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Abstract: With rapid technology advancements in renewable energy systems, rooftop photovoltaic
(PV) products and systems can be considered a crucial element in the transition toward energy
sustainability in residential buildings. Still, residents’ initiatives are required to expand the adoption
of clean energy-efficient technology to replace conventional energy systems and thereby achieve a
sustainable environment. The aim of this study was, therefore, to develop system dynamics models
to relate adopters’ satisfaction with PV systems through word-of-mouth (WoM), advertising, and
competition and then evaluate their impacts on the number of PV installations, generated electric
power, and the reduction in CO2 emissions for rooftop buildings in Jordan for the years from
2020 to 2040. Results revealed that the predicted cumulative PV installations will increase to 262
and 558 MW in 2030 and 2040, respectively. Due to this, the cumulative generated power (kWh)
(=42.5 GWh) will reach 452 and 964 GWh in 2030 and 2040, respectively. Moreover, the cumulative
CO2 emission reductions may reach 262 and 558 million kg CO2 in 2030 and 2040, respectively.
In conclusion, continual assessment of the adopters’ feedback on installed PV systems, adopting
effective advertising, and advancement of PV designs and technology can significantly support
achieving energy sustainability in residential buildings and reduce the dependency on traditional,
scarce energy resources.

Keywords: CO2 emission; system dynamics; word-of-mouth; satisfaction; PV systems

1. Introduction

Renewable energy has great potential to establish stability and is an ideal and eco-
nomic alternative in developing countries. Renewable energy creates a balance between
economic systems and the environment. Renewable energy can greatly reduce pollution
and the dependency on fossil fuels, deliver high-quality energy, conserve natural resources,
and create new jobs [1]. Specifically, solar photovoltaic (PV) systems enable countries
worldwide to achieve economic growth, boost environmental sustainability, and reduce
unemployment rates [2,3]. Consequently, wide-scale installations of rooftop PV systems
have been observed [4–6]. Further, rapid reductions in the cost of PV modules and rises in
their efficiency have made rooftop PV systems a crucial component in the transition toward
energy sustainability by providing household owners with a range from approximately 50%
to over 100% of the electricity needed to operate units of residential buildings [7,8]. Still,
resident initiatives are required to expand the adoption of clean energy-efficient technology
to replace conventional energy systems and thereby achieve a sustainable environment.
The adopter experience with PV systems in the operation, maintenance, post-installation
services, complaints handling, and quality assurance of PV systems may provide valuable
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feedback to suppliers and manufacturers on how to gain competitive advantages in the
PV market. Therefore, examining the effects of adopters’ satisfaction with PV systems,
installations, and post-installation services on renewable energy goals becomes a necessity.

Generally, satisfaction is a key determinant for the adoption of solar PV systems [9].
Satisfaction with PV systems can be defined as the overall affective response to a perceived
discrepancy between prior expectations and perceived changes in energy consumption
and environmental impacts after the installation of solar PV systems [10]. To enhance the
quality perception of household energy usage and costs, manufacturers should explain all
relevant technical aspects of PV systems. Poor quality of PV systems and high energy costs
could negatively influence adopters’ satisfaction with the PV systems [11,12]. Thus, a high
service level should be maintained, and ongoing support and advice should be provided
to adopters on how to maximize the economic and environmental benefits gained from
the adoption of solar PV systems. The efficiency of PV systems can also be increased by
the installation of certain high-tech components that can absorb the minimum sunlight
to generate energy. In return, adopting new designs of solar PV products can improve
adoption behavior and installers‘ satisfaction with PV systems.

Further, the exposure to positive word-of-mouth (WoM) and/or electronic WoM
(eWOM) prior to purchasing PV systems has a positive impact on the non-adopters’ expec-
tations. WoM/eWOM is a form of communication that aims to pass information from one
person to another through various ways, such as face-to-face, telephone, and email [13–15].
WoM significantly influences non-adopter intentions to install PV systems and impacts
their expectations and perceptions during information search during the buying process
as well as influences attitudes during the pre-choice evaluation of alternative service
providers [16,17]. Consequently, it can be hypothesized that positive WoM (eWOM) on PV
systems results in increasing the number of PV installations and thereby generating more
PV solar energy.

Furthermore, the success of companies operating in the renewable energy market
depends on a public understanding of renewable energy resources and related technologies.
Qu et al. [18] argued that public adoption is an important factor for both the development
and application of renewable energy technologies. They stated that the disuse of renewable
energy resources was negatively affected by public unawareness about new technologies,
the lack of impartiality, mistrust, and suspicion towards investors. Therefore, the success
of advertising can be assessed by consumers’ interest and attention, motivated by efforts
in advertising on the functional advantages of renewable energy [19,20]. As an important
marketing channel, advertising must be conducted in an interactive way to stimulate
customers. Advertising campaigns are established to achieve certain objectives, which
may hierarchically include goals ranging from awareness enhancement to behavioral
change [21]. Consequently, advertising and competition are considered key drivers to
promote and develop high-quality PV products and systems [22,23]. Attitudes toward solar
PV energy contribute to the growth in rooftop PV installation and have a significant impact
on households’ intention to adopt renewable electricity [24,25]. PV non-adopters who
actively search for new information on renewable energy products are more likely to have
a positive attitude toward rooftop PV installation. Therefore, suppliers and manufacturers
of PV solar systems should work closely with “early adopters” to develop the operational
economic aspects of PV products [26]. In this context, it is hypothesized that advertising
and competition are positively related to the number of PV installations.

In Jordan, residential buildings are considered the largest electricity consumers, ac-
counting for 43% of the total electrical energy consumption [27]. Specifically, a large
proportion of fossil fuels in Jordan is imported to meet its domestic energy needs, which
account for a share of about 20% of total GDP [28–31]. Moreover, the demand for energy
increases at an annual rate of 3%, urging the government to set a target of obtaining 10%
of its energy needs from renewable energy resources by increasing electricity generation
from its present share of 1.13 GW to 1.8 GW by 2020 [32–34]. Furthermore, the imported
fossil fuel resources have contributed to a very high level of greenhouse gas emissions
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(GHG) per capita [35]. The total GHG represents 0.06% of the world’s total CO2 emissions,
and it is expected to reach 2.7% between the years 2016 and 2040. Hence, the Jordanian
government set a target of achieving a 14% CO2 emission reduction by 2030 [36]. To meet
the expected electricity demand and reduce CO2 emissions, renewable energy policies were
applied to achieve a target of 50% of energy demand to be obtained from renewable sources
by 2030 [33]. Fortunately, renewable energy resources play a critical role in satisfying the
growing need for energy in developed countries [34]. In Jordan, the building and construc-
tion industry has grown rapidly, with the residential market accounting for 72% of that
expansion [35]. In response, the domestic solar PV market has grown rapidly, resulting in
cutting down expensive energy consumption in households [3,34]. Rooftop PV installations
are essential to achieve a significant increase in the use of renewable solar energy sources
for achieving sustainable development goals. Within the residential category, roughly 50%
of the total rooftop surface can be utilized for PV generation [36]. In these regards, this
research aims to:

• Develop causal relationships using system dynamics models to relate the main factors
including adopter’s satisfaction with PV products and systems, WoM, advertising, and
competition with PV goals including the number of PV installations, total generated
power, and CO2 emissions for rooftop buildings in Jordan.

• Perform a dynamic quantitative evaluation of the effects of the main factors on PV
goals using simulation.

• Conduct sensitivity analysis to assess the impact of parameter uncertainties on PV
predictions and determine optimal parameter values.

• Provide practical implications of the results of this research and feedback to policy-
makers as well as manufacturers and suppliers of PV products and systems on how to
expand the adoption of PV systems for rooftop residential buildings in Jordan.

The results of this research can provide valuable feedback to policymakers and manu-
facturers on the status of PV systems adoption with its impact on energy security and CO2
emissions, the effectiveness of PV systems, levels of satisfaction with their characteristics,
and their market share. Further, the predictions can provide valuable information on the
effectiveness of marketing policies in increasing the adoption of PV systems. Finally, PV
manufacturers can utilize the results in measuring satisfaction with the characteristics
of their developed products and systems and conduct appropriate design changes when
necessary to enhance adopters’ satisfaction. The remainder of this research is outlined as
follows. Section 2 reviews relevant previous studies on PV systems. Section 3 develops
the system dynamics simulation models for predictions. Section 4 applies the developed
models and discusses research results. Section 5 summarizes the research conclusions.

2. Literature Review

The impacts of renewable energy policies on energy security and CO2 emission re-
duction have received significant research attention. For example, Hsu [37] used a system
dynamics approach to evaluate the impacts of feed-in tariff (FiT) prices and subsidies to
promote solar PV adoption in Taiwan. Aslani and Wong [38] investigated the effectiveness
of renewable energy policies in increasing energy security, minimizing total policy costs,
and maximizing the number of renewable energy systems in the United States. Ahmad
et al. [39] employed a system dynamics model to assess the effect of FiT policy in promoting
solar PV investments in Malaysia up to 2050. Radomes and Arango [40] analyzed the
effects of subsidy and FiT policies on the diffusion of PV systems in Colombia using the
breakeven and cost-benefit analyses. Young and Brans [41] analyzed the factors affecting a
shift in a local energy system toward a 100% renewable energy community. Jain et al. [42]
studied the impact of solar PV on power system dynamics using integrated transmission
and distribution network models. Li et al. [43] reviewed PV poverty alleviation projects
in China, identified the challenge and suggested policy recommendations. Njoh et al. [44]
presented the implications of institutional frameworks for renewable energy policy ad-
ministration for PV solar electrification projects in Esaghem. Nair et al. [45] examined
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the impact of renewable energy on electricity generation and energy security in Malaysia.
Karna and Singh [46] proposed a system dynamics framework for analyzing the viability of
solar PV in Province-2 of Nepal. Al-Refaie and Lepkova [3] developed a system dynamics
model to examine the impacts of renewable energy policies on CO2 emissions reduction
and energy security using system dynamics for the case of the small-scale sector in Jordan
up to 2050. Two energy policies were studied, including the feed-in tariff and subsidy.
Results showed that government investment in PV adoption results in 100% energy security
and a significant reduction of CO2 emissions. Sensitivity analysis and optimization were
finally conducted to test the robustness of PV goals under parameter uncertainties and find
the optimal values for the subsidy share. Albatayneh et al. [47] integrated environmental
solution-virtual environment software to predict the reduction and increase in heating
and cooling loads connected to the roof floor each month for a middle-income home in
Jordan’s capital, Amman. They constructed mono-crystalline PV modules for rooftop PV
installations with a total U-value of 6.87 W/m2 K, a total thickness of 0.60 cm, and a net
R-value of 0.0055 m2 K/W. The studied building included a total of 12 PV panels each
with dimensions of 1.70 × 1.00 m2. The total installed power of the building was 480 kW.
The energy simulation results for an area of 180 m2 revealed a total energy demand of
5693.9 kWh/year.

On the other hand, adopters’ satisfaction with rooftop PV systems, advertising, and/or
competition have received significant research attention. For example, Mukai et al. [48]
examined causal factors affecting adopters’ satisfaction with PV systems to evaluate the ex-
tent to which residential PV system users understand specifications, reliability, and failure
risks in Kakegawa City. The study showed weak adopters’ understanding of the basic spec-
ifications of their residential PV systems and poor knowledge about proper maintenance.
Furthermore, they confirmed the strong causal relationship between adopters’ expectations
of financial return from the PV system and their level of satisfaction. Komatsu et al. [11]
analyzed the characteristics of households installing solar PV systems in Bangladesh. They
quantitatively identified the factors that affect adopters’ satisfaction with PV systems. Then,
the determinants of users’ satisfaction and households’ perceptions of the benefits of PV
systems, including the quality of PV equipment and reduction in energy costs, were eval-
uated. Further, econometric analysis was conducted, and the results revealed that poor
experiences with the frequency of battery repairs and replacement in PV systems negatively
influences the satisfaction of households with PV systems. Moreover, a key finding was
that the quality of PV equipment plays a significant role in improving adopter’s satisfaction
with PV systems. Kim et al. [49] developed a model of solar power technology adoption
using structural analysis. Results revealed that the system quality, perceived benefits, and
perceived trust have positive influences on public attitudes. Additionally, public attitudes
toward and satisfaction with solar technologies were found to have positive impacts on the
adoption of solar technologies. Sweeney et al. [50] adopted the self-determination theory
to explain WoM about energy-saving behavior using two samples of university students in
Australia. They stated that independence-seeking behavior and word-of-mouth communi-
cations stimulate and change customers’ behavior toward using renewable energy. Stigka
et al. [51] surveyed the advantages of renewable energy resources from the perspective of
200 respondents from one of the Malaysian Government-Linked Universities. They found
that users’ attitudes toward renewable energy and the lower social costs of energy lead to
social adoption. Tarigan [52] simulated and analyzed the rooftop PV on building roofs of
the University of Surabaya, Indonesia for electric power generation. They also calculated
the reduction in greenhouse gas (GHG) emissions that could be obtained with PV systems
mounted on the building roofs. It was found that about 10,353 m2 of the rooftop area of the
university buildings could be used for panel installation. The total capacity of the panels
was found to be about 2070 kWp, with total electricity production of about 3180 MWh
per year and could supply up to 80% of the campus energy demand. The system would
serve as a means of reducing 3367.6, 2477.2, or 1195.7 tons of CO2 to the atmosphere in
comparison with the same amount of electricity produced by burning coal, oil, or natural
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gas, respectively. The unit cost of PV electricity ranged from USD 0.10 to 0.20 per kWh.
Sharifi et al. [53] analyzed advertising effectiveness toward renewable energy technologies
adoption. A neural network analysis was employed to identify advertising effectiveness
based on the Attention, Interest, Desire, and Action (AIDA) framework. The results of
the AIDA model with neural networks analysis revealed that the attraction of customers’
attention toward using RETs via advertising activities would affect the adoption of the
technologies by providing customers with necessary information about the advantages of
renewable energy and related technologies to facilitate the decision-making of customers.
Lopez-Ruiz et al. [54] explored the extent to which solar rooftop deployment at the res-
idential scale in Riyadh could be cost-efficient and could accelerate decarbonization in
Saudi Arabia. The study revealed that the maximum aggregate solar power capacity at
the residential level would be around 400 MW. Also, the current residential electricity
tariff does not incentivize PV solar rooftop deployment. Gernaat et al. [55] implemented
rooftop PV in the Integrated Assessment Model to examine its possible role in energy
and climate scenarios. The global technical and economic potential to derive regional
cost–supply curves for rooftop PV were calculated. Then, the new decision in the IM-
AGE model allowed household investment in rooftop PV based on the comparison of
the wholesale electricity price with the price of rooftop PV. Results showed that adding
rooftop PV could lead to an 80–280% increased share of photovoltaic electricity production
in 2050. Martinopoulos [56] conducted a complete life-cycle impact assessment for typical
PV systems throughout Europe and then calculated environmental impact, sustainability,
energy return on energy invested, and payback period. The results showed that the energy
return on energy invested ranges from 1.64 to almost 5 depending on location, while the
simple payback period is less than 11 years in most cases, and as low as 5, without any
subsidy. Agathokleous and Kalogirou [57] analyzed various scenarios for the installation
of PV roof systems in existing and future households of Cyprus Island until 2050. Results
showed that the electricity demand in the domestic sector could be 100% covered when
over 70% of the existing residential stock installs a 3 kW roof PV system. Haryadi et al. [58]
examined customer interest in using rooftop PV in Indonesia’s electricity market using
primary survey data from households and industries. Then, they employed logit model re-
gression to analyze the impact of the demographic background of respondents. Exploratory
factor analysis was used to understand the reasons why the existing users utilize rooftop
PV at their homes. The results showed that education, residence location, and income can
positively and significantly influence the probability of installing rooftop PV. Fakhraian
et al. [59] conducted a complete systematic review of various developed methodologies
published in the current state of the art, and identified vital factors for urban rooftop
solar photovoltaic potential assessment as well as to identify the best available methods to
create a complete global basis for future studies. Maqbool et al. [60] explored stakeholders’
satisfaction with renewable energy projects using a structural equation modeling approach.
Qadourah [61] examined the feasibility of installing PV systems on apartment building
rooftops in Jordan’s various climate areas and determined the potential power generation
from such systems over their lifetime. Polysun 12 simulation software was adopted to
estimate electricity production and assess electricity consumption and production under
different tariff schemes and distinct tilt angles, azimuth angles, space between arrays, and
accordingly different capacity and installation areas. Gomez-Exposito et al. [62] assessed
on a large-scale basis the expected contribution of rooftop PV to the future electricity mix
in Spain. Several sustainable scenarios were evaluated, each comprising different shares
of centralized renewables, rooftop PV and storage. Results showed that a sustainable,
almost emissions-free electricity system for Spain is possible at a cost that can be even lower
than current wholesale market prices. Pan et al. [63] studied four installation scenarios
based on rooftop area data and analyzed the technical and economic potential of PV power
generation on the rooftops of urban buildings in China. The results showed that the rooftop
area in Guangzhou suitable for PV installation is 391.7 km2, with a maximum potential
power generation capacity of 44.06–72.12 billion kWh per year. The optimal economics
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were reached with a 20◦ installation tilted angle and monocrystalline silicon PV panel
material, with a 6-year payback period.

Still, few research efforts have been directed toward modeling the causal relationships
between adopters’ satisfaction with PV systems, WoM, and advertising and competition
and predict their impacts on PV goals for rooftop residential buildings in Jordan. In
addition, this research examines the impacts of the adoption of the subsidy policy by
government with these factors on energy security and sustainability.

3. Model Development

System dynamics is an effective approach for examining the nonlinear behavior of
complex systems over time [64]. The system dynamics approach involves the development
of computer simulation models that portray processes of accumulation and feedback and
that may be tested systematically to determine effective policies for overcoming policy
resistance [65,66].

3.1. Effects of Satisfaction Model and Word of Mouth

Jordan has a massive solar energy potential, as it is located within the world’s solar
belt, with average solar radiation ranging between 5 and 7 kWh/m2. The majority of
Jordanian cities have sun irradiation of greater than 5.3 kWh/m2/day [61]. The satisfaction
model is displayed in Figure 1. The model is based on the idea that an increase in overall
satisfaction results in positive WoM that leads to an increase in the annual number of
PV adopters, thereby increasing the accumulated power generated by PV systems and
reducing CO2 emissions.
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The main variables in the developed overall satisfaction model shown in Figure 1 are
presented as follows. Assume that the installed PV system has L life span and W warranty
period. The overall satisfaction (OS) is driven by the satisfaction of the PV adopters with
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installation services (S), warranty factor (WF), payback period (PP), performance ratio (PR),
degradation (D), and complaints (C). The overall satisfaction is estimated as:

OS = (PR + WF + PP + S)/4 − C − D (1)

where
WF = 2 × W/L (2)

and
PP factor = L/(10 × PP) (3)

Satisfaction with PV installation services is collected from adopters. The respondents
can evaluate their experience based on a Likert scale. The average score is then used as
a measure of satisfaction level. Under the standard test conditions, it is assumed that PV
modules can work quite reliably with minimal service interruption for a 20- to 25-year
duration [67]. The main mechanical parts of a PV system typically have a warranty period
of 10 years [68,69]. The warranty covers the integrity of the product and protects against
problems, such as manufacturing flaws, environmental issues, or premature wear and
tear. The payback period (PP) of a PV system is the length of time it takes for the cash
flows it earns to cover its initial capital costs. On average, the payback period factor (PP)
for the different facilities in Jordan is around 3.4 years [70]. In practice, degradation can
occur as a result of manufacturing flaws, such as poor-quality material or assembly, or
flawed cell packaging. Generally, a fixed rate of degradation is assumed to be around 0.65%
annually. Further, the adopters’ complaints negatively affect adopters’ satisfaction and can
thus reduce the total number of PV installations. Possible complaints can include O&M,
cost inflation, low product and service qualities, taxes, and others.

Further, the performance ratio (PR) is an important value used to assess the quality of
the PV system. It measures the performance of a PV system while taking into account the
environmental factors (temperature, solar irradiation), where solar irradiation (kW/m2)
is the amount of power that is received from the sun per m2 as a form of electromag-
netic radiation. Based on standard test conditions, the solar irradiation (SI) is equal to
1 kW/m2 [71,72]. PR depends on the module area (MA) and the conversion efficiency
(CE) of the installed PV modules. As a module area increases, the module efficiency also
increases, thus increasing in the energy system (E). Generally, the value of PR ranges from
60% to 90% due to different environmental conditions [73].

PR = ES/(SI × MA × CE) (4)

Furthermore, PV system losses occur from factors that prevent sunlight from entering
solar modules, such as shadows, soil, snow, and reflections. Conversion efficiency is
set at 20%. System losses are caused by variables such as flawed wire connections and
inverter inefficiencies. Relative module and thermal losses occur from increasing PV cell
temperature during the conversion of sunlight to electricity.

In reality, satisfied adopters can tell up to five out of 20 nonadopters about their
experience with PV systems. This kind of information sharing is called “Word of Mouth
(WoM)” which is a kind of communication that aims to pass information from one to
another in a variety of ways, such as face-to-face, phone, email, and text messaging. WoM
has a major influence on PV nonadopters and is considered effective in creating new
adopters. WoM depends on potential contacts with non-adopters, penetration, and overall
satisfaction. Given the percent contact per year (PCY), increasing the adopter contact (AC)
between adopters (AD) of the PV systems results in converting nonadopters (NAD) to AD.
Let penetration (P) be the ratio of AD to NAD, or mathematically,

P = AD/NAD (5)
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Then, the annual number of adopters (person) due to WoM effect (adopters/year),
AWOMp, is calculated as given in Equation (6).

AWOMp = AC × (1 − P) × OS (6)

where
AC = AD × PCY (7)

Assuming each adopter will install a Vp (kW/installed PV system), then the annual
PV installation (kW/year), AWOMi, is calculated as follows

AWOMi = Vp × AWOMp (8)

Let CF denote the capacity factor. Then, the annual generated power (AWOMe) can
be estimated as stated in Equation (9).

AWOMe = AWOMi × 360 × 24 hours × CF (9)

Finally, given that 1 kW results in a reduction of RC (kg·CO2). The correspond-
ing total annual reduction in CO2 emissions (kgCO2/year), AWOMc, is estimated using
Equation (10).

AWOMc = AWOMi × RC (10)

3.2. Effect of Competition

In Jordan, there are more than 50 contracting companies that are specialized in selling
and installing PV systems. These companies compete with each other to provide unique
product quality, after-sale services, advertisement, and reputation. Competition provides
opportunities for companies to improve the performance of their products and services,
which results in fulfilling adopters’ needs and includes higher-quality products, increased
value of services, and enhanced satisfaction. The developed system dynamics model to
examine the effects of competition on PV goals is shown in Figure 2.
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The coefficient of competition effect (CCE) is defined as the probability each company
has to be selected by the consumer for PV system installation. Given the initial competition
(IC), the competition effect (year−1), COE, is calculated as:

COE = CCE × (AD/(IC × NAD))/(1 − P)) (11)

Then, the annual number of PV adopters (adopter/year), ACOMp, is calculated using
Equation (12).

ACOMp = CCE × NAD (12)

Then, the number of PV installations (kW/year) due to competition (ACOMi) is
calculated as follows:

ACOMi = ACOMp × Vp (13)

Then, the annual corresponding generated power (kWh/year), ACOMe, and annual
reduction in CO2 emissions (kg·CO2/year), ACOMe, are calculated using Equations (14)
and (15), respectively.

ACOMe = ACOMi × NAD × CF (14)

ACOMc = ACOMe × RC (15)

3.3. Effect of Advertising

Generally, advertising is a method used to bring products or services to the public’s
awareness and distinguish firms from their competition. As more companies invest in PV
advertising efforts, the percentage of PV products and services may increase. As a result,
the number of PV adopters will increase, which leads to increasing the generated power
and reducing CO2 emissions. The developed advertising model is displayed in Figure 3.
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In Figure 3, the advertising effect (DVe) depends on advertising effectiveness (DV)
and penetration (P). Then, DVe (year−1) can be calculated using Equation (16).

DVe = DV × (1 − P) (16)

The annual number of adopters due to competition (adopter/year), ADVe, is obtained
using Equation (17).

ADVp = DVe × AD (17)

Then, the total annual PV installation (kW/year), ADVi, is estimated as:

ADVp = DVe × Vp (18)

Consequently, the corresponding annual generated power (kWh/year), ADVe, is
calculated as given in Equation (19).

ADVe = ADVi × NAD × CF (19)

Finally, the total reduction in CO2 emissions (kg·CO2), ADVc, is estimated using
Equation (20).

ADVc = ADVe × Vp (20)

4. Research Results and Discussion

Simulation was performed using Powersim 2005 Software to predict the expected PV
installations (kW), generated power (kWh), and CO2 emission reduction (kg·CO2) during
the years 2020 to 2035. The model parameters are displayed in Table 1.

Table 1. Model parameters.

Parameter Value Unit Parameter Value Unit

Adopter (initial) 465,000 person Complaints 5 %

Module area 5.6 m2 Advertising
effectiveness 10 %

Warranty period 10 years Conversion efficiency 20 %

Payback period 3.4 years Capacity factor 20 %

Energy system 1760 kWh Degradation
dissatisfaction 0.07 %

Solar irradiance 1800 kWh/m2 Satisfaction with
installation services 0.95

Electricity price 0.268 USD/kWh O&M inflation 5 %

Initial PV cost 3770 USD/kW Coefficient of
competition 15 %

Non-adopters 2 Million person Initial competition 50 company

Lower limit of PV cost 1200 USD/kW Payback period 3.4 years

Life span 25 years CO2 emission factor 0.633 kg·CO2/kWh

PV power 3 kW/panel O&M inflation rate 5 %

4.1. Results of Overall Satisfaction, Competition and Advertising Models

The obtained simulation results for the developed models are presented as follows:

(a) Results of the satisfaction model

The simulation results of PV goals for the satisfaction model include:
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• The cumulative PV installations (kW) increase linearly over time, as shown in Figure 4a.
The PV installations are expected to increase from 8446 kW in 2021 to 88,433 kW in
2030. The cumulative PV installations will reach 184,310 kW at the beginning of 2040;

• In Figure 4b, the cumulative generated power (kWh) increases linearly over time. The
cumulative generated power will increase from 14,560 kWh in 2021 to 152,813 kWh in
2030. The cumulative PV installations will reach 318,488 kWh at the beginning of 2040;

• The cumulative CO2 emission reductions, as shown in Figure 4c, increase linearly over
time. The cumulative CO2 emission reductions increase from 9239 tons in 2021 to
96,730 tons of CO2 in 2030. The cumulative PV installations will reach 201,603 tons of
CO2 at the beginning of 2040.

(b) Results of the competition model

Further, the obtained simulation results of PV goals for the competition model are
displayed in Figure 5, where the following remarks are obtained:

• In Figure 5a, the cumulative PV installations (kW) increase nonlinearly over time. The
PV installations (=5452 kW) in 2021 will increase to 61,036 kW and 139,923 kW in the
year 2030 and at the beginning of 2040, respectively;

• In Figure 5b, the cumulative generated power (kWh) increases nonlinearly over
time. The cumulative generated power (=9.4 GWh) in the year 2021 will increase
to 105.5 GWh and 241.8 GWh in the years 2030 and 2040, respectively;

• The cumulative CO2 emission reductions increase nonlinearly over time, as shown
in Figure 5c. The cumulative CO2 emission reductions (=5964 tons of CO2) in the
year 2021 will increase to 66,763 and 153 tons of CO2 in the years 2030 and 2040,
respectively.

(c) Results for the advertising model

The obtained PV results for the advertising model are:

• In Figure 6a, the cumulative PV installations (=10,706 MW) in 2021 will increase to
112.1 MW and 233.6 MW in the year 2030 and at the beginning of 2040, respectively;

• The cumulative generated power (kWh) increases nonlinearly over time, as shown in
Figure 6b. The cumulative generated power (=18.5 GWh) in the year 2021 will increase
to 193.7 and 403.7 GWh in the years 2030 and 2040, respectively;

• The cumulative CO2 emission reductions, shown in Figure 6c, increase nonlinearly
over time. The cumulative CO2 emission reductions (=11.711 million kg CO2) in the
year 2021 will increase to 122.6 and 255.6 million kg CO2 in the years 2030 and 2040,
respectively.

4.2. Results of the Combined Effects and PV Cost Models

Simulation was conducted to evaluate the combined effects of overall satisfaction,
competition, and advertising models on PV goals as shown in Figure 7. The obtained
simulation results for the cumulative PV installations, generated power, and CO2 emission
reduction are depicted in Figure 8, where the following remarks are obtained:

• Figure 8a reveals that the total cumulative PV installations (=24.6 MW) in 2021 are
expected to increase to 262 and 558 MW in the year 2030 and at the beginning of 2040,
respectively;

• As depicted in Figure 8b, the cumulative total generated power (kWh) (=42.5 GWh) in
the year 2021 can reach 452 and 964 GWh in the years 2030 and 2040, respectively.

• The cumulative total CO2 emission reductions, as shown in Figure 8c, increase non-
linearly over time. The cumulative CO2 emission reductions (=27 million kg·CO2)
in the year 2021 may reach 262 and 558 million kg CO2 in the years 2030 and 2040,
respectively.
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Further, the system cost model is shown in Figure 9. The model includes the system
cost (USD) and operating and maintenance (O&M) costs at an inflation rate of 5% and
inflation factor. Combining the three effects, a simulation was run to predict the cost of the
PV system ($) over time, as shown in Figure 10, where it is expected that the cost of the PV
system will decrease from USD 3770 in the year 2021 to USD 915 and USD 1009 in the years
2030 and 2040.

4.3. Sensitivity Analysis

Sensitivity analysis was conducted to examine the influence of some parameters on
the resulting PV goals. Table 2 summarizes the assumption variables (competition effect,
advertising effectiveness, and percent contact) and the decision variables (conversion
efficiency and satisfaction with PV services) in the sensitivity analysis. Table 3 displays the
optimal PV installations, CO2 emission reductions, and generated power.

Table 2. Assumption and decision variables.

(a) Assumptions

Factor Distribution Parameters

Coefficient of competition effect Normal Mean = 0.25 Standard deviation = 0.02
Advertising effectiveness Triangular Min = 0.01 Max = 0.05 Peak = 0.05

Percent of contact per year Normal Mean = 0.01 Standard deviation = 0.0001

(b) Decision variables

Factor Parameters Actual

Conversion efficiency Min = 0.02 Max = 0.25 0.21
Satisfaction level with installations Min = 0.01 Max = 0.86 0.89
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Table 3. Results of sensitivity analysis.

Factor 25 Percentile 50 Percentile 75 Percentile

Cumulative generated power (GWh) 2159 2535 2978
Cumulative CO2 reductions (kg·CO2) 1366 1605 1885

Cumulative PV adopters (MW) 1250 1467 1723

Figure 11 displays the results of sensitivity analysis for the three PV goals, where the
differences between the 25th percentile and 75th percentile increase over time. This result
supports the significant long-term positive impacts due to variations in WoM, competition,
and advertising on PV goals. In practice, suppliers and manufacturers should regularly
assess the feedback on the satisfaction levels of the delivered PV products, handle customer
complaints effectively, upgrade the technical capabilities of PV systems (payback period,
warranty, conversion, and system efficiencies), and adopt effective advertising means
to increase overall satisfaction with PV systems and thereby support achieving energy
sustainability in residential buildings.

4.4. Integrated Model with Subsidy Policy

The subsidy model is displayed in Figure 12. Simulation was run for the combination
of the subsidy policy with the integrated model. The subsidy proportion (SP) of 15% of
the cost of a PV system (CPV) is offered by the government to encourage PV installations.
The electricity price (EC) is USD 0.268/kWh. The annual subsidy cost (SC) is calculated as
stated in Equation (21).

SC = CPV × SP (21)

Then, the annual subsidy effect (kW), ASe, is estimated using Equation (22).

ASe = NAD × CF × EC × 360 × 24 × (CPV − SC) (22)

From Figure 13, the following remarks are obtained:

• The total cumulative PV installations in 2021 (=298 MW), as shown in Figure 13a, may
reach 7.14 and 17.2 GW in the year 2030 and at the beginning of 2040, respectively;

• In Figure 13b, the cumulative total generated power (kWh) (=514.22 GWh) in the year
2021 increases to 12.34 and 31.33 TWh in the years 2030 and 2040, respectively.

• The cumulative total CO2 emission reductions, as depicted in Figure 13c, increase
nonlinearly over time. The cumulative CO2 emission (=325.5 million kg CO2) in the
year 2021 is expected to be reduced by 7.81 and 19.83 million tons CO2 in the years
2030 and 2040, respectively.

4.5. Discussion

This research evaluated quantitatively the individual and combined impacts of satis-
faction with rooftop PV systems, advertising, and competition on PV goals to the year 2040.
Figure 14 displays the comparison between the factor effects on PV goals. The results show
the positive impact of WoM, advertising, and competition on PV goals over time. This result
supports the hypotheses of this research and is consistent with the findings of the previous
studies. Meanwhile, advertising has the largest impact on PV goals, followed by WoM.
Consequently, effective advertising policies should be adopted to promote high-quality
rooftop PV systems and motivate the adoption of renewable electricity.
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Further, manufacturers and suppliers should continually assess the feedback on the
product and service quality of the delivered PV systems and enhance the efficiency of PV
systems to enhance adopters’ satisfaction with PV systems and maximize the economic and
environmental benefits gained from the adoption of solar PV systems. Finally, competing
PV companies should work closely with adopters to understand their requirements, design
and develop high quality PV products and systems at affordable prices, and continually
review the PV designs and operation, enhance product and service quality, and offer a wide
range of innovative PV products and systems. Furthermore, the adoption of subsidy policy
by government has had a significant impact on the adoption of rooftop PV installations.
Consequently, government should invest in promoting the adoption of renewable energy
solar systems on building rooftops.

Finally, effective manufacturer and supplier efforts in advertising and competition,
together with satisfaction with rooftop PV systems and the adoption of subsidy policy,
can lead to a significant amount of generated energy that can be sufficient to attain energy
security and sustainability. Consequently, policy-makers in the energy sector should
monitor the status of adoption of renewable energy and evaluate the influence of subsidies
to determine the most attractive subsidy proportion. Future research may consider the use
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of machine learning techniques to model and predict PV goals under various combinations
of model factors and energy policies.
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5. Conclusions

The research predicted the impacts, to the year 2040, of adopters’ overall satisfaction
with PV systems, advertising, and competition on the number of rooftop PV installations,
generated electric power, and the reduction in CO2 emissions for residential buildings
in Jordan using system dynamics. Results revealed that the predicted cumulative PV
installations, generated power, and CO2 emission reductions will reach 558 MW, 964 GWh,
and 558 million kg·CO2 in 2030, respectively. A sensitivity analysis was then performed
to examine the impacts of uncertainty in model parameters, including the competition
effect, advertising effectiveness, and percent of contact per year. The optimization results
for conversion efficiency and satisfaction level of 0.21 and 0.89, respectively, showed that
the expected cumulative PV installations, generated power, and CO2 emission reductions
in the year 2040 will reach 1.5 GW, 2.98 TWh, and 1.6 million tons kg·CO2, respectively.
Further, the adoption of subsidy policy was examined. The results revealed a significant
influence of subsidy adoption on motivating the adoption of rooftop PV systems in Jordan.
In conclusion, continual assessment of the feedback on overall satisfaction with installed
rooftop PV services and products, adoption of advanced technological products in PV
systems, and implementation of effective advertising policies will result in significant
energy gains in residential building and reduction in the dependence on environmentally
unfriendly and scarce energy resources. Finally, subsidy policy is a key driver to foster huge
gains in energy security and sustainability. Thus, government should invest in promoting
and motivating the adoption of rooftop PV systems in Jordan.
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