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Abstract 

Pension fund must consider some significant issues when making renewable energy 
project investment decisions. It is necessary to determine the most important fac-
tors and prioritize the indicators. Accordingly, the purpose of this study is to conduct 
a priority analysis of the determinants of investment in renewable energy projects 
by pension funds. This study constructs a novel fuzzy decision-making model. First, five 
indicators for this process are weighted using an entropy methodology based on sine 
trigonometric Pythagorean fuzzy sets. The CRITIC methodology is also considered 
to make a comparative evaluation. Second, five different clean energy investment 
alternatives for pension funds are ranked using the RATGOS methodology. Similarly, 
this ranking analysis is also made by considering TOPSIS technique to check the reli-
ability of the results. The main contribution of this study is the creation of a new 
and comprehensive fuzzy decision-making model to identify the most important fac-
tors in renewable energy project investments for pension funds. The proposed model 
uses the RATGOS technique to rank clean energy investment alternatives for pen-
sion funds. By considering the geometrical mean in the RATGOS calculation process, 
criticisms related to existing ranking techniques can be overcome. The use of sine 
trigonometric Pythagorean fuzzy numbers provides significant benefits to the quality 
of the proposed decision-making model. The defuzzification process can be imple-
mented appropriately using these sets. Therefore, this study’s findings pave the way 
for investors to make investment decisions under these circumstances. It is concluded 
that the most important criterion is risk minimization. Effective regulations are another 
critical issue. Furthermore, the ranking results indicate that the most suitable renewa-
ble energy alternative is green bonds. The comparative results with STPFY-TOPSIS show 
that the proposed model generates coherent and reliable findings.
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Graphical abstract

Introduction
Pension funds are financial intermediaries that provide income to retired individuals. 
These funds invest in broad portfolios that cover different investment instruments. 
This diversification makes it possible to minimize portfolio risk. This situation contrib-
utes significantly to investment stability. Pension funds include long-term investments 
(Aburto Barrera and Wagner 2023). The biggest advantage of this situation is that indi-
viduals can save large amounts during this time. Another advantage of pension funds is 
the tax advantages, which increase the amount of investors’ savings. Financial experts 
manage savings in pension funds. Thus, the probability of increasing the revenue is much 
higher. Pension funds play an important role in developing a country’s financial markets. 
These funds generate investments in instruments such as bonds and stocks (Bouteska 
et  al. 2023). This condition helps to increase liquidity in financial markets. Moreover, 
because these funds are long-term investments, they contribute to increasing financial 
market stability. Similarly, these funds can provide a significant amount of resources for 
investment in a country. This contributes significantly to economic growth.

It is possible to make different types of investments using pension funds. Pension fund 
managers propose an asset allocation policy that considers investors’ risk profiles. Some 
issues need to be considered before this process can be carried out effectively. First, it is 
necessary to pay attention to risk tolerance and investment objectives. In this context, 
if it is desirable to take more risk, then the investment portfolio can hold more stocks 
(Harrison et al. 2023). On the contrary, in cases where it is not desirable to take too much 
risk, more focus should be placed on financial instruments such as government bonds. 
Moreover, the rate of return should be considered when deciding which investment 
instruments to use in pension funds. Because this situation can increase the success of 
a portfolio, it also helps ensure customer satisfaction. Thus, it is possible to increase the 
demand for pension funds significantly. Another important aspect of this process is suc-
cessful portfolio diversification (Bonizzi et al. 2023). The presence of different types of 
instruments in the investment portfolio significantly helps minimize possible risks.
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Renewable energy investments are also examples of projects for which pension funds 
can be evaluated. One of the most important advantages of these projects is that they 
contribute to reducing environmental pollution. However, with renewable energy 
investments, the obligation of countries to import energy has been eliminated (Martínez 
et al. 2023). Within this framework, direct investments can be made in energy types such 
as wind turbines or solar panels with pension funds. However, because these projects 
are long term, their risks are quite high. Similarly, these funds can focus on sustainable 
infrastructure investments. This situation strongly contributes to the development of 
renewable energy technologies (Kou et al. 2023a, b). Yieldcos offer similar opportunities 
by operating clean energy assets. In addition, it is possible to invest in renewable energy 
with a lower pension fund risk. For example, green bonds can be purchased to achieve 
this objective. Because of this instrument, fixed-income loans can be provided to renew-
able energy projects. This significantly reduces investment risks. In other words, even if 
these projects do not make the desired profit, they must pay bondholders a fixed amount 
(Carayannis et al. 2023).

To decide whether to invest in renewable energy projects with pension funds, cer-
tain issues need to be considered. First, attention should be paid to the risk status of 
the investment types. Similarly, the expected returns of the investment types are impor-
tant in this process. Financial support offered by governments should also be considered 
in renewable energy investment decisions (Kou et al. 2022). When transferring pension 
funds to renewable energy projects, investment decisions should consider the impor-
tance of these issues. Therefore, it is necessary to determine the most important factors 
for renewable energy projects (Li et al. 2022). However, only a few studies concentrate 
on this issue. In this context, there is a significant need to analyze the priority of the fac-
tors in renewable energy investment decisions for pension funds.

Accordingly, this study aims to identify the key determinants of investment to renew-
able energy projects using pension funds. Thus, the research question is which issues 
should pension funds pay attention to while investing in clean energy, and which renew-
able energy investment type is the most suitable for this process. A novel fuzzy deci-
sion-making model is constructed to answer this question. First, five indicators for 
this process are weighted using an entropy methodology based on sine trigonometric 
Pythagorean fuzzy sets. The CRITIC methodology is also considered to make a com-
parative evaluation. Second, five different clean energy investment alternatives for pen-
sion funds were ranked using the RATGOS methodology. Similarly, this analysis is 
performed by considering the TOPSIS technique to check the reliability of the ranking 
results. The main motivation of this study is the need for a comprehensive evaluation of 
the key determinants of investment to renewable energy projects using pension funds. 
Different methodologies, such as the balanced scorecard and PESTEL, can be consid-
ered in this framework. In such situations, decision-making models are preferred. How-
ever, these models have certain limitations. Therefore, a novel model that can overcome 
these limitations is required.

The main contribution of this study is the creation of a new and comprehensive fuzzy 
decision-making model to identify the most important factors in renewable energy 
project investments for pension funds. The proposed model has some advantages over 
existing models. First, the main methodological contribution of this study is that the 
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RATGOS technique is considered a multi-criteria decision-making model. Although 
there are many methods in the literature for creating alternative rankings, these 
approaches have been criticized for several reasons. For instance, the Euclidean distance 
is considered in the TOPSIS methodology by computing the distances to negative ideal 
solutions (de Oliveira et al. 2024). However, this approach has been criticized for gen-
erating inappropriate results (Qian et  al. 2023; Patel et  al. 2023). Similarly, the ARAS 
method considers the optimal sum ratio of the sum of the alternatives (Goswami et al. 
2021). Alternatively, averaging the optimal ratio for each criterion may yield more accu-
rate results (Goswami et al. 2022). However, these issues have been strongly criticized in 
the literature. This situation explains the significant need for a new ranking technique. 
Nevertheless, to overcome these criticisms, Dinçer et al. (2023) proposed a novel rank-
ing model called RATGOS that considers the geometrical mean in the analysis process. 
Owing to these advantages, the RATGOS technique was used in the proposed model 
to rank clean energy investment alternatives for pension funds. Second, The use of sine 
trigonometric Pythagorean fuzzy numbers significantly improves the quality of the pro-
posed decision-making model. The defuzzification process can be appropriately imple-
mented using these sets (Akram et al. 2023). This condition has a positive influence on 
overcoming uncertainty in the evaluation process. Furthermore, in triangular fuzzy 
numbers, the membership values increased or decreased linearly. This situation requires 
that the evaluation scales increase linearly. However, because sine trigonometric num-
bers consider the sine curve, they reflect linguistic expression transitions in expert eval-
uations more realistically. This enabled us to obtain more realistic results. Therefore, by 
considering these sets, more effective solutions can be presented for investment deci-
sions on renewable energy alternatives by pension funds (Garg et al. 2023).

A literature review is presented in the second part. The methodology of the study 
is explained in the third section. The results of the proposed model are presented in 
the fourth section. The discussion and concluding remarks are presented in the final 
sections.

Literature review
Investing in a project or financial instrument involves several considerations for pen-
sion funds. One aspect is the compatibility of investments with funds’ risk–return 
profiles (Gutierrez et al. 2019). Like any infrastructure investment, renewable energy 
projects carry risks that can result in high costs if they are not managed efficiently 
(Kul et  al. 2020). These costs may prevent pension funds from fulfilling their lia-
bilities. However, as long-term investors, pension funds must also provide a stable 
income stream for retirees (Balsalobre-Lorente et  al. 2023). Investing in low-risk 
instruments can cause pension funds to miss alternative returns and depreciate their 
assets over time (Martí-Ballester 2020). Pension funds must balance risk and return 
when making investment decisions and pursue a sustainable strategy that aligns 
with their financial goals. Incentives and subsidies can be effective tools for pen-
sion funds to encourage clean energy investments by mitigating risk and enhancing 
returns. According to Sendstad et al. (2022), a stable policy environment is crucial for 
incentivizing renewable energy investments. Government guarantees can effectively 
offset the political and legal risks related to clean energy projects while providing a 
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more stable revenue stream. Peksevim and Ercan (2023) also stated that fiscal incen-
tives such as tax rebates, discounts, and grants can increase clean energy projects’ 
risk-adjusted returns, making them more appealing to pension funds. Consequently, 
incentives and subsidies play a crucial role in pension funds’ investment decisions 
regarding clean energy.

Pension funds may have strict regulations that affect investment strategies. Compli-
ance with legal regulations is one of the investors’ most important evaluation criteria 
(Sun et al. 2023). Thus, pension funds are not free to make unlimited investment deci-
sions due to investment constraints such as solvency rules (IRENA 2020). In most 
cases, compliance with the relevant legislation is a prerequisite for investment deci-
sions. Consequently, pension funds tend to rely more on traditional asset classes, 
such as stocks and bonds, for their portfolios, while the proportion of infrastruc-
ture investments is extremely low (OECD 2023). Lack of expertise and knowledge 
is another main obstacle preventing pension funds from investing in clean energy. 
Fiori Maccioni (2023) found that evaluating clean energy investments can be com-
plex and requires internal capacity. However, portfolios and indirect investments are 
asset classes in which pension funds can be assessed more easily (Defau and De Moor 
2021). Therefore, an essential criterion that affects investment decisions is the com-
patibility of an investment instrument with its internal capabilities.

Investing in clean energy presents opportunities for pension funds to diversify their 
assets and generate long-term returns (Taghizadeh-Hesary and Yoshino 2020). Pen-
sion funds have several investment alternatives, including direct investments in clean 
energy projects. Direct investment allows for greater control over investment, but 
requires extensive knowledge and involves higher risk (Binkley et al. 2020; Wang et al. 
2023). Alternatively, clean energy funds offer diverse investment opportunities that 
require less expertise. These funds invest in a range of clean energy assets, making 
them more easily investable, scalable, and liquid than direct investments (Sartzeta-
kis 2021). To meet their ongoing obligations, pension funds require a steady income 
stream that is both long term and consistent. Yieldcos are companies that oper-
ate renewable energy assets such as solar and wind, and offer investors predictable 
cash flows in the long term. By investing in Yieldcos, pension funds can diversify 
their portfolios of clean energy assets while minimizing operational costs compared 
to direct investments (Polzin and Sanders 2020). Green bonds are another option to 
generate predictable cash flows for pension funds. These fixed-income securities are 
issued to finance projects with positive environmental impacts (Seran et  al. 2023). 
Green bonds are a suitable alternative for institutional investors because they provide 
a stable income stream with relatively low risk (Sangiorgi and Schopohl 2021).

Finally, sustainable infrastructure investments allow pension funds to diversify 
their clean energy investment portfolios. These investments are typically made by 
public institutions that focus on energy efficiency. They can provide pension funds 
with long-term cash flows aided by government incentives and subsidies (Mastro-
giacomo et al. 2023). However, these investments are complex and similar to direct 
clean energy investments (Sengupta et al. 2018). In conclusion, the literature review 
reveals a range of investment alternatives for pension funds for clean energy. How-
ever, each investment has its own advantages and disadvantages. Fragnière et  al. 
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(2023) concluded that pension funds can play a key role in supporting the transi-
tion to clean energy by investing in renewable energy assets. This approach would 
not only provides sustainable and diversified cash flows for pension funds but 
also strengthens their position in facilitating the shift toward renewable energy 
(Andersen and Dreyer 2023).

Investment risk is the level of uncertainty in an investment’s expected returns 
(Seran et  al. 2023). Low-risk investments typically deliver stable, but relatively 
low, returns. On the other hand, high-risk investments may offer a higher poten-
tial return but come with greater uncertainty. Return refers to the financial gain an 
investment can achieve when it reaches maturity (Sun et  al. 2023). Thus, pension 
funds must carefully consider the balance between risks and returns when investing 
in clean energy sources. Incentives and subsidies for clean energy can be crucial fac-
tors in investment decisions because they help reduce the financial burden of invest-
ing (Mastrogiacomo et al. 2023). However, the complexity of investment assets can 
discourage funds, particularly those lacking expertise in the field, from investing. 
Similarly, regulatory compliance is important for making new investment decisions 
and increasing existing investments (Fragnière et  al. 2023). Although legal regula-
tions can incentivize clean energy investments, they can also create barriers in cer-
tain cases (Harrison et al. 2023).

Pension funds have various options to invest in clean energy sources. They can 
choose to invest directly in clean energy projects, which gives them greater con-
trol but can be riskier owing to the need for specialized expertise (Carayannis et al. 
2023). Another option is to invest in clean energy funds, which are a diversified port-
folio of assets managed by specialized teams (Ai et al. 2023). Yieldcos also offer simi-
lar opportunities, as they operate clean energy assets and provide sustainable cash 
flows through long-term contracts and dividends (Cheng et al. 2023). Green bonds 
represent an alternative to pension funds. Public institutions and private compa-
nies issue debt securities to finance clean energy projects (Li et al. 2022). Although 
they offer lower returns than other options, they are at relatively low risk. Finally, 
pension funds can invest in sustainable infrastructure projects that reduce energy 
consumption and increase efficiency (Moiseev et al. 2023). These projects focus on 
infrastructure development in areas such as public transportation, green buildings, 
and waste management.

Table  10 provides a summary of the literature. The main results of the literature 
review are as follow. Many studies examined how pension funds evaluate investment 
instruments, highlighting the importance of this issue. Additionally, pension funds 
can also invest in renewable energy projects. Although many studies emphasized this 
process, a limited number of studies specify the criteria that should be considered 
while making this investment decision. In other words, these studies rarely focused 
on the most significant indicators for pension fund evaluation. This situation can be 
accepted as the main gap in the literature. Therefore, more important indicators of 
this subject should be identified. Investors can make appropriate decisions through 
this analysis. However, prior studies generally focused on the importance of pension 
funds instead of analyzing the most essential indicators. Hence, there is a need for a 
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study to determine the key criteria to make correct investment decisions. To fill this 
gap, this study conducted an analysis of the priorities of the investment criteria.

Proposed methodology
This section describes the models used in this study. The ENTROPY and CRITIC 
methods are used to determine the importance levels of the criteria. The RATGOS 
and TOPSIS methods are preferred for ranking the alternatives. In both methods, 
sine trigonometric Pythagorean fuzzy numbers are used.

Sine trigonometric pythagorean fuzzy entropy

The entropy method is a multi-criteria decision-making method used to determine 
the importance levels of criteria. The basis of this method is the calculation of the 
uncertainty measure in a matrix obtained from expert opinions. The steps of the 
entropy method with sine trigonometric Pythagorean fuzzy entropy numbers are 
as follows (Ma et al. 2023). First, expert opinions were obtained based on the values 
listed in Table 1. Subsequently, these opinions are converted into sine trigonometric 
Pythagorean fuzzy sets.

By taking the average of k expert opinions, a fuzzy decision matrix (A) is formed, 
as shown in Eq.  (1). In this context, µ is the membership value, while v is the non-
membership value. Equation (2) is used to calculate arithmetic means.

Matrix A is then normalized. A normalized matrix (R) is created using Eq. (3).
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Table 1  Linguistic variables

Linguistic term Abb Score Pythagorean fuzzy sets Sine trigonometric 
pythagorean fuzzy 
sets

µ v µ v

Very low VL 1 0.15 0.85 0.2334 0.5136

Low L 2 0.25 0.75 0.3827 0.3716

Moderately low ML 3 0.35 0.65 0.5225 0.2651

Medium M 4 0.5 0.45 0.7071 0.1187

Moderately high MH 5 0.65 0.35 0.8526 0.0702

High H 6 0.75 0.25 0.9239 0.0353

Very high VH 7 0.85 0.15 0.9724 0.0126
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The entropy value (E) of each criterion is calculated with Eq. (4).

In this process, 1(√
2−1

)
m

 is constant to keep the E value in the [0,1] range. Finally, 

the weights (w) are calculated using Eq. (5).

STPYF CRITIC

The CRITIC method is a criteria weighting method. The basis of this method is the 
relationship between the criteria and the calculation of the standard deviation values 
of these items. The steps of the CRITIC method with sine trigonometric Pythagorean 
fuzzy numbers are as follows (Zhang and Wei 2023).

First, expert opinions were obtained based on the values listed in Table  1. Sec-
ond, these opinions are converted into sinusoidal trigonometric Pythagorean fuzzy 
numbers. By taking the average of k expert opinions, a fuzzy decision matrix (A) is 
formed, as shown in Eq.  (1). Here, µ is the membership value, while v refers to the 
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is given by Eq. (8).
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Equation (10) calculates the standard deviation (σ) of each criterion.

C index values are calculated with Eq. (11).

Finally, the weights (w) are identified using Eq. (12).

STPYF RATGOS

The present study is the first to propose the RATGOS multi-criteria ranking method for 
decision-making in the pension investment context. The basis of RATGOS is the simi-
larity ratio of the alternatives to their optimal values. In the literature on multi-criteria 
decision-making methods, the RATGOS method as a current ranking method. The basis 
of this method is the calculation of the weighted geometric mean of the similarity ratios 
of alternatives to the optimal value based on a criterion. In the first stage of the method, 
optimal values were determined. For the benefit criterion, the highest column value 
was accepted as the optimal value, whereas for the cost criterion, the lowest value was 
accepted as the optimal value. These values are the similarity ratios of the alternatives 
to the optimal value and express how similar they are to the solution. In other words, 
the higher the ratio, the more likely is the most appropriate solution for that criterion. 
Criterion-based ratios are obtained by multiplying the weights of the criteria to obtain 
the weighted similarity ratio. The aim is to include the importance levels of the criteria 
in the process of determining the most suitable alternative. Based on these ratios, the 
similarities between the alternative and optimal values are averaged. Thus, if an alter-
native that is low in one criterion is good in another, the most accurate representative 
value is obtained by taking the average. At this stage, the geometric mean is preferred for 
measuring the central tendency. This is because the considered values are proportional. 
Although the arithmetic means of the two alternatives were the same, their geometric 
means were different. While the first alternative is high for only one criterion, the second 
alternative similarity ratio is 0.5, compared to the optimal value for the two criteria. The 
results of RATGOS also indicate that this alternative is more suitable (Oflaz et al. 2023).

The steps of the RATGOS method with sine trigonometric Pythagorean fuzzy numbers 
are as follows (Dinçer et al. 2023). First, the expert opinions were converted into sinusoi-
dal trigonometric Pythagorean fuzzy numbers. Subsequently, the average of the expert 
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opinions was obtained using Eq. (2). Thus, fuzzy decision matrix (A) can be obtained. Equa-
tion (6) is used to compute the defuzzified values in A matrix. The optimal values for each 
criterion in matrix A are determined using Eqs. (13) and (14).

The factors are divided by the optimal result using Eqs. (15) and (16). Therefore, a nor-
malization (N) procedure is applied.

A weighted normalization matrix (Z) is constructed using Eq.  (17): Within this frame-
work, w defines the weights.

Based on the geometric mean (G), the average similarity ratio can be computed using 
Eq. (18).

STPYF TOPSIS

The TOPSIS method is a multi-criteria decision-making method used for ranking alter-
natives. The basis of the method is to calculate the ideal distance of negative and positive 
values of the alternatives. The steps of the TOPSIS method with sine trigonometric Pythag-
orean fuzzy numbers are given below (Erdebilli et al. 2023).

Matrix A in Eq.  (2) is multiplied by the criterion weights. Thus, a weighted decision 
matrix (H) is obtained. Equation (19) is used for this purpose.

In the H matrix, the ideal positive ( V+) and ideal negative values ( V−) are calculated for 
each criterion. In this process, the score values in Eq. (6) are compared. Equations (20) and 
(21) were used as the benefit criteria, whereas Eqs. (22) and (23) are considered as the cost 
criteria.
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���
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�
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���

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}
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Using Eqs. (24)–(27), the distances of each alternative from the ideal negative (S−) and 
ideal positive (S*) are calculated.

The relative closeness coefficient to the ideal solution (C) is calculated with Eq. (28).

Analysis results
In this study, a novel fuzzy decision-making model is developed. Figure 1 illustrates the 
details of the model.

The results of the proposed models and their comparison are presented in the follow-
ing subsections.

Definition of criteria and alternatives

After reviewing the literature, five indicators were defined for renewable energy invest-
ment decisions using pension funds. These factors are listed in Table 2.

Correct risk management is important for the effective use of retirement funds for 
renewable energy investments. Renewable energy projects are often sensitive to fluctua-
tions in the energy market (Yang and Dodge 2024). Therefore, risks must be determined 
correctly and necessary precautions must be taken. Effective risk management enables 
more accurate measures to mitigate market volatility (Xu et  al. 2024). The possibility 
of high returns should be considered when integrating pension funds into renewable 
energy investments. With high returns, it is possible to ensure the long-term sustainabil-
ity of retirement funds (Miralles-Quirós and Miralles-Quirós 2024). By contrast, higher 
returns may increase participants’ confidence in their retirement funds. This allows 
funds to be used more successfully (Ustaoglu 2024). Government incentives contrib-
ute to the effective transfer of retirement funds to renewable energy investments. These 
incentives reduce the costs of renewable energy projects (Imran et al. 2024). Government 

(21)V+ =
{
vi|max(S(hi))

}

(22)V− =
{
vi|max(S(hi))

}

(23)V+ =
{
vi|min(S(hi))

}

(24)

D(sinp1, sinp2) = 1−
1

n

n∑

i=1

sin

(π
2
−

π

6

(∣∣∣µ2
1 − µ2

2

∣∣∣+
∣∣∣v21 − v22

∣∣∣+
∣∣∣d21 − d22

∣∣∣
))

(25)d =
√

1− µ2 − v2

(26)S− = D
(
H ,V−)

(27)S∗ = D
(
H ,V+)

(28)C =
S−

S− + S∗
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incentives can reduce the uncertainties in project financing and operational processes 
(Xiaobao et al. 2024). Regulations are also important for the effective use of retirement 
funds in renewable energy investments. These regulations contribute to the formation 
of regulations in the energy sector (Jiang et al. 2024). A stable regulatory environment 
provides predictability for pension funds (Shu et al. 2024). This facilitates the planning 
of long-term investments. The complexity of these processes also negatively affects the 
effective transfer of pension funds to renewable energy investments (Kaya et al. 2024). 
Complex processes can delay investment decision-making. These delays may result in 
potential opportunities being missed (Baydaş et  al. 2024). This situation significantly 
reduces the competitive advantage of a business. Additionally, the five renewable energy 
investment alternatives are listed in Table 3.

Fig. 1  Proposed model details

Table 2  List of indicators

Indicators Codes

Effective risk management Risk

High return possibility Return

Sufficient incentives and subsidies Incentives

Effective regulatory compliance Regulatory

Complexity of the process Complexity
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Direct clean energy investments can play an important role in adapting pension 
funds to renewable energy projects. Clean energy projects offer sustainable returns. 
This situation provides investors with significant confidence (Qiu et al. 2024). How-
ever, clean energy projects provide effective risk management for pension funds that 
seek to diversify their portfolios. Clean energy funds can play an important role in 
adapting pension funds to renewable energy projects (Fan et  al. 2024). Teams that 
specialize in the sector typically manage clean energy funds. Pension funds can make 
better investment decisions using clean energy funds. Yieldcos can also be considered 
in the process of adapting pension funds for renewable energy projects (Kandpal et al. 
2024). Yieldcos focus on long-term fixed-income projects. This ensures safer cash flow 
in retirement funds. Green bonds are another investment tool that can also be used 
in this process. Green bonds are often used to encourage investments in environmen-
tally friendly projects. These products make it possible to invest in sustainable assets 
(Yiming et al. 2024). This supports businesses in implementing environment-friendly 
policies. Sustainable infrastructure can play an important role in adapting pension 
funds to renewable energy projects. Sustainable infrastructure projects generally 
have the potential for long-term stable returns (Mahmood et al. 2024). This provides 

Table 3  Renewable energy investment alternatives

Name

Direct investment in clean energy

Clean energy funds

Yieldcos

Green bonds

Sustainable infrastructure

Fig. 2  Conceptual framework
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pension funds with a significant competitive advantage. A graphical representation of 
the conceptual framework is shown in Fig. 2.

Expert evaluations and decision matrix construction

In this process, an expert team was formed with three people. Most decision-making 
models consider the evaluations of three experts are taken into consideration (Kou et al. 
2023a, b, c). The first expert is a professor of finance. He has numerous significant pub-
lications on pension funds and green energy finance. The other two are chief finance 
officers at international companies. They led many projects on investment decisions by 
pension funds. Evaluations were conducted by considering seven different scales accord-
ing to these decision makers. The evaluation results are presented in Table 4.

In the process of obtaining expert opinions, each investment alternative is evaluated 
at all criteria levels using the linguistic expressions in Table  1. In alternative criterion 
matching, experts match their opinions with linguistic terms using the created digital 
form. The results of the pairings are summarized in Table 4. The expert opinions were 
converted into the STPFYs in Table 1 and averaged using Eq. (2): Table 5 lists the deci-
sion matrices.

Weighting the criteria with sine trigonometric pythagorean fuzzy entropy

In the first stage of analysis, the criteria were weighted. Therefore, the average of 
the expert opinions was normalized using Eq. (3). All the criteria considered in this 

Table 4  Expert evaluations

Expert 1

Risk Return Incentives Regulatory Complexity

Direct investment VH ML L VL L

Clean energy funds H L ML VL VL

Yieldcos MH L VL VL ML

Green bonds VH MH MH H MH

Sustainable infrastructure H VL VL L L

Expert 2

Risk Return Incentives Regulatory Complexity

Direct investment VH L L L ML

Clean energy funds VH ML L VL L

Yieldcos H VL L VL L

Green bonds VH H H MH MH

Sustainable infrastructure H VL L VL VL

Expert 3

Risk Return Incentives Regulatory Complexity

Direct investment H ML VL VL L

Clean energy funds VH L VL L VL

Yieldcos H L L L VL

Green bonds VH MH H H H

Sustainable infrastructure H ML L L VL
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study are beneficial. The entropy values (E) are then calculated using Eq.  (4). The 
criteria weights are calculated using Eq.  (5). The entropy values and weights are 
listed in Table 6.

Table 6 indicates that the most important criterion is risk minimization, with the 
greatest weight (0.5969). Effective regulations are another important issue. Com-
plexity and returns are less important than others when making investment deci-
sions to renewable energy projects using pension funds. Risk is the most important 
criterion affecting the utilization of pension funds for clean energy investments. 
Many risks can be mentioned in investments in this field. Clean energy projects 
require advanced technologies (Zhang et  al. 2023a, b) and the personnel quali-
fied to use these technologies (Yüksel et al. 2023). Additionally, income from clean 
energy projects may vary according to seasonal fluctuations (Li et al. 2023). In addi-
tion, the payback period for clean energy investments can be long (Silva Neves et al. 
2023). Pension funds are financial instruments designed to provide financial secu-
rity to individuals during retirement (Chen et  al. 2023). Another important issue 
affecting the utilization of pension funds in clean energy projects is their complex-
ity. Although clean energy projects are important for sustainability, they have many 
complexities. Clean energy projects face technical challenges such as advanced 
technology and integration (Li et al. 2023). Moreover, high initial investment costs 
and existing legal factors can increase this complexity (Herenčić et  al. 2023). Risk 
management plays the most critical role in proper retirement fund management. 
Therefore, specific policies should be implemented. In this context, pension fund 
risks should be reviewed regularly. Therefore, a comprehensive evaluation should be 
conducted by applying different scenarios. However, technological investments must 
be increased to support the development of this process. Detailed data analysis can 
be performed, particularly with the application of new technologies. This allows for 
a more accurate risk prediction.

Table 5  Decision matrix

Risk Return Incentives Regulatory Complexity

Direct investment 0.9614 0.0177 0.4828 0.2967 0.3418 0.4140 0.2936 0.4611 0.4369 0.3320

Clean energy funds 0.9614 0.0177 0.4369 0.3320 0.4035 0.3699 0.2936 0.4611 0.2936 0.4611

Yieldcos 0.9054 0.0444 0.3418 0.4140 0.3418 0.4140 0.2936 0.4611 0.4035 0.3699

Green bonds 0.9724 0.0126 0.8821 0.0558 0.9054 0.0444 0.9054 0.0444 0.8821 0.0558

Sustainable infrastructure 0.9239 0.0353 0.3658 0.4120 0.3418 0.4140 0.3418 0.4140 0.2936 0.4611

Table 6  Entropy values and weights

Criteria E W Rank

Risk 0.1928 0.5969 1

Return 0.8707 0.0956 5

Incentives 0.8619 0.1021 3

Regulatory 0.8532 0.1085 2

Complexity 0.8691 0.0968 4
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Comparison of the weighting results with the sine trigonometric pythagorean fuzzy CRITIC

The weights obtained using the STPFY-entropy method were compared to those com-
puted using the STPFY-CRITIC method. For this purpose, the decision matrix shown 
in Table 3 is considered. The criteria weights are calculated using Eqs. (6)–(12). The 
comparative weighting results are shown in Fig. 3.

According to the comparison, the most and least important factors were similar. 
The results of both methods indicate that risk is the most important criterion and 
return is the least important indicator in this framework. This provides information 
on the coherence of the findings.

Ranking the investment alternatives with sine trigonometric pythagorean fuzzy RATGOS

In the second stage, the clean energy investment alternatives are ranked using the sine 
trigonometric Pythagorean fuzzy RATGOS method. The results are then compared 
with those of the sine trigonometric Pythagorean fuzzy TOPSIS method. The values in 
Table 5 are defuzzified using Eq. (6). For example, the difference between the squares of 
the two components of the first element of the matrix is considered. The other elements 
of the matrix were obtained in a similar manner. The optimal values of each column are 
then determined using Eqs. (13) and (14). Matrix N is calculated using Eqs. (15) and (16). 
The first value is equal to the result of (0.851/0.892). Matrix N is presented in Table 7.
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Fig. 3  Criteria weighting comparison

Table 7  Matrix N

Risk Return Incentives Regulatory Complexity

Direct investment 0.9538 − 0.6463 − 0.9057 − 1.0061 − 0.7783

Clean energy funds 0.9538 − 0.7783 − 0.7722 − 1.0061 − 1.1394

Yieldcos 0.7325 − 1.0256 − 0.9057 − 1.0061 − 0.8745

Green bonds 1.0000 1.0000 1.0000 1.0000 1.0000

Sustainable infrastructure 0.8031 − 0.9778 − 0.9057 − 0.9057 − 1.1394
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The weighted normalized matrix was obtained using Eq.  (17). Within this scope, 
the weights obtained using the sine trigonometric Pythagorean fuzzy entropy 
method are considered. The weighted normalized matrix is presented in Table 8.

The G values are then calculated using Eq. (18). The G values and rankings of the 
alternatives are listed in Table 9.

Table  9 demonstrates that the most suitable alternative is green bonds because 
they have the greatest G value. However, Yieldcos and direct investments rank last.

Table 8  Weighted normalized matrix

Risk Return Incentives Regulatory Complexity

Direct investment 0.5693 − 0.0618 − 0.0925 − 0.1092 − 0.0753

Clean energy funds 0.5693 − 0.0744 − 0.0788 − 0.1092 − 0.1103

Yieldcos 0.4373 − 0.0981 − 0.0925 − 0.1092 − 0.0846

Green bonds 0.5969 0.0956 0.1021 0.1085 0.0968

Sustainable infrastructure 0.4794 − 0.0935 − 0.0925 − 0.0983 − 0.1103

Table 9  G values and ranking results

Alternatives G values Ranking 
results

Direct Investment 0.1218 5

Clean Energy Funds 0.1321 3

Yieldcos 0.1297 4

Green Bonds 0.1437 1

Sustainable Infrastructure 0.1351 2
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Comparison of the results with the sine trigonometric pythagorean fuzzy TOPSIS

The ranks obtained using the sine trigonometric Pythagorean fuzzy RATGOS method 
are compared with those computed using the sine trigonometric Pythagorean fuzzy 
TOPSIS method. In this context, the decision matrix presented in Table  5 is used. 
The alternative ranks are calculated using Eqs. (19)–(28). The comparative results are 
depicted in Fig. 4.

According to the comparison, the results of the two methods were similar. Thus, 
the proposed model generates coherent and reliable results. Therefore, it is impor-
tant to invest in clean energy projects. This study identifies several important factors 
affecting the utilization of pension funds in clean energy investments. However, green 
bonds should be prioritized for the effective use of pension funds for clean energy 
investments. Green bonds are available to finance environmentally friendly and sus-
tainable projects (Feng et  al. 2023). In addition, greenbond investors receive emo-
tional satisfaction from supporting environment-friendly projects. Wang et al. (2023) 
determined that the use of green bonds increased the use of wind and hydroenergy in 
OECD countries. Zhang and Umair (2023) found significant dynamic spillover effects 
between green bonds and renewable energy stocks. Green bonds have been identi-
fied as an important alternative for sustainable investments and risk management of 
pension funds. In this context, we present policy recommendations for the proper 
management of pension funds using green bonds. In this context, the awareness of 
the benefits of green bonds must increase. For this purpose, training should be organ-
ized for the public. Similarly, standards for green bonds must be established. Based 
on these standards, the efficiency of the process can be increased. Government incen-
tives and tax reductions are vital for this process. These incentives can help in the 
development of green bonds, as they contribute to reducing costs.

When comparing the results of the RATGOS and TOPSIS methods, the weights 
of the CRITIC and Entropy methods were considered separately. In other words, the 
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analyses are repeated using a combination of weighting and ranking methods. The 
results are shown in Fig. 5. The results obtained are similar.

Sensitivity analysis

In addition to comparing the results of the two methods, a sensitivity analysis was per-
formed to ensure consistency. At this stage, the effects of small changes in the criteria 
weights on the alternatives is examined. Based on the weights listed in Table  6, new 
weights are obtained via simulation. The values obtained for entropy are used as the 
average of the weights in the simulation. New rankings are obtained by repeating the 
RATGOS steps with new weights. Unlike the weights in the first stage of the study, 10 
different situations are considered, and the alternatives are ranked. The results of the 
RATGOS method for ten different scenarios are presented in Fig. 6.

Figure 6 indicates no change in the ranking of the alternatives according to the differ-
ent weights. That is, minimal changes in the criterion weights do not affect the order of 
the investment alternatives. According to the sensitivity analysis, the priority of invest-
ment alternatives is consistent.

Discussion and policy implications
According to the weighting results, the risk factors are important for these investments, 
which are discussed in the literature. For example, Wang and Chang (2023) stated that risk 
factors affect clean energy investment. Alsagr (2023) identified that financial risk should be 
reduced to increase investments in this field. Abbas et al. (2023) stated that risk should be 
minimized for further investment in renewable resources. Zhang et al. (2023a, b) conclude 
that seasonal risks affect clean energy investments. Merrifield and Fowler (2023) and Saqib 
and Dincă (2023) emphasized the importance of legal regulations and government support 
in clean energy investments. Market fluctuations and political uncertainties further compli-
cate these investments (Ahmed et al. 2023). Several studies highlighted the importance of 
this issue. For example, Abou Houran and Mehmood (2023) mentioned that the complexity 
of investments negatively affects performance. Fang (2023) emphasized that the complexity 
of investments has a negative impact on investment. Belaïd et al. (2023) found that complex 
situations affect investments. Hong et al. (2023) found that the return on investment is an 
important criterion affecting energy investment processes.

Green bonds are the best investment alternative for transferring retirement funds to 
clean energy projects. In this context, countries can implement measures to popularize and 
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increase their green bonds. In this context, green bond standards must first be determined. 
Green bonds issued in accordance with these standards can attract investors’ attention. On 
the other hand, effective campaigns should be organized to promote green bonds to inves-
tors. This contributes to a significant increase in the demand for green bonds. In addition, 
government support for increasing green bonds is of great importance. In this context, tax 
reductions can significantly increase issuances of these bonds. Moreover, institutions issuing 
green bonds should inform investors about environment-friendly projects. Thus, investors 
can better understand the positive environmental effects of these projects, which can facili-
tate the development of green bonds.

Conclusion
This study conducts a priority analysis of the determinants of investing in renewable energy 
projects using pension funds. This study constructs a novel fuzzy decision-making model. 
First, five indicators for this process are weighted using an entropy methodology based on 
sine trigonometric Pythagorean fuzzy sets. The CRITIC methodology is also considered 
to make a comparative evaluation. Second, five different clean energy investment alterna-
tives for pension funds are ranked using the RATGOS methodology. Similarly, this analysis 
was performed by considering the TOPSIS technique to check the reliability of the ranking 
results. The most important criterion is risk minimization, which has the greatest weight. 
Effective regulations are another significant issue. According to the comparison results with 
the sine trigonometric Pythagorean fuzzy CRITIC, the results of the two methods are simi-
lar. Furthermore, the ranking results indicate that the most suitable renewable energy alter-
native is green bonds. A comparison with the sine trigonometric Pythagorean fuzzy TOPSIS 
show that the proposed model generates coherent and reliable results.

The novelty of this study is that it presents more significant indicators for renewable 
energy investment decisions by pension funds. Therefore, this study’s findings pave the way 
for investors to make investment decisions under these circumstances. Furthermore, the 
main methodological contribution of this study is the proposal of the RATGOS technique 
as a multi-criteria decision-making model. To overcome the criticisms of similar ranking 
techniques, the RATGOS methodology is created while considering the geometric mean in 
the analysis process. In this study, only pension funds were considered in renewable energy 
investment decisions. This situation can be considered the main limitation of this evaluation. 
Different financial instruments can be considered in subsequent studies. On the other hand, 
the proposed model has some limitations. For instance, the weights of the different experts 
were assumed to be equal. However, the qualifications of these individuals may differ accord-
ing to demographic factors. Therefore, in future studies, a novel model should be constructed 
to calculate the significance weights of experts according to their classifications. This situa-
tion facilitates more effective evaluations. Additionally, the CRITIC technique was used to 
weigh the criteria. However, the main limitation of this technique is that the causal directions 
among the indicators cannot be considered. Thus, for future evaluations, the M-SWARA or 
DEMATEL techniques can be used to generate an impact relation map of the items.

Appendix
See Table 10.



Page 21 of 24Yüksel et al. Financial Innovation           (2025) 11:18 	

Abbreviations
CRITIC	� Criteria Importance Through Intercriteria Correlation
RATGOS	� Ranking Technique by Geometric Mean of Similarity Ratio to Optimal Solution
TOPSIS	� Technique for Order Preference by Similarity to Ideal Solution

Acknowledgements
Not applicable

Author contributions
SY participated in the design of the study, performed the statistical analysis and helped to draft the manuscript. SE 
participated in the design of the study and performed the statistical analysis. HD participated in the design of the study 
and performed the statistical analysis. HM conceived of the study and participated in its design and coordination and 
helped to draft the manuscript. MU conceived of the study and participated in its design and coordination and helped 
to draft the manuscript. YG conceived of the study and participated in its design and coordination and helped to draft 
the manuscript. All authors read and approved the final manuscript.

Funding
There is no funding.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 27 August 2023   Accepted: 11 November 2024

References
Abbas J, Wang L, Belgacem SB, Pawar PS, Najam H, Abbas J (2023) Investment in renewable energy and electricity output: 

role of green finance, environmental tax, and geopolitical risk: empirical evidence from China. Energy 269:126683
Abou Houran M, Mehmood U (2023) How institutional quality and renewable energy interact with ecological footprints: 

do the human capital and economic complexity matter in the Next Eleven nations?. Environ Sci Pollut Res 1–13

Table 10  Literature review results

Studies Main conclusion

Gutierrez et al. (2019) the funds’ risk-return profile plays a key role while making investments 
by using pension fundsKul et al. (2020)

Martí-Ballester (2020)

Sendstad et al. (2022)

Peksevim and Ercan (2023)

Sun et al. (2023) Compliance with legal regulations is one of the investors’ most impor-
tant evaluation criteriaFiori Maccioni (2023)

Defau and De Moor (2021)

Taghizadeh-Hesary and Yoshino (2020) Investing in clean energy presents opportunities for pension funds to 
diversify their assets and generate long-term returnsBinkley et al. (2020)

Sartzetakis (2021)

Polzin and Sanders (2020)

Seran et al. (2023)

Sangiorgi and Schopohl (2021)

Mastrogiacomo et al. (2023) Sustainable infrastructure investments allow pension funds to diversify 
their clean energy investment portfoliosSengupta et al. (2018)

Fragnière et al. (2023)

Andersen and Dreyer (2023)



Page 22 of 24Yüksel et al. Financial Innovation           (2025) 11:18 

Aburto Barrera LI, Wagner J (2023) A systematic literature review on sustainability issues along the value chain in insur-
ance companies and pension funds. Eur Actuarial J 1–49

Ahmed AB, Musonda I, Pretorius JHC (2023) Dynamics of PPP investment in energy and country governance: evidence 
from Sub-Saharan Africa. Built Environ Project Asset Manag 13(1):172–184

Ai R, Zheng Y, Yüksel S, Dinçer H (2023) Investigating the components of fintech ecosystem for distributed energy invest-
ments with an integrated quantum spherical decision support system. Financial Innovation 9(1):27

Akram M, Shahzadi G, Davvaz B (2023) Decision-making model for internet finance soft power and sportswear brands 
based on sine-trigonometric Fermatean fuzzy information. Soft Comput 27(4):1971–1983

Alsagr N (2023) Financial efficiency and its impact on renewable energy investment: empirical evidence from advanced 
and emerging economies. J Clean Prod 401:136738

Andersen JFG, Dreyer JK (2023) The integration of ESG ratings in Danish pension funds: interviews with pension fund 
managers. Measuring sustainability and CSR: from reporting to decision-making. Springer, Cham, pp 209–221

Balsalobre-Lorente D, Abbas J, He C, Pilař L, Shah SAR (2023) Tourism, urbanization and natural resources rents matter 
for environmental sustainability: the leading role of AI and ICT on sustainable development goals in the digital era. 
Resour Policy 82:103445

Baydaş M, Yılmaz M, Jović Ž, Stević Ž, Özuyar SEG, Özçil A (2024) A comprehensive MCDM assessment for economic data: 
success analysis of maximum normalization, CODAS, and fuzzy approaches. Financ Innov 10(1):105

Belaïd F, Al-Sarihi A, Al-Mestneer R (2023) Balancing climate mitigation and energy security goals amid converging global 
energy crises: the role of green investments. Renew Energy 205:534–542

Binkley CS, Stewart F, Power S (2020) Pension fund investment in forestry. Equitable growth, finance and institutions 
insight. World Bank, Washington, DC

Bonizzi B, Churchill J, Kaltenbrunner A (2023) UK pension funds’ patience and liquidity in the age of market-based 
finance. New Political Econ 1–19

Bouteska A, Sharif T, Abedin MZ, Ghouli-Oueslati J (2023) Relocating investments by Tunisian insurance and pension 
funds towards alternative assets opportunities. J Policy Model

Carayannis E, Kostis P, Dinçer H, Yüksel S (2023) Quality function deployment-oriented strategic outlook to sustainable 
energy policies based on quintuple innovation helix. J Knowl Econ 1–19

Chen Z, Li Z, Zeng Y (2023) Portfolio choice with illiquid asset for a loss-averse pension fund investor. Insurance Math 
Econ 108:60–83

Cheng C, Dong K, Wang Z, Liu S, Jurasz J, Zhang H (2023) Rethinking the evaluation of solar photovoltaic projects under 
YieldCo mode: a real option perspective. Appl Energy 336:120839

da Silva Neves MV, Szklo A, Schaeffer R (2023) Fossil fuel facilities exergy return for a frontier of analysis incorporating CO2 
capture: the case of a coal power plant. Energy 128541

de Oliveira BR, Queiroz Duarte MA, Zuffo AM, Steiner F, González Aguilera J, Filgueiras Dutra A, Caviedes Contreras W 
(2024) Selection of forage grasses for cultivation under water-limited conditions using Manhattan distance and 
TOPSIS. PLoS ONE 19(1):e0292076

Defau L, De Moor L (2021) The investment behaviour of pension funds in alternative assets: Interest rates and portfolio 
diversification. Int J Financ Econ 26(1):1424–1434

Dinçer H, Eti S, Yüksel S, Özdemir S, Yílmaz AE, Ergün E (2023) Integrating data mining and fuzzy decision-making tech-
niques for analyzing the key minimizing factors of carbon emissions. J Intell Fuzzy Syst 1–17 (preprint)

Erdebilli B, Gecer E, Yılmaz İ, Aksoy T, Hacıoglu U, Dinçer H, Yüksel S (2023) Q-ROF fuzzy TOPSIS and VIKOR methods for the 
selection of sustainable private health insurance policies. Sustainability 15(12):9229

Fan GF, Zhang RT, Cao CC, Peng LL, Yeh YH, Hong WC (2024) The volatility mechanism and intelligent fusion forecast of 
new energy stock prices. Financ Innov 10(1):84

Fang Z (2023) Assessing the impact of renewable energy investment, green technology innovation, and industrialization 
on sustainable development: a case study of China. Renew Energy 205:772–782

Feng Y, Xiao Z, Zhou J, Ni G (2023) Asymmetrically examining the impact of green finance and renewable energy con-
sumption on environmental degradation and renewable energy investment: the impact of the COVID-19 outbreak 
on the Chinese economy. Energy Rep 9:5458–5472

Fiori Maccioni A (2023) A stochastic markov chain for estimating new entrants into professional pension funds. J Risk 
Financ Manag 16(5):276

Fragnière E, Fischer P, Rrustemi J, Tuchschmid N, Guillot O (2023) Identification of qualitative weak signals coming from 
asset management working practices to feed forward-looking investment pension funds models. In: Education, 
research and business technologies: proceedings of 21st international conference on informatics in economy (IE 
2022). Springer, Singapore, pp 81–91

Garg H, Ullah K, Ali K, Akram M, Abid MN (2023) Multi-attribute decision-making based on sine trigonometric aggrega-
tion operators for T-spherical fuzzy information. Soft Comput 1–15

Goswami SS, Behera DK, Afzal A, Razak Kaladgi A, Khan SA, Rajendran P, Asif M (2021) Analysis of a robot selection prob-
lem using two newly developed hybrid MCDM models of TOPSIS-ARAS and COPRAS-ARAS. Symmetry 13(8):1331

Goswami SS, Behera DK, Mitra S, Saleel CA, Saleh B, Razak A, Ketema A (2022) Development of entropy embedded 
COPRAS-ARAS hybrid MCDM model for optimizing EDM parameters while machining high carbon chromium steel 
plate. Adv Mech Eng 14(10):1

Gutierrez T, Pagnoncelli B, Valladão D, Cifuentes A (2019) Can asset allocation limits determine portfolio risk–return pro-
files in DC pension schemes? Insurance Math Econ 86:134–144

Harrison R, Parada-Contzen M, Villena M (2023) Can auctions increase competition in the pension funds market? The 
Chilean experience. J Policy Model

Herenčić L, Capuder T, Kirac M, Čačić G (2023) Collective citizen energy investment models for solar power: case study 
croatia. In: 2023 International conference on future energy solutions (FES). IEEE, pp 1–6

Hong S, Kim E, Jeong S (2023) Evaluating the sustainability of the hydrogen economy using multi-criteria decision-mak-
ing analysis in Korea. Renew Energy 204:485–492



Page 23 of 24Yüksel et al. Financial Innovation           (2025) 11:18 	

Imran M, Khan MK, Alam S, Wahab S, Tufail M, Jijian Z (2024) The implications of the ecological footprint and renewable 
energy usage on the financial stability of South Asian countries. Financ Innov 10(1):102

IRENA (2020) Mobilising institutional capital for renewable energy, International Renewable Energy Agency, Abu Dhabi
Jiang Y, Guo Y, Bashir MF, Shahbaz M (2024) Do renewable energy, environmental regulations and green innovation mat-

ter for China’s zero carbon transition: evidence from green total factor productivity. J Environ Manag 352:120030
Kandpal V, Jaswal A, Santibanez Gonzalez ED, Agarwal N (2024) Energy efficiency and renewable energy technologies. In: 

Sustainable energy transition: circular economy and sustainable financing for environmental, social and governance 
(ESG) practices. Springer, Cham, pp 89–123

Kaya A, Pamucar D, Gürler HE, Ozcalici M (2024) Determining the financial performance of the firms in the Borsa Istanbul 
sustainability index: integrating multi criteria decision making methods with simulation. Financ Innov 10(1):21

Kou G, Dinçer H, Yüksel S, Alotaibi FS (2023b) Imputed expert decision recommendation system for QFD-based 
omnichannel strategy selection for financial services. Int J Inf Technol Decision Making 2330003

Kou G, Dinçer H, Yüksel S, Deveci M (2023b) Synergistic integration of digital twins and sustainable industrial internet of 
things for new generation energy investments. J Adv Res

Kou G, Pamucar D, Dinçer H, Yüksel S (2023c) From risks to rewards: a comprehensive guide to sustainable investment 
decisions in renewable energy using a hybrid facial expression-based fuzzy decision-making approach. Appl Soft 
Comput 142:110365

Kou G, Pamucar D, Dinçer H, Deveci M, Yüksel S, Umar M (2023a) Perception and expression-based dual expert decision-
making approach to information sciences with integrated quantum fuzzy modelling for renewable energy project 
selection. Inf Sci 120073

Kou G, Yüksel S, Dinçer H (2022) Inventive problem-solving map of innovative carbon emission strategies for solar 
energy-based transportation investment projects. Appl Energy 311:118680

Kou G, Yüksel S, Dinçer HA, Hefni M (2023c) Integrated approach for sustainable development and investment goals: 
analyzing environmental issues in European economies. Ann Oper Res 1–47

Kul C, Zhang L, Solangi YA (2020) Assessing the renewable energy investment risk factors for sustainable development in 
Turkey. J Clean Prod 276:124164

Li N, Cao Y, Wu J, Zhang T, Zou X, Ma X, Wu P (2023) Environmental adaptability and energy investment strategy of dif-
ferent cunninghamia lanceolata clones based on leaf calorific value and construction cost characteristics. Plants 
12(14):2723

Li W, Yüksel S, Dinçer H (2022) Understanding the financial innovation priorities for renewable energy investors via QFD-
based picture fuzzy and rough numbers. Financ Innov 8(1):1–30

Liu W, Shen Y, Razzaq A (2023) How renewable energy investment, environmental regulations, and financial develop-
ment derive renewable energy transition: Evidence from G7 countries. Renew Energy 206:1188–1197

Ma QX, Zhu XM, Bai KY, Zhang RT, Liu DW (2023) A novel failure mode and effect analysis method with spherical fuzzy 
entropy and spherical fuzzy weight correlation coefficient. Eng Appl Artif Intell 122:106163

Mahmood S, Misra P, Sun H, Luqman A, Papa A (2024) Sustainable infrastructure, energy projects, and economic growth: 
mediating role of sustainable supply chain management. Ann Oper Res 1–32

Martí-Ballester CP (2020) Examining the financial performance of pension funds focused on sectors related to sustainable 
development goals. Int J Sust Dev World 27(2):179–191

Martínez L, Dinçer H, Yüksel S (2023) A hybrid decision making approach for new service development process of renew-
able energy investment. Appl Soft Comput 133:109897

Mastrogiacomo M, Dillingh R, Li Y (2023) The displacement effect of compulsory pension savings on private savings. 
Evidence from the Netherlands, using pension funds supervisory data. J Econ Ageing 100473

Merrifield JS, Fowler S (2023) Promoting fusion development through financial policies: an examination of how clean 
energy investment policies can better incentivize fusion investment and support development and deployment of 
fusion technology. J Fusion Energy 42(2):26

Miralles-Quirós JL, Miralles-Quirós MM (2024) Factor models and investment strategies in the renewable energy sector. 
Energy Economics 132:107483

Moiseev N, Mikhaylov A, Dinçer H, Yüksel S (2023) Market capitalization shock effects on open innovation models in 
e-commerce: golden cut q-rung orthopair fuzzy multicriteria decision-making analysis. Financ Innov 9(1):55

OECD (2023) Pension Markets in Focus 2022. www.​oecd.​org/​finan​ce/​pensi​onmar​ketsi​nfocus.​htm.
Oflaz F, Yüksel S, Dinçer H, Eti S (2023) A novel fuzzy decision-making methodology for ranking energy storage invest-

ments in emerging economies. Decision Anal J 9:100345
Patel A, Jana S, Mahanta J (2023) Intuitionistic fuzzy EM-SWARA-TOPSIS approach based on new distance measure to 

assess the medical waste treatment techniques. Appl Soft Comput 110521
Peksevim S, Ercan M (2023) Do pension funds provide financial stability? Evidence from European Union countries. J 

Financ Serv Res 1–32
Polzin F, Sanders M (2020) How to finance the transition to low-carbon energy in Europe? Energy Policy 147:111863
Qian J, Wang T, Jiang H, Yu Y, Miao D (2023) A TOPSIS method based on sequential three-way decision. Appl Intell 1–16
Qiu W, Bian Y, Ren S, Chai J, Gao S, Wu H (2024) Research on the impact of industry–finance cooperation on green total 

factor productivity from the perspective of indirect financing. J Innov Knowl 9(1):100470
Sangiorgi I, Schopohl L (2021) Why do institutional investors buy green bonds: evidence from a survey of European asset 

managers. Int Rev Financ Anal 75:101738
Saqib N, Dincă G (2023) Exploring the asymmetric impact of economic complexity, FDI, and green technology on carbon 

emissions: policy stringency for clean-energy investing countries. Geosci Front 101671
Sartzetakis ES (2021) Green bonds as an instrument to finance low carbon transition. Econ Chang Restruct 54(3):755–779
Sendstad LH, Hagspiel V, Mikkelsen WJ, Ravndal R, Tveitstøl M (2022) The impact of subsidy retraction on European 

renewable energy investments. Energy Policy 160:112675
Sengupta RR, Hebb T, Mustafa H (2018) Seeking greener pastures: exploring the impact for investors of ESG integration in 

the infrastructure asset class. In: Designing a sustainable financial system: development goals and socio-ecological 
responsibility, pp 89–113

http://www.oecd.org/finance/pensionmarketsinfocus.htm


Page 24 of 24Yüksel et al. Financial Innovation           (2025) 11:18 

Seran P, Sucahyo US, Atahau ADR, Supramono S (2023) The efficiency of indonesian pension funds: a two-stage additive 
network DEA approach. Int J Financ Stud 11(1):28

Shu H, Li W, Wang G, Han Y, Li J, Tang Y (2024) Online collaborative estimation technology for SOC and SOH of frequency 
regulation of a lead-carbon battery in a power system with a high proportion of renewable energy. Protect Control 
Modern Power Syst 9(1):52–64

Sun Y, Wu Y, De G (2023) A novel black-litterman model with time-varying covariance for optimal asset allocation of pen-
sion funds. Mathematics 11(6):1476

Taghizadeh-Hesary F, Yoshino N (2020) Sustainable solutions for green financing and investment in renewable energy 
projects. Energies 13(4):788

Ustaoglu E (2024) Extreme return connectedness between renewable energy tokens and renewable energy stock mar-
kets: evidence from a quantile-based analysis. Environ Sci Pollut Res 31(4):5086–5099

Wang KH, Wen CP, Liu HW, Liu L (2023) Promotion or hindrance? Exploring the bidirectional causality between geopoliti-
cal risk and green bonds from an energy perspective. Resour Policy 85:103966

Wang S, Abbas J, Al-Sulati KI, Shah SAR (2024) The impact of economic corridor and tourism on local community’s quality 
of life under one belt one road context. Eval Rev 48(2):312–345

Wang Y, Chang CP (2023) The effect of policy stability on clean energy investment. Econ Chang Restruct 56(1):327–344
Xiaobao P, Jian W, Yuhui C, Ali S, Qijun X (2024) Does the carbon emission trading pilot policy promote green innovation 

cooperation? Evidence from a quasi-natural experiment in China. Financ Innov 10(1):14
Xu L, Feng K, Lin N, Perera ATD, Poor HV, Xie L, O’Malley M (2024) Resilience of renewable power systems under climate 

risks. Nat Rev Electr Eng 1(1):53–66
Yang JY, Dodge J (2024) Local energy transitions as process: how contract management problems stymie a city’s sustain-

able transition to renewable energy. Energy Policy 184:113893
Yiming W, Xun L, Umair M, Aizhan A (2024) COVID-19 and the transformation of emerging economies: financialization, 

green bonds, and stock market volatility. Resour Policy 92:104963
Yüksel S, Çağlayan Ç, Mikhaylov A (2023) The importance of having nuclear power technologies for sustainable energy 

development. In: Economic development and the environmental ecosystem: the role of energy policy in economic 
growth. Springer, Cham, pp 25–34

Zhang H, Wei G (2023) Location selection of electric vehicles charging stations by using the spherical fuzzy CPT–CoCoSo 
and D-CRITIC method. Comput Appl Math 42(1):60

Zhang H, Hong H, Ding S (2023) The role of climate policy uncertainty on the long-term correlation between crude oil 
and clean energy. Energy 128529

Zhang X, Liu F, Wang H, Nazir R (2023b) Influence of ecological innovation and green energy investment on unemploy-
ment in China: evidence from advanced quantile approach. Econ Res 36(2):2125034

Zhang Y, Umair M (2023) Examining the interconnectedness of green finance: an analysis of dynamic spillover effects 
among green bonds, renewable energy, and carbon markets. Environ Sci Pollut Res 1–17

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	A novel fuzzy decision-making approach to pension fund investments in renewable energy
	Abstract 
	Introduction
	Literature review
	Proposed methodology
	Sine trigonometric pythagorean fuzzy entropy
	STPYF CRITIC
	STPYF RATGOS
	STPYF TOPSIS

	Analysis results
	Definition of criteria and alternatives
	Expert evaluations and decision matrix construction
	Weighting the criteria with sine trigonometric pythagorean fuzzy entropy
	Comparison of the weighting results with the sine trigonometric pythagorean fuzzy CRITIC
	Ranking the investment alternatives with sine trigonometric pythagorean fuzzy RATGOS
	Comparison of the results with the sine trigonometric pythagorean fuzzy TOPSIS
	Sensitivity analysis

	Discussion and policy implications
	Conclusion
	Appendix
	Acknowledgements
	References


