on a
7-point Likert scale ranging from “opposed to my values” to “extremely
important”. Innovativeness, a general characteristic from DOI
describing the extent to which individuals seek out innovative and new
products, was captured by a three-item-scale.

3.2.2. Beliefs, attitudes, and norms

As an extension of the integrated model by Wolske et al. [17], we
further measured respondents' awareness of consequences. Items were
adopted from earlier studies in which VBN was tested in the context of
energy behavior [70,71], with minor modifications made. Thus, our
final scale comprised three items, focusing on positive consequences of
environmental protection and renewable energy for human health and
quality of life. In the same way, we also measured ascription of re-
sponsibility with three items in line with Steg et al. [72]. These assessed

the extent to which individuals feel jointly responsible for energy
problems and global warming. Moreover, we measured subjective
norms as expectations that peers approve of installing PV and BSS [13].
In addition, as a key element of DOI is external social influences on
adoption, we measured observability of the technologies with six yes/no
questions indicating the extent to which PV and BSS were observed in
the neighborhood or among peers. Three items referred to PV and three
items referred to BSS. For the technology-specific analyses, we created
separate PV and BSS observability indices by summing the three binary
items for each technology and adding 1 to the resulting sum score,
yielding indices ranging from 1 to 4. For analyses using the combined
observability measure, all six binary items were summed and likewise
shifted by adding 1, following the measurement approach by Wolske
etal. [17] and resulting in an index ranging from 1 to 7. Unlike the other
multi-point Likert-type constructs, this variable therefore represents a
binary-item sum score and was treated as an observed index rather than
as a latent construct in the SEM. Another key TPB element measured was
PBC, which describes the perception of the subjective ease or difficulty
of installing PV or BSS [13]. As for installing household technologies, the
perception of the suitability of one's home for PV and BSS might be one
facet of PBC. Thus, we additionally measured the factor unsuitable home,
using a three-item-scale of perceived suitability for PV and BSS. Lastly,
beliefs and attitudes toward the technologies integrate variables that
overlap between TPB and DOI. Therefore, we measured beliefs about
personal benefits, which capture the perceived advantages of both PV
and BSS. These include protection against rising electricity costs or
financial savings as well as protection against power outages. In addi-
tion, environmental benefits were measured, which cover the effec-
tiveness of the technologies in tackling environmental challenges, as
well as cost concerns, which assess the perceived affordability of PV and
BSSs. Finally, as part of the VBN, personal norm was measured using
three items that assess the extent to which people feel morally obliged to
act on energy issues.

3.2.3. Household constraints

In addition to the predictors described, we included a number of
socio-demographic and household characteristics that may affect a
household's intention to adopt PV or BSS. Constraints that were included
in the final SEM are income, education, age, and building type. For
building type, we controlled whether or not it was a single-family home.

3.2.4. Adoption intention
Finally, adoption intention for installing PV and BSS was measured
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using three items for each technology (“I intend to talk to an installation
company for photovoltaic systems/battery storage in the next six
months”, “I will be talking to an installation company for photovoltaic
systems/battery storage in the next six months”, “I am interested in
talking to an installation company for photovoltaic/battery storage
systems”).

3.3. Analytic approach

To answer our research questions, we used a combination of statis-
tical methods. First, in order to understand whether households perceive
PV and BSS similarly or differently, we compared the endorsement of
technology-specific beliefs between both technologies using (two-tailed)
paired-samples t-tests. To do so, p-values were adjusted for multiple
comparisons using Holm-Bonferroni correction [73]. These analyses
were conducted in the full sample, comprising both adopters and non-
adopters. In a next descriptive step, we analyzed if general character-
istics, beliefs, attitudes, and norms differed between the households in
our sample that had no technologies installed, only a PV system, or an
integrated system with PV and BSS. Therefore, we compared the mean
differences of all predictors using ANOVA or Welch's ANOVA, depending
on the normality of the data and homogeneity of variances [74]. To
account for multiple testing across the various omnibus group compar-
isons, p-values were again adjusted using the Holm-Bonferroni method.
These analyses were also conducted in the full sample in order to obtain
a descriptive comparison between the groups.

We examined our last research question in two parts, namely
whether decision-making for PV and BSS is reflected by a shared
structure or technology-specific structures, and how motivational and
belief structures relate to adoption intention. First, we specified and
compared two measurement models with identical items to examine the
adequacy of the segregation of both technologies for respective factors
of decision-making. In the first technology-specific model, the latent
variables of subjective norm, personal benefits, environmental benefits,
expense concerns, and PBC were constructed separately for each tech-
nology, such that each latent variable was measured exclusively by in-
dicators referring to the respective technology (e.g., PBC over PV
measured by items such as “Purchasing a photovoltaic system is entirely
up to me,” and PBC over BSS by the corresponding item “Purchasing a
battery storage system is entirely up to me”). In the alternative, shared-
construct model, the same indicators for both technologies were speci-
fied to load onto common latent factors, implying that evaluations of
both technologies reflect a unified decision-making structure. For each
measurement model, a Confirmatory Factor Analysis (CFA) was per-
formed in order to compare the latent structure, using the R package
lavaan [75]. In all of our modeling steps, we addressed missing data
using full information maximum likelihood estimation, which tends to
produce less biased results than listwise deletion while maintaining
statistical power [76]. Finally, we applied Structural Equation Modeling
(SEM) to analyze how the various factors influence PV and BSS adoption
intention, according to our conceptual model. Given that adoption
intention was the outcome variable, this analysis was limited to
households that had not yet adopted either technology. Direct, indirect,
and total effects were estimated using nonparametric bootstrapping
with 10,000 samples.

4. Results
4.1. Comparison of perceptions between PV and BSS

In order to examine the extent to which the decision-making process
for purchasing battery storage systems differs from that for purchasing
PV systems, we first compared participants' mean scores of PV and BSS-
specific constructs. The results of the paired t-test, presented in Table 2,
indicated significant differences between the two technologies for about
half of the factors. PV systems were perceived as more visible within
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participants' neighborhoods and social circles, with this difference
showing a moderate effect size. The subjective norm toward PV was also
more pronounced compared to BSS, but with a small effect. In addition,
PV systems were viewed as slightly more environmentally friendly than
BSS. On the other hand, the perceived personal benefits of both tech-
nologies and their perceived expense concerns did not show any sig-
nificant differences. Also, the perceived behavioral control with regard
to installing BSS was similar to that of PV.

4.2. Comparison of adopters and non-adopters

In order to understand the differences among groups of non-
adopters, PV-only adopters, and PV-BSS adopters, we used a combina-
tion of mean difference methods, including ANOVA with Tukey's HSD
post-hoc test and Welsh's ANOVA with Games Howell post hoc. Fig. 2
shows the mean values and significance levels of the post-hoc tests of the
various predictors for the different adopter groups. Mean comparisons
show a consistent pattern across most variables, with the lowest mean
scores among non-adopters, followed by higher values (signifying more
favorable ratings) for PV adopters, and the highest for PV-BSS adopters
(expense concerns, which were negatively framed, followed the opposite
direction).

ANOVA results revealed significant effects of the adopter status on
PV observability (F(2,362) = 28.97, p < 0.001), subjective norms about
PV (F(2,362) = 18.89, p < 0.001), personal benefits of PV (F(2,346) =
9.15, p < 0.001), expense concerns regarding PV (F(2,362) = 17.49,p <
0.001) as well as BSS (F(2,362) = 13.95, p < 0.001), and PBC regarding
BSS (F(2, 362) = 6.51, p = 0.007). Post-hoc Tukey tests indicated that PV
observability and subjective norms about PV were significantly higher
among both PV adopters and PV-BSS adopters compared to non-
adopters (p < 0.001), with no difference between the two adopter
groups. Personal benefits of PV were significantly higher for PV-BSS
adopters compared to non-adopters (p < 0.001), but not compared to
PV adopters (p = 0.074). Expense concerns (PV and BSS) were signifi-
cantly lower for PV-BSS adopters compared to non-adopters (p < 0.001).
PV-adopters also reported lower PV-related expense concerns than non-
adopters (p < 0.001). Finally, PBC regarding BSS was higher for PV-BSS
adopters than for non-adopters (p = 0.002), with no difference between
the adopter groups (p = 0.176).

Welch's ANOVA found significant effects on innovativeness (F(2,
47.58) = 12.92, p < 0.001), awareness of consequences (F(2, 49.77) =
7.11, p = 0.006), ascription of responsibility (F(2, 47.39) = 9.20, p =
0.002), BSS observability (F(2, 45.26) = 30.28, p < 0.001), personal
norms (F(2, 50.06) = 10.14, p = 0.001), personal benefits of BSS (F(2,
51.70) = 15.15, p < 0.001), subjective norms about BSS (F(2, 51.78) =
15.49, p < 0.001), environmental benefits of PV (F(2, 51.56) = 14.15, p
< 0.001), environmental benefits of BSS (F(2, 50.82) = 16.88, p <
0.001), and PBC regarding PV (F(2, 51.69) = 11.73, p < 0.001). Games-
Howell post-hoc comparisons showed that PV-BSS adopters reported
significantly higher awareness of consequences (p = 0.013), re-
sponsibility (p = 0.001), personal norms (p < 0.009), personal benefits
of BSS (p < 0.001), subjective norms about BSS (p < 0.001), environ-
mental benefits (PV and BSS; p < 0.001), and PBC regarding PV (p <
0.001) than non-adopters. They also demonstrated greater innovative-
ness as well as BSS observability than both non-adopters and PV
adopters. In addition, perceived environmental benefits of BSS were
significantly higher for PV-BSS adopters compared to PV-only-adopters
(p = 0.003). Interestingly, PV adopters perceived their homes less suit-
able compared to non-adopters (p = 0.029). No significant differences
were found between PV adopters and PV-BSS adopters for the remaining
variables. In summary, findings showed significant differences for the
majority of predictors, most consistently between non-adopters and PV-
BSS adopters. Exact overall ANOVA results, effect sizes, and 95% con-
fidence intervals are reported in Table 3. Given the small and unequal
adopter-group sizes, a sensitivity analysis using the harmonic mean of
the group sizes indicated that the omnibus tests had 80% power to detect
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Table 2
Comparison of means between PV- and storage-specific beliefs (N = 371).
Mean PV Mean BS 95% CI T p-Value d(2)
(two-tailed)
Lower Upper
Personal Benefits 4.16 4.14 —-0.036 0.086 0.806 0.783 0.043
Expense Concern 3.72 3.74 —0.086 0.034 —0.858 0.783 —0.044
Environmental Benefits 3.82 3.65 0.111 0.231 5.594 <0.001 0.290
Observability” 2.64 1.82 0.703 0.941 13.564 <0.001 0.704
Subjective Norm 3.73 3.62 0.035 0.183 2.909 0.015 0.151
Perceived Behavioral Control 3.48 3.53 —0.110 0.000 —1.949 0.156 —0.101

Notes. 95% ClIs are unadjusted; p values are Holm-adjusted to control for family-wise error rate across the six trait comparisons (a = 0.05). d (z) displays Cohen's d for

paired samples.
2 The scale for observability is 1-4 (others are 1-5).

Unsuitable Home

PBC (PV)

PBC (BSS)

Personal Norm

Expense Concern (PV
Expense Concern (BSS
Personal Benefits (PV
Personal Benefits (BSS
Environmental Benefits (PV
Environmental Benefits (BSS
Subjective Norm (PV
Subjective Norm (BSS
Observability (BSS
Observability (PV
Ascription of Responsibility

Adoption Group

. Non-Adopter

1 PV Adopter
B Pv-sss Adopter

Nt e thaoy. Secow TR Neoe el ST N faisw

Awareness of Consequences

Statistical Test

— ANOVA + Tukey's HSD
~ Welch's ANOVA + Games-Howell

Innovativeness

Biospheric Values

=
¥
*

o

Mean

Fig. 2. Comparison of means across the different adopter groups (with standard deviation error bars).

effects of approximately Cohen's f = 0.28 or larger at o = 0.05, corre-
sponding to 11 of approx. 0.07. Smaller group differences may therefore
have remained undetected.

4.3. Comparing measurement models and measurement of validity and
reliability

To further investigate the extent of overlap in the decision-making of
PV and BSS, we compared a measurement model with separate latent
factors of BSS- and PV-specific beliefs with a model specifying BSS and
PV variables loading on combined latent factors. However, the model
with separate factors of BSS- and PV-specific beliefs resulted in a non-
positive definite covariance matrix, indicating estimation issues due to
near-perfect correlations between beliefs about PV and BSS (see Sup-
plementary materials). The inability of the model to converge indicates
that the separate PV- and BSS-specific belief factors were empirically

non-distinguishable in our data, suggesting that households perceive PV
and BSS adoption as interrelated rather than independent decisions.’
Therefore, the model with integrated technology-specific beliefs pro-
vides a more valid and theoretically sound representation of the data.
This result indicates that participants may not differentiate strongly
between the two technologies in terms of both their intention to adopt
and determinants of intention, perceiving them as part of a unified
construct rather than separate dimensions.

3 Due to the non-positive definite latent covariance matrix, the fit indices of
the two models cannot be validly compared. Although the model with separate
factors appeared to have better fit indices (e.g. x2, CFI, RMSEA), these results
cannot be interpreted due to the inadmissibility of the model. The CFA results of
both models, including the diagnostic latent correlations from the separate-
factors model are reported in the Supplementary materials.
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Table 3 Table 4
Full ANOVA results. Validity testing of the integrated model.
Construct Test F(df1, df2) p- Effect 95% CI Construct Items Factor Cronbach's Composite AVE
Value® size” loading alpha reliability
Personal Norm Welch 10.14 (2, 50.06) 0.001 0.288 [0.113, Intention INT1 0.962 0.95 0.952 0.834
ANOVA 1] INT2 0.892
Personal Benefits One- 9.15 (2, 346) <0.001 0.045 [0.014, INT3 0.944
PV way 1] INT4 0.851
ANOVA Personal Norm PN1 0.899 0.86 0.874 0.701
Personal Benefits Welch 15.15 (2, 51.7) <0.001 0.369 [0.191, PN2 0.717
BSS ANOVA 1] PN3 0.883
Environmental Welch 14.15 (2, 51.56) <0.001 0.354 [0.176, Personal Benefits PB1 0.816 0.82 0.842 0.576
Benefits PV ANOVA 1] PB2 0.737
Environmental Welch 16.88 (2, 50.82) <0.001 0.399 [0.219, PB3 0.782
Benefits BSS ANOVA 1] PB4 0.808
Expense Concern One- 17.49 (2, 362) <0.001 0.083 [0.041, Environmental EB1 0.842 0.90 0.904 0.702
PV way 1] Benefits EB2 0.870
ANOVA EB3 0.841
Expense Concern One- 13.95 (2, 362) <0.001 0.066 [0.029, EB4 0.797
BSS way 1] Expense Concern EC1 0.522 0.82 0.833 0.636
ANOVA EC2 0.934
Ascription of Welch 9.20 (2, 47.39) 0.002  0.28 [0.101, EC3 0.874
Responsibility ANOVA 1] Ascription of AR1 0.857 0.91 0.911 0.774
Awareness of Welch 7.11 (2, 49.77) 0.006 0.222 [0.061, Responsibility AR2 0.893
Consequences ANOVA 1] AR3 0.888
Observability PV One- 28.97 (2, 362) <0.001 0.133 [0.081, Awareness of AC1 0.826 0.83 0.835 0.628
way 1] Consequences AC2 0.732
ANOVA AC3 0.817
Observability Welch 30.28 (2, 45.26)  <0.001 0.572 [0.405, Subjective Norm SN1 0.779 0.84 0.842 0.642
BSS ANOVA 1] SN2 0.885
Subjective Norm One- 18.89 (2, 362) <0.001 0.089 [0.046, SN3 0.731
PV way 1] Perceived PBC1 0.922 0.95 0.947 0.856
ANOVA Behavioral PBC2 0.972
Subjective Norm Welch 15.49 (2, 51.78) <0.001 0.374 [0.196, Control PBC3 0.879
BSS ANOVA 1] Unsuitable Home UH1 0.859 0.82 0.834 0.629
Perceived Welch 11.73 (2,51.69)  <0.001 0.312 [0.137, UH2 0.646
Behavioral ANOVA 1] UH3 0.856
Control PV Innovativeness INN1 0.891 0.84 0.850 0.659
Perceived One- 6.51 (2, 362) 0.007  0.369 [0.191, INN2  0.880
Behavioral way 1] INN3 0.638
Control BSS ANOVA Biospheric Values BIO1 0.846 0.87 0.873 0.697
Unsuitable Welch 3.49 (2, 44.1) 0.078  0.137 [0.004, BIO2 0.877
Home ANOVA 1] BIO3 0.778
Innovativeness Welch 12.92 (2, 47.58) <0.001 0.352 [0.166,
ANOVA 1] CFI = 0.952, RMSEA = 0.045, SRMR = 0.044; N = 308.
Biospheric Welch 1.73 (2, 50.07) 0.187 0.065 [0,1]
Values ANOVA 0.944, RMSEA = 0.043, SRMR = 0.056)." Table 5 shows the standard-

Note. Tests compare non-adopters (n = 308), PV-only adopters (n = 38), and
PV-BSS adopters ((n = 25)); six BSS-only cases with intended PV adoption were
not included because they could not be assigned to one of the predefined com-
parison groups.

@ Reported p-values are Holm-Bonferroni-adjusted across the 17 omnibus
group comparisons.

b Omega squared (0?) is reported for standard one-way ANOVAs. For Welch
ANOVAs, eta squared (n%) and its 95% confidence interval were derived from the
Welch F statistic.

Before running our integrated SEM, we evaluated the combined
measurement model by analyzing the discriminant and convergent
validity across five indices: factor loadings higher than 0.50 [77],
Cronbach's alpha higher than 0.70 [78], the Composite Reliability above
0.70, average variance extracted (AVE) above 0.50 [77], and the For-
nell/Larcker criterion to be met [79]. As shown in Table 4, all constructs
met these criteria, providing support for the reliability and convergent
as well as discriminant validity of the measurement model. Discriminant
validity of the final unified measurement model using the For-
nell-Larcker criterion is shown in Supplementary Table A2.3.

4.4. Structural equation model

The integrated structural model, explaining the intention to adopt a
PV-BSS system using the combined factor structure established above
showed an adequate model fit (y2 = 1318.2, df = 837, p < 0.001; CFI =

ized coefficients for the direct and total effects on adoption intention,
and Table 6 shows the direct effects on the predictors of intention.” In
addition, the results for the two separate models explaining the intention
to introduce PV as well as BSS are available in the Supplementary ma-
terials. Consistent with our conceptual model, personal norms showed a
significant direct association with adoption intention. In contrast, PBC
and the perception of an unsuitable home were not significantly related
with intention. Among the behavioral beliefs, personal benefits were
positively associated with intentions, whereas perceived expense con-
cerns showed a strong negative association. However, there was no

* In the process of analyzing the measurement model, 12 items were deleted
to reduce the number of items per construct. This was done primarily because
the original number of items was measured to account for the possibility of
separate latent factors. In the integrated model, however, this number of items
was adjusted to a more balanced number in order to ensure model parsimony
and estimation feasibility.

5 Given the complexity of the model relative to the available sample size,
smaller and nonsignificant paths should be interpreted cautiously. To better
characterize estimation uncertainty, we report bootstrapped standard errors
and confidence intervals in the Supplementary materials and additionally
examined multicollinearity among the latent predictors of adoption intention
using the model-implied latent factor correlation matrix. Variance inflation
factor (VIF) values ranged from 1.0 to 4.4, indicating some shared variance
among predictors but no severe multicollinearity. Replication with larger
samples would nevertheless be valuable.
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Table 5

Direct and total effects for integrated PV-BSS model on Adoption Intention
(standardized coefficients).

Independent variable

Direct effect

Total effect

Biospheric Values
Innovativeness
Observability

Awareness of Consequences
Ascription of Responsibility

Subjective Norm
Personal Norm

Environmental Benefits

Expense Concern
Personal Benefits

Perceived Behavioral Control

Unsuitable Home

Household Constraints

~0.100 (p = 0.195)
0.158 (p = 0.026)
0.123 (p = 0.034)
0.022 (p = 0.827)
~0.005 (p = 0.966)
0.104 (p = 0.174)
0.273 (p = 0.036)
~0.123 (p = 0.161)
~0.257 (p < 0.001)
0.231 (p = 0.005)
0.032 (p = 0.576)
0.068 (p = 0.272)

~0.010 (p = 0.878)
0.295 (p < 0.001)
0.225 (p < 0.001)
0.203 (p = 0.004)
0.153 (p = 0.031)
0.195 (p = 0.009)
0.273 (p = 0.036)

~0.123 (p = 0.161)

~0.257 (p < 0.001)
0.231 (p = 0.005)
0.032 (p = 0.576)
0.068 (p = 0.272)

Age 0.015 (p = 0.815) —0.112 (p = 0.048)

Income ~0.008 (p = 0.891) 0.130(p = 0.040)

Education 0.021 (p = 0.679) 0.057 (p = 0.299)

Building type 0.042 (p = 0.401) 0.097 (p = 0.050)
R? 0.419

CFI = 0.944, RMSEA = 0.043, SRMR = 0.056; N = 308.
Note. The slightly lower CFI relative to the measurement model reflects the
additional constraints imposed in the structural model.

significant link found for environmental benefits. In addition, none of
the household constraints showed a significant direct relationship with
adoption intention.

With regard to the indirect effects, awareness of consequences and
ascription of responsibility were positively related to adoption intention
through personal norm, as suggested by VBN. Moreover, subjective
norms toward PV and BSS showed a significant indirect relationship
with intention via personal benefits, but not via personal norms. Next,
the perceived observability of the technologies was indirectly associated
with intention via subjective norms. Lastly, the general characteristic of
innovativeness showed an indirect relationship with adoption intention
through all the significant predictors, except personal benefits. There
were no indirect effects of biospheric values on the intention to adopt PV
and BSS. A full list of the indirect effects specified with bootstrapped
confidence intervals can be found in the Supplementary materials.

5. Discussion
5.1. Summary of findings and theoretical implications

This study examines household decision-making for photovoltaic
and battery storage adoption within an integrated behavioral frame-

work that combines the diffusion of innovations theory, the theory of
planned behavior, and the value-belief-norm theory. Three key findings

Table 6

Direct effects on the predictors in the integrated model (standardized coefficients).
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emerge. First, households largely perceive PV and BSS through a shared
structure of decision-making factors. Specifically, the measurement
model comparison revealed that beliefs about both technologies are
highly correlated and best represented by a unified latent model, indi-
cating that for households without a PV or BSS system, both technolo-
gies are viewed as elements of one unified adoption decision rather than
as independent choices. The non-positive definite covariance matrix of
the separate-factors model further supports this result, as it resulted
from near-perfect correlations between the corresponding PV- and BSS-
specific belief factors. This interpretation may be especially consistent
with the German BSS market context, in which the use of battery storage
systems is exclusively linked to the self-consumption of solar power [80]
and not, for example, to back-up power supply, as might be the case in
other countries. The findings are likely most applicable to contexts in
which residential PV is already well established and battery storage is
primarily embedded in self-consumption strategies. Where storage
adoption is more strongly connected to other functions, such as resil-
ience or back-up power, the structure of PV- and BSS-related beliefs may
differ and should be examined empirically. Nevertheless, mean differ-
ences show that PV systems are generally regarded as more visible, so-
cially endorsed, and environmentally beneficial than BSS, while
personal benefits, perceived control, and expense concerns appear
similar across both technologies. These results suggest that households
view PV-BSS adoption as a technology bundle, but still differentiate
between the technologies themselves in terms of their social recognition
and environmental meaning.

Second, the comparison of adopter groups revealed that adopters of
both technologies show general adoption-related characteristics to a
greater extent as well as more favorable beliefs and attitudes compared
to non-adopters, with slightly lower values among PV-only adopters
compared to PV-BSS adopters. Thus, our analysis extends the work by
Alipour et al. [11], which indicates descriptive differences in motivators
between PV-only and combined PV and BSS adopters but does not
permit groupwise statistical comparisons between adopter types. Dif-
ferences are most pronounced between adopters and non-adopters,
whereas differences between PV-only and PV-BSS were observed pri-
marily for battery-specific beliefs, including perceived observability,
environmental benefits, and expense concerns of BSS, as well as for in-
dividual innovativeness. This pattern suggests that the distinction be-
tween PV-only and combined adoption is less related to broad
attitudinal or normative differences and more to BSS-specific evalua-
tions and general openness to innovation.

Third, our structural model demonstrates that adoption intention for
integrated PV-BSS systems is jointly associated with social, moral, and
innovation-related determinants. Subjective and personal norms, inno-
vativeness, and perceived personal benefits are the variables most
strongly related to adoption intention, whereas expense concerns show a

Dependent variable

Independent variable Observability =~ PBC Unsuit. AC AR Subj. Env. Expense Pers. Pers.
home norm benefits concern benefits norm
Innovativeness 0.348"** 0.216** —0.008 0.251%* 0.062 —0.194* 0.010 0.137**
Biospheric Values —0.008 -0.119 0.530***  0.184* 0.167* —0.142* 0.128 0.013 0.180**
sz:gne“ of Consequences 0.460°**  0.149 0.608"**  —0.193* 0.210* 0.213*
Observability 0.2577%* —0.061 —0.092 0.055 0.029
Subjective Norm 0.283** 0.000 0.470%** 0.063
Ascription of Responsibility -
(AR) 0.577
R? 0.184 0.187 0.015 0.280 0.348 0.286 0.467 0.171 0.354 0.771
CFI = 0.944, RMSEA = 0.043, SRMR = 0.056; N = 308.
" p < 0.05.
" p<0.01.

" p < 0.001.
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strong negative correlation. Surprisingly, for our sample, perceived
behavioral control and the perception of how suitable one's home is, do
not have a significant effect on adoption intention, pointing to a setting
in which adoption is less constrained by perceived ability and more
related to openness to technological novelty and beliefs about the
technology. In Germany's mature PV market, willingness to extend
systems with storage may thus depend increasingly on adopter orien-
tation rather than on structural barriers. Moreover, our SEM results
indicate that the relationship between environmental benefits and
adoption intention is non-significant and negative. Consistent with this
finding, Wolske et al. [17] found no significant direct or total effect of
environmental benefits on PV adoption intention. This finding partially
aligns with a broader body of mixed evidence, as Alipour et al. [16]
found significant effects of perceived environmental benefits in only half
of the ten studies considered in their vote-counting review of the PV
adoption literature. More recent evidence from Germany further sup-
ports a differentiated interpretation. A study by Scheller et al. [81] on
the adoption of low-carbon technologies in Germany suggests that
perceived environmental benefits may be more closely linked to general
technology attitudes than to adoption intention. Their findings indicate
that while environmental benefits contribute to favorable evaluations of
PV systems, others, especially financial, considerations are related to
actual adoption intentions. In our study, environmental benefits may
therefore have been less decisive for adoption intention, potentially
because other considerations, such as financial or self-consumption
benefits, were more salient. More broadly, this pattern may suggest
that recognizing the environmental advantages of a technology is not
sufficient to motivate adoption intentions. However, the strong associ-
ation of personal norms with adoption intention in our findings indicate
that environmental motivations still play a role, though operating
through a more intrinsic moral motivational route rather than through
technology-specific environmental benefit perceptions.

When compared to the integrative model developed by Wolske et al.
[17] for the U.S., the present findings show several similar core path-
ways, particularly the positive effects of perceived benefits, subjective
and personal norms, and innovativeness. Yet, there are also differences,
especially with regard to the role of the perception of an unsuitable
home and the relative weight of expense concerns and observability. The
non-significant effect of perceived behavioral control also warrants
closer theoretical consideration. Rather than indicating that control-
related factors are irrelevant for PV and BSS adoption, the finding
may reflect how perceived control is operationalized in this context. For
instance, in their review of determinants of PV adoption, Alipour et al.
[16] show that behavioral control has been represented in previous
empirical studies by a range of specific feasibility conditions, including
affordability, home ownership and building type, payback periods,
available knowledge, and household income. A general measure of
whether installation is perceived as being within one's control may not
fully capture these distinct financial, structural, and informational
constraints. This interpretation is also compatible with our finding that
income and building type show overall associations with adoption
intention. Some aspects of financial feasibility may also be reflected in
our expense concerns construct, which showed a strong association with
adoption intention. This may indicate that specific perceived financial
constraints are more strongly correlated with behavioral intention than
a general sense of control. Accordingly, future research should examine
whether PBC is best conceptualized as a general perceived-control
construct, a multidimensional set of (physical or perceived) con-
straints, or a combination of perceived and objective feasibility in-
dicators in the context of residential energy technology adoption. In
addition, Wolske et al. [17] found a significant indirect relationship
between biospheric values and adoption interest in their integrated
model, despite a nonsignificant direct relationship. However, the overall
association with adoption intention in our model was close to zero and
nonsignificant. The direct coefficient was negative but likewise
nonsignificant and should therefore not be interpreted as evidence that
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stronger biospheric values reduce adoption intention. Instead, the dif-
ference between the negative direct coefficient and the essentially null
total association may reflect a cancellation pattern in which relation-
ships operating through different pathways offset one another. Differ-
ences in the outcome constructs and adoption contexts may also
contribute to the divergent findings. Given the statistical uncertainty of
both estimates, however, this pattern should not be overinterpreted.
Moreover, the stronger role of observability and expense concerns might
underscore the contextual sensitivity in later stages of diffusion,
although this could also be related to the fact that Wolske et al. [17]
measured interest in PV as a dependent variable and not the intention to
install the technology. Overall, we see a cross-contextual similarity that
supports the robustness and generalizability of the triangulated theo-
retical structure.

Our findings advance theoretical integration of adoption decision
frameworks by further integrating previous empirical findings in the
context of PV-BSS adoption. Specifically, beyond reproducing the core
pathways in the integrated model by Wolske et al. [17], we integrated
further cross-theory pathways. Building on the triangulated framework,
our findings show that subjective norms are positively associated with
perceived personal as well as environmental benefits. The corresponding
indirect relationship with intention is consistent with the meta-analysis
on PV adoption intention by Schulte et al. [9]. This evidence further
suggests that normative approval may be linked indirectly to adoption
intention through more favorable perceptions of technology benefits, in
line with theorizing on informational influence [82]. However, our
findings did not show a mediation of personal norms between subjective
norms and intention, as suggested by the meta-analytic evidence by
Helferich et al. [44]. The non-significant relationship between subjec-
tive and personal norms warrants further research, particularly since
empirical evidence on this association remains scarce in the context of
PV and BSS adoption. Existing meta-analyses, such as those by Li et al.
[8] and Schulte et al. [9] did not incorporate personal norms. Against
this background, our findings suggest that subjective and personal
norms may represent distinct rather than sequential motivational
pathways in the context of PV and BSS adoption. This interpretation also
is consistent with the review-based framework proposed by Huijts et al.
[83], which conceptualizes subjective and personal norms as adjacent
determinants of sustainable energy technology acceptance. In addition,
the non-significant association may also partly reflect the different levels
of specificity of the measures, as subjective norms referred specifically to
PV and BSS adoption whereas personal norms concerned energy-related
behavior more broadly. Future research should therefore examine this
relationship more directly across technologies and adoption contexts.
Instead, in our sample, subjective norm is more strongly associated with
belief formation. With regard to the cross-theory paths of innovative-
ness, we found direct links to subjective and personal norms, expense
concerns and PBC, but not to environmental and perceived benefits. The
positive association with perceived control accords with findings in
residential energy upgrades reported by Klockner [40]. Also, the direct
links to subjective and personal norms extend the literature that typi-
cally connects innovativeness to attitudinal pathways [51,52,56]. Taken
together, this suggests that in our context, innovation orientation
operates less through technology-oriented beliefs about benefits and
more through normative beliefs and negative beliefs about costs.

Overall, these findings demonstrate the explanatory value of
combining DOI, TPB, and VBN perspectives. The weak role of perceived
behavioral control further indicates that, under supportive institutional
conditions, normative and attitudinal factors might dominate over
perceptions of physical or financial constraint. The integrated frame-
work therefore provides a coherent perspective for understanding
household adoption of coupled technologies within mature energy
markets. Notably, this study provides one of the first empirical tests of a
triangulated DOI-TPB-VBN framework for integrated PV-BSS adoption.
The results demonstrate that moral-normative factors remain influential
alongside attitudinal and innovation-related considerations. While the
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review by Alipour et al. [16] shows that moral and normative constructs
are used infrequently in studies of PV or BSS uptake, our findings un-
derscore their relevance and support the inclusion of moral activation
processes into models of PV and potentially other low-carbon technol-
ogy adoption.

5.2. Limitations and future research

While the study provides novel empirical evidence, several limita-
tions have to be considered. First, despite the triangulation approach of
three prominent theories, the analysis omitted certain further psycho-
social variables identified as influential in prior meta-frameworks, such
as environmental identity and environmental concern (see e.g. [84]).
Including these constructs could improve the explanatory scope of
future integrated models and contribute to a further theoretical inte-
gration. In addition, future research could assess objective feasibility
constraints more directly, since the present study did not assess specific
structural or ownership-related constraints, such as co-owner decision-
making or required electrical modifications before adoption. These
factors may be particularly relevant for households in multi-apartment
buildings. Beyond objective feasibility barriers, the psychological
perspective adopted in our study could be further enhanced by drawing
more explicitly on microeconomic rational-choice approaches as well as
research on heuristics and cognitive biases. This may offer additional
insights into how households evaluate costs, benefits, and energy-
related information when making adoption decisions [85,86].

Second, the sample size and limited representativeness restrict
generalization beyond the studied population. The use of an online
panel may have introduced selection bias, particularly if digitally
engaged households were overrepresented relative to the broader
German population. This limitation is especially relevant for the group
comparison, as both adopter subgroups were small and the group sizes
were highly unequal. Consequently, the analyses had limited sensitivity
to smaller group differences, especially regarding comparisons between
the two adopter subgroups. Significant differences may also be esti-
mated imprecisely, while nonsignificant findings should not be inter-
preted as evidence of equivalence between groups. Accordingly, these
comparisons should be regarded as exploratory and descriptive rather
than as definitive evidence of adopter-group differences. Similarly, the
SEM results should be interpreted in light of the complexity of the model
relative to the available non-adopter sample size. Although model fit
was acceptable and bootstrapped confidence intervals were used to
assess uncertainty, smaller associations between variables may have
been estimated with limited precision and should be examined in larger
samples. Future replication with larger samples, including more
balanced adopter samples and especially a larger group of BSS owners
would strengthen the robustness of our findings. Future research with
larger samples could also apply more comprehensive latent variable
approaches that test measurement invariance and estimate latent mean
differences next to structural relationships between technologies, rather
than relying on conventional mean scores [87,88]. Such analyses would
enable direct tests of latent mean and path differences while accounting
for measurement error. As the diffusion of PV and BSS continues and
larger samples become available, such analyses represent a promising
avenue for future research. In addition, the timing of our data collection
in August and September 2022 potentially limits generalizability of our
findings, as Europe was experiencing exceptional energy market vola-
tility following the escalation of the Russia-Ukraine conflict during that
period. This specific temporal context may have increased the salience
of energy prices and unusually heightened expense concerns, which
should be considered when generalizing the findings to other periods.

Third, the cross-sectional correlational design precludes causal
inference about the temporal ordering of attitudes, norms, and in-
tentions. Relatedly, as we did not collect data on the timing of adoption
among existing adopter groups, we cannot assess whether differences
between adoption groups reflect pre-existing differences, post-adoption
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experiences, or changing technological, market, and policy conditions at
the time of adoption. The group comparisons should therefore be
interpreted as descriptive rather than causal evidence. Future research
should employ longitudinal panel designs to test causal mechanisms
more rigorously, ideally observing actual adoption decisions beyond the
formation of intentions. Comparative studies across national contexts
could further reveal how institutional settings influence the relative
strength of innovation-related and normative pathways. However, our
findings highlight that understanding the diffusion of distributed energy
technologies requires an integration of moral, social, and innovation
perspectives.

Fourth, the self-report survey design represents a further limitation,
as all constructs were measured using the same survey instrument and
respondent source. Thus, the results may be affected by common method
variance, which can inflate or otherwise bias observed associations be-
tween variables [89,90]. Future research could reduce this risk by
combining self-reported perceptions with behavioral indicators,
administrative data, or longitudinal designs.

Fifth, beyond the technology-specific beliefs and perceived benefits
that we measured in parallel for comparability across PV and BSS, we
did not include additional variables that might be motivators of the
distinct features of these technologies, such as a desire for autonomy. As
prior work indicates that autonomy and self-sufficiency can be decisive
for BSS adoption, we included protection from future outages in the
personal benefits scale as a conceptually related indicator. However, this
does not entirely substitute for an explicit assessment of autonomy-
related motives. Thus, future studies could include targeted items that
reflect distinct attributes of storage and PV.

5.3. Practical implications and conclusions

From a practical standpoint, the high interdependence between PV
and BSS evaluations suggests that communication and incentive
schemes should address them as components of an integrated energy
system. This is particularly relevant in the German context, where
declining feed-in remuneration under the Renewable Energy Sources
Act has increasingly shifted the economic rationale of residential PV
from feeding electricity into the grid toward self-consumption. Because
BSS can increase the share of self-generated electricity used within the
household, PV and BSS may be perceived less as separate adoption de-
cisions and more as complementary elements of a broader self-
consumption strategy. Policies and communication strategies that not
only emphasize the financial and practical value of integrating PV and
BSS, but also connect this integrated system perspective to broader
household benefits, such as autonomy, social visibility, and moral
engagement, may be particularly effective. This implication also applies
to BSS-specific installers and manufacturers, for whom communication
should clarify the added value and system fit of the storage component
within an integrated PV-based self-consumption strategy. Initiatives that
increase the social salience of storage could further enhance observ-
ability and strengthen subjective norms around adoption, which is also
consistent with past research [17,91]. In contrast to the findings by
Wolske et al. [17], our findings do not indicate that focusing on the
environmental benefits or targeting households with high biospheric
values would influence adoption patterns of both PV or battery storage.
This could be due to the advanced diffusion stage in the German market.
Finally, the negative association of expense concerns with adoption
intention within our sample underscores the value of policies that
decrease upfront costs and reframe costs in terms of lifetime-returns.
This is in line with past research that shows that perceived financial
benefits and incentives are among the most consistent positive pre-
dictors of residential PV uptake [9,16]. In practice, a framing of PV that
focuses on financial savings for households tends to be very effective in
promoting technology uptake [92]. While Germany already offers
financing instruments for residential renewable energy investments,
including low-interest loan programs for PV and battery storage systems
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[93], and average expense concerns among non-adopters in our sample
were moderate rather than uniformly high, the strong association with
adoption intention might suggest that existing financing instruments
may not be equally visible, understandable, or perceived as accessible
across households. Policy efforts could therefore place greater emphasis
on communicating existing financing opportunities and their long-term
economic benefits. Given the shared decision-making structure identi-
fied in our study, such information should present PV and BSS jointly
and clearly outline the combined costs, financing options, and expected
savings of integrated systems.

In conclusion, this study focused on household decision-making
regarding battery storage adoption in relation to photovoltaic adop-
tion. To this end, we tested a behavioral model of PV and battery storage
adoption, based on triangulation of three behavioral theories. The re-
sults showed that households perceive PV and BSS through a largely
unified decision-making structure, although a few technology-specific
differences in household perceptions appear to be that PV is viewed as
more visible, socially endorsed, and environmentally beneficial than
BSS. Overall, personal and subjective norms, the households' innova-
tiveness, as well as perceived personal benefits of PV and BSS drive
adoption intention, while perceived expense concerns deter it.
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