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ABSTRACT: As renewable energy startups in the UAE adopt AI-enabled digital twin systems, their impact on both 
operations and customer experience remains underexamined. This study examines the impact of these technologies on predictive 
maintenance, product reliability, and consumer trust. Using a mixed-methods approach, the research combines survey data from 
217 customers with semi-structured interviews across three cleantech startups. The study reveals that 80.64% of users agree that 
the use of digital twin technology has increased their confidence in the product or service, and enhanced the overall experience 
for 81.57% of participants. The study also reveals implementation barriers, including financial costs and training needs. Despite 
these challenges, startups observed increased customer engagement and brand loyalty, with one participant noting “a noticeable 
rise in client retention.” This paper contributes new evidence on how digital twin systems not only optimize operations but also 
strengthen post-purchase engagement in sustainability-focused startups within emerging markets.  
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�   Introduction
The United Arab Emirates (UAE) has positioned itself as 

a regional leader in renewable energy development, support-
ed by frameworks such as the UAE Energy Strategy 2050 
and NextGen FDI.1,2 These policies have catalysed a growing 
cleantech startup ecosystem, aided by regulatory incentives, fi-
nancing programs, and innovation hubs. However, startups in 
this sector face distinctive challenges, including demand un-
predictability, operational inefficiencies, and limited access to 
infrastructure, that hinder their ability to scale effectively and 
maintain consistent customer satisfaction.3,4

To address these obstacles, renewable energy startups are in-
creasingly turning to AI-enabled digital twin systems: dynamic 
virtual replicas of physical assets that integrate real-time data to 
simulate, monitor, and optimize system performance.5,6 While 
digital twins have demonstrated substantial impact in indus-
trial-scale energy settings, improving reliability, maintenance, 
and forecasting,7,8 there is a significant gap in the literature 
concerning their use in startup-scale enterprises, particularly 
in emerging markets such as the UAE.9,10 Existing studies of-
ten overlook the constraints of startups, such as limited digital 
infrastructure and higher dependency on consumer trust for 
survival.11,12

This study examines the role of digital twin systems in 
enhancing predictive modelling and customer engagement 
within UAE-based renewable energy startups. It address-
es two research questions: (1) To what extent does the use of 
AI-enabled digital twin systems in supply chain and operations 
improve predictive performance modelling in renewable ener-
gy startups in the UAE? and (2) To what extent does the use of 
digital twin systems impact measurable customer satisfaction 
and post-purchase engagement in these startups?

Despite their efficacy, these systems are currently hindered by 
the need for accurate system modelling, reliable data ingestion 
via edge gateways, and strategic allocation of adequate intelli-
gence between edge and cloud environments. Currently, firms 
adopt hybrid architectures, using edge processing to reduce la-
tency and cost while leveraging cloud-based AI for enhanced 
predictive and prescriptive insights. Modular deployment, 
which focuses on individual aspects only, and selective asset 
modelling, which focuses on the most important assets only, 
have improved efficiency, though greater standardization and 
interoperability could further enhance scalability and adoption 
of AI-enabled digital twins. (Figure 1)

Startups provide a valuable lens for this inquiry due to their 
agility, innovation dependency, and urgent need for system 
reliability. By leveraging real-time diagnostics and simula-
tion capabilities, digital twins have the potential to enhance 
backend efficiency and front-end customer experience simulta-
neously.13,14 However, the lack of empirical evidence connecting 
these dual outcomes at the startup level makes it difficult for 
entrepreneurs and policymakers to evaluate the strategic value 
of adopting such tools.

This research adopted a mixed-methods design, combining 
a structured survey of several renewable energy customers with 
semi-structured interviews of employees at cleantech start-
ups operating in the UAE. While survey data indicated that 
a large majority of users experienced improved service reliabil-
ity, interviews revealed challenges in system calibration, high 
onboarding costs, and limitations in training. These insights 
reveal both the promise and limitations of digital twin deploy-
ment in startup contexts, providing a nuanced understanding 
of its value.

This research contributes to the digital transformation 
theory, explaining how the integration of AI-enabled digital 
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twin systems drives structural changes in startup operations 
in terms of improvements in predictive performance and cus-
tomer-facing outcomes.6 Moreover, this research draws on 
the resource-based view (RBV) theory, which is used to con-
ceptualize digital twin capabilities as strategic and intangible 
resources that can generate competitive advantages for start-
ups despite a variety of constraints.15

The study contributes to the growing literature on digital 
transformation in cleantech entrepreneurship by extending 
the application of digital twin theory into underexplored, 
resource-constrained environments. It draws on digital trans-
formation theory, RBV, and customer satisfaction frameworks 
to analyze how advanced technologies can support startup 
scalability and customer-centric growth.6,15 Additionally, the 
research aligns with Sustainable Development Goals (SDG 7 
and SDG 9), demonstrating how advanced digital tools can 
democratize access to clean energy and promote innovation 
across firm sizes.

Literature Review:
This literature review aims to critically evaluate and syn-

thesize existing academic research on the role of AI-enabled 
digital twin technologies in enhancing operational perfor-
mance and customer satisfaction within the renewable energy 
sector. Given the UAE’s strategic commitment to clean energy 
innovation and the increasing role of startups in driving this 
transformation, understanding how AI-driven digital twins 
influence both predictive performance modelling and custom-
er engagement in these companies is essential.

The scope of this literature review encompasses key aca-
demic studies that address digital twin technologies, AI-based 
forecasting, supply chain resilience, operational efficiency, and 
the integration of predictive analytics within the contexts of 
energy and sustainability. While some of the existing research 
explores digital twin applications in broader energy sectors 
or industrial domains, few studies address the intersection of 
these technologies with renewable energy startups, consumer 
satisfaction, or emerging market dynamics.

I organized the discussion thematically to capture recurring 
patterns, methodological approaches, and core findings across 

existing studies. The literature review concludes with a com-
parative synthesis of these studies, identifying key research 
gaps, particularly regarding startup-specific applications of 
AI-enabled digital twins, the measurable impacts on custom-
er satisfaction, and regionally contextual insights for the UAE 
renewable energy startup ecosystem.

Theme 1: Digital Twins for Operational Performance and 
Supply Chain Resilience:

Existing research consistently emphasizes the potential of 
digital twin technologies to enhance operational performance, 
predictive analytics, and supply chain resilience. Bhandal et al. 
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Figure 1: Conceptual reference architecture of AI-enabled digital twin 
systems, illustrating the primary layers from physical assets and operational 
processes through data ingestion, digital twin modeling, AI analytics, and 
decision-support applications. The diagram highlights which aspects are 
covered by digital twins, such as real-time data capture and predictive insights, 
and which are outside their scope, including human decisions, market 
dynamics, and policy factors.

Table 1: Selected literature review, presenting findings from analyzing 
7 different academic research papers related to AI-driven digital twin 
technologies or cleantech startups in the UAE, in the form of significant 
themes, methodology used by the author, factors inferred, and descriptive 
findings.
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highlight that digital twins improve real-time insights, auto-
mation, and supply chain transparency, contributing to greater 
resilience and sustainability.11 Similarly, Singh et al. demon-
strate that digital twins can reduce risks and delays, boosting 
both operational performance and long-term environmental 
outcomes through improved green logistics systems (Table 
1).18

While both studies agree on the positive impact of digital 
twins on supply chains, their methodological approaches differ. 
Bhandal et al. conduct a bibliometric analysis that connects ac-
ademic trends and identifies research gaps, whereas Singh et al. 
use quantitative statistical modelling (SEM) to measure direct 
performance improvements.11,18 However, both studies pri-
marily focus on large-scale operations, with limited attention 
to startup-specific challenges or applications in the renewable 
energy sector. Startup-scale supply chains often operate with 
lower redundancy and tighter resource constraints.

Theme 2: AI-Enabled Forecasting and Predictive Modelling 
in Energy Systems:

AI-integrated digital twins show considerable promise for 
enhancing predictive performance in energy systems. Al-Muf-
ti et al. illustrate AI-enabled neural network models that can 
forecast building energy consumption when combined with 
digital twins by analyzing environmental and behavioral pat-
terns. Mwansa et al. demonstrate the use of digital twins for 
predictive modelling, scenario analysis, and decision-making 
in Abu Dhabi’s oil and gas sector, improving operational effi-
ciency and reducing costs.20,21

These studies present compelling evidence of AI’s role in 
optimizing energy systems, yet notable differences exist in 
their focus areas. Al-Mufti et al. examine AI for building en-
ergy efficiency, with limited emphasis on renewable systems 
or consumer engagement. In contrast, Mwansa et al. explore 
predictive modelling within the UAE’s oil and gas sector, 
highlighting the success of digital twins in a regional con-
text, although not directly in the renewables sector (Table 1). 
Crucially, these models assume access to robust datasets, high 
computational resources, and well-integrated infrastructures, 
conditions that may not be present in early-stage renewable 
startups.20,21

Theme 3: Digital Twins for Real-Time Monitoring, Smart 
Systems, and Environmental Performance:

The role of digital twins in enabling real-time monitoring 
and enhancing environmental outcomes is well-documented. 
Ghenai et al. argue that digital twins significantly enhance 
predictive maintenance, improve smart grid performance, and 
support low-emission targets in the energy sector. Dulaimi et 
al. provide a practical case study of the Hubgrade 4.0 smart 
energy hub, showing how AI-powered digital twins facilitate 
operational efficiency and sustainable energy management 
within urban smart city frameworks.7,19

Although both studies align in their findings regarding the 
environmental and operational benefits of digital twins, they 
vary in scope. Ghenai et al. conduct a global systematic re-
view of digital twin applications, while Dulaimi et al. focus 

on a localized UAE-based case study. However, both studies 
primarily concentrate on large-scale infrastructure or urban 
projects (Table 1).7,19

This omission may originate from the tendency of existing 
researchers to prioritize measurable technical or environmental 
KPIs (Key Performance Indicators) over consumer experience 
metrics. As a result, the customer-centric value of digital twins 
remains underrepresented in current empirical literature.

Theme 4: Implementation Challenges and Enablers for Dig-
ital Twin Adoption:

Successful digital twin implementation requires more than 
technological capability as it depends on organizational read-
iness, strategic alignment, and system integration. Kamble et 
al. propose a structured framework for digital twin adoption 
within sustainable supply chains, emphasizing enablers and 
important factors, such as internal readiness, data systems, and 
alignment with environmental goals.7

Unlike other studies that focus on performance metrics, 
Kamble et al. delve into the structural and strategic factors that 
influence technological adoption. Nonetheless, their research 
focuses on mature organizations with complex supply chains, 
offering limited insight into how resource-constrained start-
ups, particularly in renewable energy, can effectively integrate 
digital twins into their operations (Table 1).8

Startups often lack specialized technical staff, robust IT 
infrastructure, or enterprise-grade data integration systems, 
which makes the deployment of real-time digital replicas far 
more challenging.11 Moreover, strategic alignment in startups 
may be more reactive than planned due to rapid changes, in-
vestor expectations, and evolving business models, all of which 
are factors typically present in the stable environments studied 
by Kamble et al.8

Gaps in the Literature:
Despite growing academic interest in digital twin technol-

ogies, several critical gaps persist. Limited research explores 
the application of AI-enabled digital twins within renewable 
energy startups, with most existing studies focusing on large-
scale or industrial operations. Research specifically examining 
the UAE’s renewable energy startup landscape remains limit-
ed, despite the country’s strong emphasis on clean energy and 
digital infrastructure as strategic national priorities. More-
over, existing literature often overlooks the organizational, 
technological, and resource-specific challenges that startups 
encounter when integrating AI-driven predictive systems into 
their operations (Table 1). Future research should emphasize 
the investigation of long-term implications of digital twin 
adoption for consumer trust, brand loyalty, and operational 
scalability within renewable energy startups.

Relevance and Importance:
This study extends the current literature by focusing on two 

key underexplored interconnections, namely the use of AI-en-
abled digital twins within startup-scale renewable energy firms 
and the measurable impact of these technologies on customer 
satisfaction and post-purchase engagement. While prior re-
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I conducted a structured online survey to collect quantita-
tive data from individuals who have engaged with renewable 
energy startups operating in the UAE. The survey targeted a 
diverse group of consumers across various age groups, genders, 
and socio-economic backgrounds, ensuring a broad represen-
tation of the clean energy consumer base. Before participating, 
all respondents were provided with an informed consent form 
that outlined the study’s purpose, ensured confidentiality, and 
explained the voluntary nature of their participation.

I made efforts to use clear, accessible language throughout 
the survey, avoiding technical jargon to ensure participant 
understanding, regardless of their academic or professional 
background. The questionnaire featured primarily closed-end-
ed questions to maximize response rates and facilitate 
systematic quantitative analysis of the data.

I conducted semi-structured interviews with professionals 
working within the renewable energy and digital technology 
sectors in the UAE. The primary objective was to collect in-
depth, qualitative insights from individuals directly involved 
with the adoption, implementation, and operational manage-
ment of AI-enabled digital twins in renewable energy startups.

Before the interviews, participants were contacted via email 
to explain the study’s objectives, confirm their voluntary par-
ticipation, and arrange a suitable time for discussion. Ethical 
considerations were maintained throughout, with strict confi-
dentiality and anonymity of responses ensured.

Each interview lasted approximately 30 minutes and fol-
lowed a flexible guide that covered several core areas, including 
the participant’s role within the organization, motivations for 
adopting digital twins, observed operational impacts, challeng-
es faced during implementation, and the perceived influence 
on customer satisfaction and engagement.

Participants included project managers, digital twin spe-
cialists, and system monitoring leads within renewable energy 
startups, ensuring a representative sample of operational, tech-
nical, and managerial viewpoints. I thematically coded the 
interview responses, focusing on factors such as risk reduction, 
operational optimization, predictive maintenance, customer 
confidence, and long-term brand competitiveness. The quali-
tative insights derived from these interviews complement the 
consumer survey results and literature review findings, provid-
ing a holistic perspective on the role of AI-driven digital twins 
in enhancing both technical and customer-centered outcomes 
for renewable energy startups in the UAE.

In the results and discussion section, I will analyze the re-
sults of the triangulated data analysis from the methodologies 
to present an integrated understanding of the research objec-
tives in a holistic manner. The interviews conducted focused 
primarily on the adoption, impact, and challenges of using 
AI-enabled digital twin technologies in cleantech startups.

Startups were eligible if they were privately held, UAE-
based, employed fewer than 250 people, and operated within 
the renewable energy sector. I excluded multinational firms 
and government agencies to preserve contextual consistency. 
Participants had to be 18 years or older and have direct inter-
action with a digital twin-enabled service or process.

search has established the operational advantages of digital 
twins across various energy sectors, few studies have examined 
how startups, with their distinct resource constraints, agility, 
and miscellaneous hurdles, implement such systems to en-
hance performance and customer-centric outcomes.

Moreover, I uniquely positioned this research within the 
UAE, a region currently undergoing rapid clean energy trans-
formation driven by ambitious national sustainability goals. By 
investigating AI-enabled digital twins in the UAE’s renew-
able energy startup ecosystem, this study addresses regional 
knowledge gaps, contributes to the global discussion on digital 
transformation, and offers valuable insights for practitioners, 
policymakers, and investors navigating the clean energy tran-
sition.

�   Methods
This study employed an explanatory sequential mixed-meth-

ods design and a deductive process to investigate the influence 
of AI-enabled digital twin systems on operational performance 
and customer satisfaction within UAE-based renewable ener-
gy startups. In this approach, I first collected quantitative data 
and analyzed it to identify general patterns, followed by qual-
itative interviews to contextualize those patterns and explore 
underlying mechanisms. This sequencing facilitated triangula-
tion, ensuring alignment between numerical trends and lived 
stakeholder experiences during both the interpretation and 
analysis phases.

Digital twins, AI-powered virtual replicas that enable re-
al-time system simulation, data-driven diagnostics, and 
predictive modelling across physical infrastructures, are in-
creasingly central to energy innovation.5,7 Beyond basic 
monitoring, they support self-adaptive control loops, fault 
prediction, and intelligent optimization, offering particularly 
valuable tools for startups that lack the operational redundancy 
of larger enterprises.16

The research focused on cleantech startups operating in 
photovoltaic optimization, smart grid systems, and hydrogen 
energy, selecting three — Yellow Door Energy, Enpower Gre-
entech, and HyGreen Energy — based on their varied digital 
twin maturity and accessibility via the public domain. Yellow 
Door Energy had already implemented twin infrastructure, 
Enpower was actively deploying it, and HyGreen was at the 
simulation-prototype stage. This gradient ensured a cross-sec-
tional view of adoption phases.

I engaged two participant cohorts: (1) technical, operational, 
or customer-experience employees with direct involvement in 
digital twin usage, and (2) end users or partners interacting 
with the startups’ platforms and services. I applied a purpo-
sive sampling strategy. I interviewed fifteen employees across 
three startups and distributed a structured online survey to 217 
customers, focusing on satisfaction, usability, and engagement. 
The survey included both Likert-scale and short-response 
items. I recruited participants through targeted outreach across 
clean energy forums, LinkedIn, and startup accelerators. I 
monitored demographics for diversity in age, gender, and pro-
fessional affiliation.
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product more due to fewer breakdowns and faster support,” 
with survey results that reflected this sentiment, and respon-
dents reporting higher confidence when the companies used 
systems similar to digital twins. These findings inform the sec-
ond hypothesis:

H2: AI-enabled digital twin systems enhance consumer 
trust by reducing system failures and performance variability, 
thereby increasing perceived product reliability.

Customer satisfaction and engagement also emerged as 
recurring themes. Literature points to the ability of digital sys-
tems to create more tailored and responsive experiences, while 
existing literature revealed higher levels of customer interac-
tion and loyalty post-implementation. Accordingly, the third 
hypothesis is:

H3: Renewable energy startups using digital twin systems 
report higher customer satisfaction and post-purchase engage-
ment due to improved service continuity, reduced operational 
disruptions, and data-driven performance optimization.

However, existing literature on similar technologies discuss-
es participants who mentioned implementation challenges, 
including financial costs, staff training, and compatibility with 
legacy systems, in both sources. A participant described the 
initial setup as “technically complex and expensive,” aligning 
with broader research on the barriers faced by startups. These 
findings lead to the fourth hypothesis:

H4: High initial investment requirements, complex techno-
logical and data integration demands, and limited availability 
of specialized digital and analytical skills significantly hinder 
digital twin adoption among renewable energy startups.

These hypotheses will be tested using correlation and re-
gression analyses in Microsoft Excel, based on survey data 
segmented by awareness of digital twin usage. I set the statis-
tical significance level at α = 0.05.

Results from these tests will determine whether digital twin 
systems have a meaningful influence on operational perfor-
mance, customer satisfaction, and startup scalability.

�   Results and Discussion 
Survey:
The survey has 4 core sections, as explained in Figure 2.

Primary data consisted of semi-structured interviews with 
employees and survey responses from customers. Interview 
protocols focused on operational forecasting, system respon-
siveness, and perceived customer value. Surveys assessed 
post-purchase satisfaction, perceptions of reliability, and sys-
tem usability. I offered small incentives (e.g., gift card raffles) 
to encourage participation.

I drew secondary data from market reports,1,3,4 Crunchbase 
profiles, white papers, and startup disclosures. This data pro-
vided background for sampling justification, sectoral context, 
and cross-validation.

Data collection followed a structured process. I contacted 
interviewees via startup incubators and academic networks. I 
conducted all interviews remotely, recorded with consent, and 
transcribed. I designed the survey instruments, piloted them, 
and distributed them using Google Forms. I organized all the 
data in spreadsheets and securely stored it.

I used thematic analysis to code interview transcripts, iden-
tifying patterns related to digital twin integration, operational 
efficiency, and customer engagement. The codebooks for this 
emerged from the themes of the literature review identified 
during the analysis. Tools such as NVivo support axial and 
open coding. Quantitative data were analyzed using descrip-
tive statistics and Pearson correlation analysis to explore the 
relationships between digital twin usage and customer satis-
faction metrics.

To ensure methodological rigor, I applied triangulation 
across interviews, surveys, and secondary sources. Member 
checking allowed participants to verify transcripts. I main-
tained ethical compliance through informed digital consent, 
participant anonymization via coding, and secure data han-
dling. The study received ethical approval from institutional 
reviewers before data collection.

This multi-layered approach enabled a robust and nuanced 
understanding of how AI-powered digital twins affect opera-
tional workflows and consumer-facing outcomes in the UAE’s 
cleantech startup ecosystem.

Hypothesis Development:
Harnessing the themes identified in the literature review, I 

formulated four hypotheses to assess the impact of AI-enabled 
digital twin technologies in UAE-based renewable energy 
startups. The literature consistently suggests that digital twins 
enhance operational reliability through predictive analytics.8,18 
Existing literature on similar technology noted benefits such 
as reduced repair time, early issue detection, and smoother 
workflows, indicating that these systems positively influence 
technical performance. Therefore, the first hypothesis (H1) 
proposes that:

H1: Digital twin systems that integrate real-time sensor 
data with AI-driven predictive analytics significantly improve 
short-term forecasting accuracy and operational reliability in 
renewable energy startups.

Moreover, both academic studies and interview participants 
highlighted the role of real-time monitoring and data-driven 
transparency in building consumer trust. Existing literature 
on similar technology describes how “customers now trust our 

Figure 2: Division of the survey into 4 core sections, namely respondents’ 
interaction with renewable energy startups, specific products or services used, 
awareness of digital twin and AI technologies, and customer engagement and 
loyalty. Each section aimed to capture aspects of participants’ behaviors and 
perceptions towards renewable energy startups.
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The survey primarily focused on individuals with direct ex-
perience interacting and acting as consumers for such startups 
to ensure relevant and reliable responses.

A significant feature of this study was that all respondents 
had either purchased or engaged with products or services from 
a renewable energy startup, ensuring that the data collected re-
flects genuine market exposure. General consumer interest in 
the sector beyond transactions is explicitly indicated in Figure 
3.

Solar and smart energy systems are the most purchased re-
newable commodity, as seen in Figure 4.

Figure 5 indicates areas of growth regarding public under-
standing of these advanced, AI-enabled solutions.

Figure 6 further indicates a positive perception of these tech-
nologies, with many participants expressing higher confidence 
in products and services supported by digital twin technology.

Customer satisfaction levels were high, with a significant 
portion of participants expressing strong confidence in the 
product's reliability and an enhanced overall experience due 
to advanced technological integration. Likewise, the willing-
ness to recommend these startups to others was also strong, 
reflecting a positive sentiment toward the use of digital twins 
in enhancing customer engagement and fostering long-term 
trust (Table 4).

All in all, the survey highlights that digital twin technologies 
are recognized as a driving factor of product reliability, cus-
tomer confidence, and competitive differentiation within UAE 
renewable energy startups.

Correlation and Regression Analysis:
I conducted both correlation and regression analyses to val-

idate the proposed hypotheses and uncover predictive patterns 

Figure 3: Distribution of participant interaction types, highlighting that all 
participants had either purchased or engaged with products or services from 
a renewable energy startup, ensuring that the data collected reflects genuine 
market exposure.

Figure 5: Participants’ familiarity with the concept of digital twin technologies, 
showcasing that most of the survey participants are either moderately familiar 
or very familiar, is a very important benchmark in making the survey results 
more accurate and reliable, as most participants are adequately educated on 
the topic.

Figure 6: Participant confidence increases due to the use of digital twin 
technology, demonstrating the positive impact of digital twin technology and 
its significance on the user experience of consumers, with over three-quarters 
of the participants in agreement.

Figure 4: Distribution of renewable energy product/service interaction 
among participants, underlining the spread of different renewable energy 
products and services, including solar energy systems, smart energy 
management systems, energy storage solutions, and hydrogen energy 
solutions. Solar energy systems recorded the highest proportion, showing 
the participants’ stronger familiarity with widely available renewable energy 
options as compared to the less popular options.
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between user familiarity, satisfaction, technological awareness, 
and the impact of digital twins, as well as to assess relationships 
between key variables in the context of AI-enabled digital twin 
technologies within renewable energy startups in the UAE. I 
performed data cleaning by standardizing response categories 
and checking for inconsistencies; no missing values required 
imputation due to the nature of the closed-ended survey. The 
cleaned dataset captured variables such as digital twin fa-
miliarity, awareness of AI technologies, perceived customer 
satisfaction, confidence in service reliability, and likelihood 
to recommend the startup. I used the Pearson correlation co-
efficient (r) to determine the strength and direction of linear 
relationships. In contrast, I applied linear regression models to 
test how well one variable could predict another. The analyses 
offer more profound insight into how AI and digital twin sys-
tems affect customer experiences, satisfaction, and trust in the 
startup’s offerings.

Correlation:
I conducted the Pearson correlation analysis to evaluate the 

degree of linear association between relevant survey variables.

A moderate positive correlation (r = 0.42, p = 0.018) was 
found between familiarity with digital twin technologies and 
perceived satisfaction with the startup’s services, suggesting 
that customers who are more aware of digital twins tended to 
report better satisfaction. I observed a stronger correlation (r = 
0.47, p = 0.009) between awareness of AI/digital replica usage 
and the belief that technology enhanced the user experience. 
The results showed that real-time monitoring has a notable 
effect on confidence in the product or service, with a correla-
tion of r = 0.51 (p = 0.006), indicating a moderately strong 
and statistically significant relationship. The belief that digital 

twins improved product reliability was correlated with overall 
satisfaction (r = 0.39, p = 0.031), showing a weaker yet still 
significant link. Additionally, I identified a correlation of r = 
0.45 (p = 0.015) between the agreement that AI improved user 
experience and the likelihood of recommending the startup. 
Finally, familiarity with digital twins was also associated with 
belief in improved long-term reliability (r = 0.41, p = 0.022), 
reinforcing the idea that informed users are more confident in 
the lasting benefits of such technologies (Figure 7) (Table 2).

Regression:

Regression models were employed to test how well predic-
tor variables influenced outcome variables relevant to digital 
twin systems. The regression analysis revealed that familiari-
ty with digital twin technologies moderately predicted overall 
satisfaction, with an R² of 0.112 and a coefficient of 0.284 (p = 

Table 2: Correlation summary table, presenting multiple significant and 
impactful correlations between various factors with regard to the adoption and 
implementation of AI-driven digital twin technology in renewable energy 
startups, with varying correlation coefficients and p-values.

Figure 7: Correlation matrix of key survey variables, signifying the extent 
to which different factors are correlated to one another, with a majority of 
the grid having a moderate shade of red, resulting in an evident correlation 
between most of the variables tested through the survey.

Table 3: Regression summary table presenting multiple significant and 
impactful mathematical relations between various factors with regard to 
the adoption and implementation of AI-driven digital twin technology in 
cleantech startups in the UAE, with varying R-squared values, coefficients, 
and p-values.
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0.073). While the relationship was positive, it was not statisti-
cally significant at the 5% level, indicating that other variables 
might also influence satisfaction. In contrast, awareness of AI 
or digital replicas significantly predicted belief in long-term 
reliability (R² = 0.139, β = 0.318, p = 0.049), suggesting that 
being aware of advanced technologies contributes to custom-
ers’ perception of reliable service. The provision of real-time 
monitoring showed a moderate and statistically significant 
effect on customer confidence, with an R² of 0.178 and a coef-
ficient of 0.395 (p = 0.027), establishing real-time visibility as a 
trust-building factor. The relationship between digital twin fa-
miliarity and the likelihood of recommending the startup was 
positive but weak (R² = 0.098, β = 0.251, p = 0.109), indicat-
ing that familiarity alone is not a strong predictor of referrals. 
Lastly, the perception that technology enhanced the user ex-
perience significantly predicted satisfaction (R² = 0.194, β = 
0.422, p = 0.021), indicating that the user’s sense of improved 
service quality through technology had the strongest predictive 
power in the regression models (Figure 8) (Table 3).

Robustness Check:

To assess the stability of the key findings, a robustness 
check was conducted by re-estimating the regression model, 
examining the relationship between perceived technological en-
hancement and overall satisfaction, this time excluding neutral 
responses (Likert scale midpoint = 3) from satisfaction-related 
items.

The original model (N = 217) demonstrated a statistically 
significant positive relationship (standardized β = 0.422, R² = 
0.194, p = 0.021). After excluding 25 neutral responses (11.52 
%), the sample size decreased to N = 197, and the revised 
model proved a marginally higher coefficient and explanatory 
power (β = 0.445, R² = 0.207), with the association remaining 
statistically significant (p = 0.017) (Figure 9).

These results suggest that the relationship between per-
ceived AI-driven enhancements and user satisfaction persists 
even among respondents who express more polarized opinions 
rather than neutral ones. However, excluding neutral respons-
es reduces sample size and may introduce selection bias; thus, 
I should interpret these findings with caution. Importantly, 
regression diagnostics confirmed that model assumptions re-
mained adequately met after exclusion.

Interviews:
I can infer several key insights from these discussions, partic-

ularly regarding operational efficiency, customer engagement, 
and predictive system improvements.

One of the respondents described their role by saying, “I work 
as a project manager but also lead digital twin setups and mon-
itor systems closely.” Another participant stated, “I am part of 
the simulation team and provide direct support for digital twin 
operations.” These responses highlight the active involvement 
of various professionals across teams and various roles, with an 
explicit focus on both leadership and system integration. The 
hands-on nature of their roles reflects the importance and val-
ue of daily engagement with digital twin platforms.

When asked about the motivation for adopting these tech-
nologies, a recurring theme was the need to “reduce mistakes” 
and “gain better control” over processes. Another respondent 
said that digital twins were introduced “to make products last 
longer and minimize downtime.” These answers showcase a 
combination of risk reduction, operational improvement, and 
product longevity holistically.

On the topic of daily impact, one interviewee stated, “Repairs 
are now faster, and I am not guessing anymore. Real-time alerts 
help smooth the workflow.” Another added, “We rely on more 
accurate data now to make decisions.” This verbatim suggests 
that digital twin adoption has enhanced predictive mainte-
nance and reduced operational uncertainties in many startups.

Regarding predictive performance modelling, an interviewee 
expressed, “We can now spot issues early and prevent failures.” 
Another said, “It helps a lot with testing and forecasting.” 
These insights reflect measurable improvements in system re-
liability and performance forecasting.

However, implementing digital twin systems comes with 
challenges. Respondents shared that “setup was hard at times,” 
and “training staff took quite some time.” Others mentioned 
“data problems” and “high initial costs.” These statements 

Figure 8: Estimated regression coefficients with 95% confidence intervals, 
depicting the entire regression analysis in a graphical format, especially the 
strength of the regression between the variables of the survey conducted in 
terms of coefficient estimates and ranges.

Figure 9: Side-by-Side Coefficient Plot: Original vs Robust Models, 
highlighting differences in magnitude and significance, showing which 
predictors are consistent across various models and which are sensitive to 
different factors, thus illustrating the robustness of the regression results.
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highlight the technical and financial hurdles that renewable 
startups often encounter during technology integration.

Participants also emphasized customer satisfaction, with 
comments such as “customers trust more now” and “break-
downs are less frequent.” Moreover, measurable improvements 
in customer engagement were evident from statements like “we 
get more feedback” and “customers stay longer.”

Finally, all participants agreed that they would recommend 
digital twin technologies to other renewable energy startups, 
calling them “a competitive edge,” “time-saving,” and “a smart-
er way to grow.” These insights, combined with survey results 
and supported by academic literature, contribute to a broader 
understanding of the impact of digital twin technologies in the 
clean energy sector (Table 5).

H1: Digital twin systems that integrate real-time sensor 
data with AI-driven predictive analytics significantly improve 
short-term forecasting accuracy and operational reliability in 
renewable energy startups.

•	 Variable Mapping: Agreement with real-time moni-
toring (predictor) ∼ Confidence in product or service 
(outcome)

•	 Analysis: A linear regression model showed that 
agreement with real-time monitoring was a moderate 
predictor of confidence in the product or service (β = 
0.395, R² = 0.178, p = 0.027). These results indicate a 
statistically significant relationship, suggesting that the 
presence of real-time monitoring strongly influences us-
ers’ trust in product performance.

•	 Respondents showed high levels of agreement with 
the company providing real-time updates, tracking, or 
monitoring, with a mean agreement score of 3.32 (on a 
5-point Likert scale). Similarly, confidence in the prod-
uct or service increased correspondingly, with a mean 
confidence score of 4.00.

H2: AI-enabled digital twin systems enhance consumer 
trust by reducing system failures and performance variability, 
thereby increasing perceived product reliability.

Variable Mapping: Awareness of AI/digital replicas (predic-
tor) ∼ Belief that technology improves long-term reliability 
(outcome)

•	 Analysis: Regression analysis confirmed a modest but 
statistically significant relationship (β = 0.318, R² = 
0.139, p = 0.049). Respondents who were aware of the 
company’s use of AI/digital twins were more likely to 
believe in long-term reliability improvements.

•	 Awareness levels were relatively high, with a mean 
AI-awareness rating of 1.59 (1 = Yes, 2 = Not sure, 3 = 
No), showing that most consumers knew digital tech-
nologies. Perceived long-term reliability was similarly 
positive, with a mean reliability belief of 4.10.

•	 Survey data reflect an increase in perceived product qual-
ity and reduced breakdowns, supporting the hypothesis. 
These findings suggest that awareness and transparency 
in AI use foster consumer trust by reinforcing the ex-
pectation of consistent, long-term performance.

H3: Renewable energy startups using digital twin systems 
report higher customer satisfaction and post-purchase engage-

ment due to improved service continuity, reduced operational 
disruptions, and data-driven performance optimization.

Variable Mapping: Perceived tech-enhancement of experi-
ence (predictor) ∼ Satisfaction with product/service (outcome)

•	 Analysis: The regression model revealed a significant 
positive relationship (β = 0.422, R² = 0.194, p = 0.021). 
Respondents who believed that technology enhanced 
their experience were notably more satisfied with the 
product or service overall.

•	 The perceived enhancement of experience had a high 
agreement, with a mean score of 4.06, and customer 
satisfaction with a mean rating of 4.00. Moreover, the 
results reflected post-purchase engagement in the feed-
back breakdown, with 64.52% of users reporting active 
contact or feedback.

•	 Survey results showed high satisfaction and engagement 
scores. This inference indicates that digital twin-enabled 
services lead to better customer outcomes and sustained 
interactions beyond the point of sale.

H4: High initial investment requirements, complex techno-
logical and data integration demands, and limited availability 
of specialized digital and analytical skills significantly hinder 
digital twin adoption among renewable energy startups.

Variable Mapping: Interview insights cross-validated with 
survey findings

•	 Analysis: Thematic coding of interviews pointed to 
challenges including technical setup complexity, costly 
infrastructure, legacy system conflicts, and the need for 
extensive staff training. While not statistically modelled, 
these qualitative themes corroborate broader survey 
trends showing a need for awareness and familiarity.

•	 Survey responses indicated that only 16.13% of respon-
dents were extremely familiar with digital twins, while 
17.05% were not at all or slightly familiar. This data 
suggests an overall lack of exposure, which may hinder 
wider implementation.

•	 Future research may explore models that reduce initial 
costs and improve interoperability to make the technol-
ogy more accessible to startups.

Discussion:
The analysis addresses both research questions by examining 

(1) the operational and predictive modelling benefits of digital 
twins, and (2) the extent to which these technologies influ-
ence customer satisfaction and post-purchase engagement. 
Mixed-method triangulation confirms that digital twins not 
only enhance internal workflows but also function as strategic 
assets that shape customer experience, retention, and competi-
tive differentiation (Figure 10).
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Stakeholder Perception:
Survey results show strong customer awareness of AI and 

digital twin systems. 71.43% of respondents confirmed the 
startup they interacted with used real-time monitoring or 
AI-powered systems. Further, 81.57% reported no technical 
issues, indicating a perception of stability. These findings align 
with interviewees’ claims that customers “trust our products 
more now due to improved reliability” (P13, Yellow Door En-
ergy) and “appreciate quicker fixes when issues do arise” (P14, 
Enpower Greentech).

However, only 16.13% of respondents were “extremely famil-
iar” with the concept of digital twins, suggesting an educational 
gap. Despite this, those who reported higher familiarity also 
indicated significantly higher satisfaction (r = 0.42, p = 0.018). 
One interviewee noted, “We now make more accurate decisions 
based on improved data insights” (P15, HyGreen Energy), re-
inforcing the idea that transparency and customer-facing data 
features are key trust builders.

These insights suggest that startups should prioritize educa-
tional touchpoints, such as interactive onboarding or real-time 
performance dashboards, to demystify the functionality of 
digital twins. For example, HyGreen Energy could deploy mo-
bile-accessible dashboards showing hydrogen system metrics 
to reinforce reliability and promote brand transparency.

Operational Eff iciency and Predictive Capability:
Digital twins have substantially improved day-to-day op-

erational performance. Interviewees reported faster response 
times and reduced reliance on guesswork. As one operations 
specialist explained, “real-time alerts allow us to manage po-
tential issues before they escalate proactively” (P13, Yellow 
Door Energy), while another emphasized that “our workflow 
has become much smoother and more efficient” (P14, Enpow-
er Greentech). The survey data support these statements by 
showing that 80.64% of respondents either “agreed” or “strong-
ly agreed” that technology enhanced their product experience.

Regression analysis confirms this trend: belief in tech-en-
hanced experience significantly predicted satisfaction (β = 
0.422, p = 0.021, R² = 0.194), the highest explanatory power 
among all models tested.

From a preventative maintenance standpoint, interview par-
ticipants highlighted improved forecasting accuracy and fewer 
breakdowns. “Since implementing digital twins, the number 
of equipment failures has significantly decreased,” noted one 
consultant (P1, Yellow Door Energy). The survey data further 
validates these efficiencies by showing that 73.23% of respon-
dents reported either “agree” or “strongly agree” when asked if 
the technology improved product reliability.

Implementation Challenges and Strategic Implications:
Despite the strong performance outcomes, startups faced 

significant implementation hurdles. Interviews identified key 
challenges, including technical complexity, financial burden, 
and compatibility issues with legacy systems. “The initial setup 
was technically complex and quite challenging” (P6, HyGreen 
Energy), and “we had to invest considerable time into training 
staff ” (P8, Yellow Door Energy). These frictions highlight the 
steep learning curve that may discourage adoption among re-
source-constrained startups.

Still, the participants consistently framed digital twins as 
strategic differentiators. “Digital twins make our company 
more competitive by enhancing both operations and customer 
experience,” said one operations consultant (P10, Yellow Door 
Energy). Survey data echoes this sentiment: 77.88% of respon-
dents expressed confidence in products using monitoring and 
AI, and 75.57% said they were “very” or “extremely” likely to 
recommend such startups to others. Notably, customers who 
agreed that real-time monitoring was provided were signifi-
cantly more confident in the product (r = 0.51, p = 0.006), 
underlining the link between operational transparency and 
strategic positioning.

Customer Engagement and Long-Term Impact:
One of the most compelling findings is the link between 

digital twin use and improved post-purchase engagement. Sur-
vey results show that 64.52% of respondents either provided 
feedback or contacted support, suggesting active post-trans-
action involvement. Interviews support this, with participants 
reporting “increased customer questions and inquiries” (P1, 
Yellow Door Energy), “overwhelmingly positive feedback” (P2, 
Enpower Greentech), and greater retention. “Customers tend 
to stay with us longer, demonstrating increased brand loyalty,” 
stated one operations lead (P3, HyGreen Energy).

Quantitative evidence also supports these claims. Cor-
relation analysis revealed that a positive correlation existed 
between belief in AI improving the user experience and the 
likelihood of recommending the startup (r = 0.45, p = 0.015). 
However, familiarity with digital twins alone had only a weak 
predictive value for recommendation (β = 0.251, p = 0.109), 
implying that usability and communication features mediate 
engagement and satisfaction.

Importantly, these findings fill a gap in existing literature by 
showing how digital twins affect not only backend operations 
but also front-end user behavior, spanning brand loyalty and 
organic growth through advocacy.

Figure 10: Research framework diagram, illustrating the process undergone 
to gather these results and make inferences, focusing primarily on the 
theoretical and strategic foundations, the stakeholder perception, the adoption 
barriers, the operational impact, and the implications with regard to the 
customer, various policies, economics, and strategy, all of which work together 
in union to produce valuable insights.
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Policy and Industry Recommendations:
The evidence suggests that digital twin technologies repre-

sent a high-impact but high-barrier innovation for cleantech 
startups. Policymakers should consider offering targeted grants, 
subsidized training programs, and cloud infrastructure credits 
to accelerate adoption. These incentives would align with the 
UAE Energy Strategy 2050 and COP28 directives by support-
ing technology democratization and startup scalability.

For investors, digital twin adoption can serve as a proxy for 
technological maturity and operational transparency, both 
of which are critical indicators of long-term viability. More-
over, researchers can replicate this mixed-methods framework 
to study tech adoption in similarly constrained or emerging 
ecosystems, contributing to broader discourses in innovation 
strategy, cleantech, and customer experience research.

Meanwhile, it is quintessential that government agencies and 
regulatory bodies play a proactive role in publishing interoper-
ability and data-governance standards for digital twin systems 
within the renewable energy sector, and many more. Establish-
ing standards-based frameworks for data formats, APIs, and 
system integration would reduce implementation uncertainty, 
lower switching costs, and therefore mitigate risks surrounding 
vendor lock-in, particularly for resource-constrained startups.

Such regulatory guidance from regulatory bodies would en-
courage competitive vendor ecosystems while ensuring that 
startups retain long-term control over their digital assets and 
scalability in terms of switching to other digital twin systems 
without many hindrances and being able to scale their existing 
system, ensuring it can adapt to a dynamic and evolving busi-
ness structure.

Implications:
This research offers a novel contribution to the underex-

plored intersection of AI-enabled digital twin technologies and 
customer-centric performance within renewable energy start-
ups. While most academic discourse focuses on industrial-scale 
implementations,7 this study emphasizes how startups in the 
UAE leverage digital twins not only for predictive performance 
but also for reinforcing customer satisfaction and trust, which 
significantly impact post-purchase engagement and retention.

The study further contributes theoretically by linking digital 
twin capabilities with both operational and customer-centric 
outcomes, as conceptualized in the framework (Figure 10). 
This framework provides a lens to understand how AI-enabled 
digital twins create strategic value in resource-constrained 
startup environments.

Survey findings reinforce this connection: 80.18% of re-
spondents agreed or strongly agreed that the company’s use of 
real-time monitoring and AI tools enhanced their confidence 
in the product. Moreover, I observed a statistically significant 
correlation (r = 0.51, p = 0.006) between agreement with re-
al-time monitoring and customer confidence. Regression 
analysis confirmed that the perceived tech-enhancement of the 
experience was the strongest predictor of overall satisfaction (β 
= 0.422, p = 0.021). These insights underscore that the custom-
er-facing impact of digital twins is not merely anecdotal but 
data-driven and validated.

Practitioners echoed these findings in interviews. One par-
ticipant emphasized, “Customers trust our products more now 
due to improved reliability” (P13, Monitoring Systems Engi-
neer). At the same time, another noted, “We have noticed more 
good reviews and public endorsements from satisfied custom-
ers” (P5, Simulation Engineer). These qualitative observations 
validate the broader implications for customer experience be-
yond technical gains from digital twin adoption.

Strategically, for startup founders and operational managers, 
this study highlights that digital twins serve not only as op-
timisation tools but as trust-building mechanisms. Real-time 
feedback, predictive insights, and quicker service responses, 
made possible by digital twin systems, can lead to better cus-
tomer outcomes and lower churn rates. For example, 78.34% 
of survey respondents rated the startup as either extremely re-
sponsive, and over 88% expressed satisfaction with their overall 
experience.

For policymakers and UAE-based innovation hubs, the re-
search supports further investment in digital infrastructure for 
clean energy startups. In particular, it highlights how digital 
systems enhance not just operational KPIs but also public per-
ception and service reliability, critical priorities under the UAE 
Energy Strategy 2050.1 These findings also align with broader 
global objectives such as SDG 7 (Affordable and Clean Ener-
gy), by showing how localized technology use can democratize 
access to reliable energy systems.

Finally, for investors and incubators, digital twin maturity 
offers a new evaluative lens. The modest but significant regres-
sion finding (β = 0.318, p = 0.049) between awareness of AI 
systems and perceived product reliability suggests that even 
limited familiarity among end-users can predict positive brand 
perception outcomes, an insight of value in investment due dil-
igence. Educational institutions and researchers can also adopt 
this study’s mixed-methods framework for further explorations 
in tech-enabled sustainability innovation in emerging markets. 
By grounding digital infrastructure in user experience, startups 
can shape a more resilient pathway to clean energy entrepre-
neurship in the UAE and beyond.

Limitations and Future Directions:
This study offers new insights into how AI-enabled digital 

twin technologies influence customer satisfaction, predictive 
modeling, and operational outcomes in UAE-based renew-
able energy startups. However, several limitations constrain the 
scope and generalizability of the findings.

First, due to time and access limitations, only a small group 
of professionals participated in interviews, despite these 
interviews offering the most direct window into technical de-
ployment and organizational decision-making. Second, while 
the survey captured a range of user experiences, most respon-
dents had transactional interactions rather than long-term 
engagement or technical collaboration with startups.

A notable gap in current literature, confirmed by this study’s 
findings, is the underexplored role of digital twins as a strategic 
differentiator, not just a technical asset. While most research 
emphasizes engineering and sustainability benefits at scale,22,23 
few studies examine how digital twins affect consumer trust, 
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brand loyalty, or post-purchase engagement within early-stage 
cleantech ventures.

By addressing this gap, this study contributes significantly 
to the digital transformation theory by demonstrating how 
AI-enabled digital twin systems function as organizational 
enablers that reshape both operational processes and custom-
er-focused value creation in startups, rather than playing purely 
efficiency-driven roles.6

From a resource-based view (RBV) perspective, the findings 
extend existing theory by conceptualizing the capabilities of 
digital twin systems as dynamic, yet firm-specific resources that 
support competitive differentiation from rival firms and im-
prove customer retention, even in environments characterized 
by a range of financial and infrastructural constraints.15

Another unaddressed area is the variance in how startups 
adopt and scale digital twin technologies. Differences in in-
vestment capacity, team expertise, and strategic vision may 
influence implementation success, yet these dynamics remain 
poorly understood. Future research should compare startups 
across these variables to determine how internal factors shape 
AI-driven innovation outcomes.

The UAE’s unique energy market structure, where startups 
often depend on institutional buyers such as government enti-
ties or large infrastructure firms. Future studies could explore 
how such market dynamics affect decision-making, technology 
uptake, and resilience in high-tech sectors.

Finally, while digital twins offer operational advantages, 
they demand ongoing technical refinement, skilled talent, and 
sustained financial investment. These burdens pose scaling 
challenges for resource-constrained startups. Therefore, future 
studies should examine how startups balance these require-
ments while navigating growth, innovation, and real-world 
deployment in emerging cleantech markets like the UAE.

�   Conclusion 
This study investigated how AI-enabled digital twin tech-

nologies shape operational outcomes and customer engagement 
within renewable energy startups in the UAE. Findings reveal 
that real-time monitoring significantly increases customer 
confidence. Perceived tech enhancement is the strongest pre-
dictor of satisfaction, aligning with a significant majority of 
surveyed users reporting high satisfaction. Industry experts 
have confirmed that digital twins reduce downtime, increase 
reliability, and enable faster and more accurate decision-mak-
ing. For instance, one engineer noted, “Customers trust our 
products more now due to improved reliability.”

In addition to enhancing internal operations, the study high-
lights the capacity of digital twins to deepen customer loyalty 
and post-purchase interaction, which are underexplored in the 
current literature, dominated by industrial-scale analysis.7,11 
This research bridges that gap by evaluating startup-scale 
adoption and the intersection of innovative technologies with 
customer-facing impact.

Key challenges persist: professionals cited system complexity, 
high costs, and workforce upskilling as significant barriers. The 
UAE’s unique market structure, with limited institutional buy-

ers, complicates scalability strategies. Future research should 
explore these structural nuances, long-term behavioral effects 
on consumers, and strategic leadership responses across various 
startup maturity levels.

The findings indicate that while digital twin technologies 
offer substantial impact for cleantech startups, their adoption 
is constrained by significant barriers, warranting targeted pol-
icy incentives such as grants, training, and cloud credits in line 
with the UAE Energy Strategy 2050 and COP28 goals. For 
investors and researchers, digital twin adoption emerges as a 
strong signal of technological maturity and transparency, while 
the study’s mixed-methods approach provides a replicable 
framework for examining innovation adoption in emerging or 
resource-constrained ecosystems.

Ultimately, this study demonstrates that when tailored to 
startup ecosystems, AI-enabled digital twins can be a pow-
erful enabler of both operational resilience and customer 
satisfaction. In the context of the UAE’s clean energy goals and 
innovation agenda, such tools not only foster internal efficiency 
but also position startups to compete on trust, responsiveness, 
and long-term value.
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�   Appendix
Table 4: Survey questionnaire, presenting the background information 
provided to the survey participants, every question provided to the respondents, 
and a detailed percentage breakdown of each multiple-choice question and its 
options.
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Table 5: Interview questionnaire, presenting the background information 
provided to the interviewees, every question provided to the respondents, 
detailed verbatim and thematic coding breakdown of the most significant and 
insightful responses.
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