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Abstract: With respect to decision making by companies, normative approaches such as the net
present value (NPV) method are widely applied, even though it is known that investors may make
non-normative decisions. This study aimed to obtain new information on the decision-making
behavior of renewable energy (RE) companies under uncertainty in the energy market, which is not
provided by the conventional normative approach. In this study, we designed a novel framework
that expressed both normative and non-normative perspectives of decision making, and developed
a behavioral decision-making model of a power generation company investing in large-scale RE
(RE company). We also examined the decisions of the RE company under uncertainty in the energy
market using the developed model, considering the Kansai region in Japan as an example study
area. As a result, compared to the conventional NPV method, we obtained the following information:
(i) heavy investments in either photovoltaics (PV) or wind resulted in decreased variable renewable
energy (VRE) capacity, even though financial support was sufficient; (ii) balanced investments in
both PV and wind yielded a larger VRE capacity in cases where financial support was sufficient; and
(iii) co-worker’s suggestions that lowered the decision-makers’ reference point (RFP) encouraged
VRE investments despite insufficient financial support.

Keywords: renewable energy; energy transition; decision making by companies; behavioral decision

1. Introduction
1.1. Background

The transition from fossil fuels as the dominant source of energy to an era of clean
and renewable energy (RE) is anticipated around the world. Although the endpoint of a
renewable energy system with the elimination of fossil fuels is theoretically clear, during
the transition period, power generation companies need to make the decision to invest
(or not) in large-scale RE considering various uncertainties such as the level and duration
of financial support for RE, fuel price trends, electricity demand, and the strategies of
competitors. Given such uncertainties, power generation companies will follow different
strategies based on their management culture, history, and interpretation of the information
at hand. The elucidation of how uncertainties affect the investment decisions of power
generation companies with regards to RE under different government energy and economic
policies to encourage the introduction of large-scale RE is important for the continuous
improvement of policy measures.

1.2. Literature Review

In the field of decision making, especially under uncertainty, approaches are typically
categorized as either normative, prescriptive, or descriptive [1,2], as summarized in Table 1.
The normative approach focuses on rational decision making and deductive discussions
based on mathematical models. The net present value (NPV) method is widely applied
in decision making in the case of company investments [3,4]. Though the NPV method is
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regarded as an effective measure for the evaluation of the advantages and disadvantages
of investments under defined financial conditions [5], companies often do not make in-
vestment decisions even if the expected NPV of the investments is positive [6], especially
in cases of capital investments under uncertainty, as these decisions are irreversible. The
practical investment behavior of companies may therefore differ from their investment
criterion under the conventional NPV approach. To explain this variation, the “value of
the option of waiting to invest” has been introduced [7]; if the value of an option to wait
is greater than that of the expected NPV of the investment at the current time, then the
investment will be postponed. The application of such “real options” approaches became
one of the major discussions in decision making regarding investments under uncertainty,
including in power generation investment studies [8]. In the real options approach, de-
cision makers have flexible investment options, and the value of options is evaluated
via methods developed for finance such as the binominal model and the Black–Scholes
model, in addition to traditional NPV approaches [7,9]. As shown by Kaslow and Pindyck,
some electric utility companies are known to have applied real options when they made
investment decisions under uncertainty [10]. Several studies have since used real options
to evaluate investment in RE [11–15], nuclear [16], and thermal power plants [17]. These
studies showed the effectiveness of flexibility for decision makers during decision making
on investments under uncertainty. However, as real options still rely on traditional NPV
approaches, the problem of previous studies is retained, in the assumption that the decision
makers are supposed to make rational investment decisions. Thus, the question of whether
power generation companies actually always make rational decisions persists.

The prescriptive approach supports decision makers to make rational decisions on a
particular issue, and is sometimes regarded as a sub-category of the normative approach [1].
Multi-criteria Decision Making (MCDM) is representative of this approach, and some
methods of MCDM have been applied to studies of decision making for RE investment. For
example, several studies proposed supporting methods to select options for RE investment
with the analytic hierarchy process (AHP) [18–21]. The AHP is one of the well-known
MCDM methods to support organizing and analyzing complex decisions by quantifying
the weights of decision criteria based on a structured technique [22]. Similarly, Hahn [23]
demonstrated guidance of decision-making priorities for private entities in energy sustain-
ability planning based on multi-attribute utility theory (MAUT), in which the total scores
for alternatives were determined by the weighted utility scores for individual attributes.
Although the prescriptive approach has prompted much research interest [1], this approach
has the same issue as the normative approach, i.e., it does not sufficiently describe people’s
or companies’ decisions in reality.

Here, it is important to discuss people’s and companies’ real decisions in society con-
sidering the non-normative perspective. As Hodgkinson et al. [24] found from experiments,
positively framed decision scenarios for business investment led to different decisions
when compared with negatively framed decision scenarios, even though the same value
of income was expected from the business. Such framing bias is likely to be an important
factor in decision making under uncertainty [24]. In addition, rational analysis was found
to be insufficient, while behavioral aspects were necessary to explain RE diffusion. Masini
and Menichetti, through a questionnaire survey, found that decisions of RE investors were
sensitive to personal beliefs regarding technical adequacy and institutional pressures from
peers [25,26]. Salm et al. showed that investors occasionally relied on their “gut feeling” in
RE investments [27]. West et al. analyzed the influence of cultural and ideological identities
in RE investments using a focus group approach with cultural theory, taking an example of
the South West UK, developing deeper understandings of how individuals’ worldviews
can inform opinions and behavior in relation to RE [28]. These studies indicate that the
decisions made by RE investors, in reality, are not always normative, but are sometimes
subjective, especially under uncertainty. As stated above, the conventional NPV approach
is one useful method of evaluating the investments by a company, and the real options and
prescriptive approach may compensate for the demerits of the NPV approach for decision
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making under uncertainty. However, these normative approaches do not express the non-
normative perspectives of the decision makers, such as influences from personal beliefs,
co-workers, and competitors, even though their importance has been recognized [25,26].

As contrasted with the normative and prescriptive approaches, the descriptive ap-
proach focuses on clarifying or modeling how people make decisions in reality, including
the non-normative perspective of decision makers [1]. Prospect theory, which was de-
veloped by Kahneman and Tversky based on behavioral economics, is representative of
the descriptive approach. The theory claims that preferences of decision makers in real-
ity are reference dependent and exhibit loss aversion, and probabilities are subjectively
weighted from the non-normative decision making point of view [29,30]. Some studies
have applied prospect theory to the field of energy investment. Klein et al. analyzed
household investment in solar photovoltaics in Germany based on prospect theory [31].
Heutel examined individuals’ behavior and its impacts on investments in energy saving
in the US and suggested that the impact of prospect theory on a policy may be substan-
tial [32]. Although these studies considered non-normative decisions, they did not focus
on the company’s decision making for RE investments. Other studies have focused on
behavioral decisions for RE investments, including non-normative aspects of people’s
and company’s decisions. However, these studies are mostly based on the analysis of
questionnaire surveys or qualitative analysis [25–28]. As stated above, previous studies
have not attempted to quantify the values of RE investments from both normative and
non-normative perspectives, particularly regarding the decision-making process of power
generation companies to invest in large-scale RE (“RE companies” hereafter). Therefore,
we infer that conventional normative and prescriptive approaches will be insufficient when
governments formulate future policies and design mechanisms for the large-scale introduc-
tion of RE under uncertainty, and that a new approach that quantifies the non-normative
decisions of RE companies is therefore necessary. In this study, focusing on the fact that
non-normative perspectives influence decisions of RE investment in addition to normative
perspectives, we designed a novel framework that incorporates both the normative and
non-normative decision-making perspectives of RE companies to describe the investment
behavior observed in reality, which the conventional normative approach overlooks. Based
on this framework, we developed a quantitative decision-making model for an RE company.
In addition, we defined various uncertainties that the RE company faces, including the
power variation of variable renewable energy (VRE) and strategies of competitors and
future policies. This study aimed to obtain novel information on the decision-making
behavior of RE companies under uncertainty in the energy market, which is not yielded by
the conventional normative approach. The Kansai region in Japan was used as the case
study area, which is one of the most populous regions in Japan and is expected to install
large-scale VRE in the next 30 years, for which there is sufficient and reliable data for the
current study [33].

It should be noted that this field is not settled with regards to the extent and causal
strengths of different parameters and influences. There are therefore a number of challenges
to undertaking a quantitative evaluation of this sort, and in obtaining meaningful and
useful outputs. Primarily, there is a high level of uncertainty when considering the reaction
of specific individuals within a company, given a theoretical decision to be made under
uncertainty. It could be argued that, in order to accurately model the decisions of a single
individual, they would need to be monitored over a period of years, making a variety of
decisions, within a relatively consistent company context. This is not possible here. The
model described below integrates a number of approaches, each of which bring some
uncertainty to the results. In addition, the inputs themselves are representative values
or representative decision-making patterns, about which there is uncertainty. Although
we do not claim to produce an absolute model that can definitively define this field, we
have utilized sensitivity analysis with regards to the main parameters and inputs, in
order to evaluate the model behavior and the changes of results in response to alternative
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inputs. We argue that these results can provide further information to support quantitative
decision-making modeling for companies under uncertainty.

Table 1. Summary of approaches to decision-making in the field of energy investment.

Item Normative Prescriptive Descriptive

Perspective [1] How “rational” people
should make decisions.

How less rational people,
who aspire to rationality,
might do better.

How people make
decisions.

Focused
disciplines

Economics
(Microeconomics,
Game theory)

Business administration,
Engineering

Psychology,
Behavioral economics

Typical
theories/methods

NPV method, IRR method,
Expected utility theory,
Real options

Operations research
(Multi-criteria Decision
Making (MCDM), etc.)
Management science

Prospect theory
Regret theory
Questionnaire surveys

Application to
decision making
for energy
investment

Real options [11–14]

Analytic hierarchy process
(AHP) [18–21]
Multi-attribute Utility
Theory (MAUT) [23]

Qualitative
questionnaire surveys and
qualitative analysis [25–28]

Quantitative
PV investments of
households [31]
Energy saving investments
of individuals [32]

2. Materials and Methods
2.1. Design of the Framework

When decision making of a company is discussed, the company’s management func-
tions can be summarized into three levels [34,35]—the top management (in charge of
strategic decisions), the middle management (the operational decisions), and the first-line
management (the administrative decisions)—although the company is normally composed
of multi-level departments and sections. Because this study considers high-level decisions
for RE investment, we focus on the top management and middle management as repre-
senting the decision-making processes of the RE company. Companies with bottom-up
decision-making management, where the top management makes decisions based on re-
ports and/or proposals from the sections in charge, are representative of the traditional
infrastructure companies in Japan [36–38]. Figure 1 shows the designed framework of the
decision of RE companies in this study. The middle management, in charge of investment
planning, prepares possible investment options, analyzes outcomes and probabilities, and
provides the analysis results such as the expected NPV of each option to the top manage-
ment. The top management is the decision maker, who determines options to be invested
in based on the analysis results. The novelty of the framework applied here is characterized
by the non-normative perspectives of the decision maker being incorporated, in addition to
the normative approach, assuming two layers of the RE company’s organization.

Non-normative perspectives were categorized into private, personal, and exogenous
influences, considering the decision-making process of companies and a literature sur-
vey [25–28]. Private influence stems from within the company and includes suggestions
from the middle management to the top management, which are usually given in addition
to the economic analysis results. The decision of the top management may be influenced by
the suggestions from the middle management. Personal influence expresses the personal
beliefs and knowledge of the decision maker, such as beliefs regarding RE technologies. For
instance, the decision maker should have objective information on the applied RE technolo-
gies; however, the adequacy for investments could depend on personal beliefs regarding
the technologies [39]. Exogenous influence comes from outside the company. For example,
RE investors usually take into account the investment decisions of their competitors [25,26].
Based on this framework, we developed the following behavioral decision model of the RE
company in the energy market.
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Figure 1. Framework of decisions of RE companies based on normative and non-normative perspectives.

2.2. Development of the Behavioral Decision Model in the Energy Market

In this study, two power generation companies were assumed to compete in the energy
market. One was a traditional power company that owns large-capacity conventional
power generation plants (Company 1), and the other was a renewable power generation
company that invests in VRE plants (Company 2), as shown in Figure 2a.

Figure 2. Overview of the developed model based on the designed framework: (a) companies in the
energy market and (b) application of the framework to the decision-making process Company 2.

Focusing on the investment behavior of Company 2, we developed a decision-making
model based on the proposed framework. Figure 2b shows the concept of the devel-
oped model that applies concrete methods to quantitatively integrate normative and non-
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normative perspectives in the framework of Figure 1. First, the conventional NPV method
was applied to the normative perspective of the decisions of the top management because
the NPV method is widely used for companies’ decisions, as introduced in Section 1; that is,
the middle management provided the expected NPV and the probabilities of each option
to the top management (indicated by (1) in Figure 2b).

Second, to express the non-normative perspectives of the decision making by the top
management in the framework, we referred to the approaches of behavioral economics,
which were introduced by Kahneman and Tversky [29,30]. They classified an individual’s
decision-making process into two phases: the editing phase and evaluation phase. In
the editing phase, outcomes and stated probabilities of the decision maker’s options are
analyzed and reformulated. They claimed that a decision maker converted the outcomes
(NPV in this study) of each option into gains and losses relative to a “reference point”
(RFP), which can be affected and shifted by the expectations of the decision maker [29,30].
The idea of an RFP makes their approach unique in that the basis of decisions changes
depending on how people feel (the RFP applied to this study is defined in Section 2.4); in
contrast, because conventional economics, including expected utility theory, assumes that
people make decisions rationally, the basis for decisions does not change. In the evaluation
phase, the converted gains/losses and probabilities of each option are evaluated with a
“Value Function” and “Weighting Function”, and the value of each option is determined in
the decision maker’s mind (indicated by (2) in Figure 2b). The value function expresses
the decision maker’s tendency to be risk-averse in the case of a risky option leading to
gains, and risk-seeking in the case of a risky option leading to losses. They also observed a
trend that individuals tended to overestimate small probabilities and underestimate large
probabilities, and a weighting function was introduced to express this trend [29,30].

The RFP of the decision maker can be expected to be affected by private, personal,
and exogenous influences, which are incorporated in the designed framework in this study
(indicated by (3) in Figure 2b). The decision given by the value and weighting functions
may vary if the RFP is shifted despite the similarity of the incomes and probabilities of
each option. We expected these ideas to fit well into the non-normative perspectives in the
designed framework (see Appendix A for further details on reference point and value and
weighting functions).

Considering the conventional NPV method for the normative perspective and the
behavioral approach for the non-normative perspective as stated above, a decision-making
model was developed to examine the decisions of Company 2 regarding preferred invest-
ments under various uncertainties. The model is summarized in Figure 3, which further
elaborates on the details of Figure 2 and consists of the following five steps:

STEP I: Information Gathering
Necessary information is defined as simulation input in this step. Private information

(STEP 1-a) is the known data determined by Company 2: existing VRE capacity owned by
Company 2, strategies for newly invested VRE capacity, the initial cost of VRE, operation
and maintenance cost, and discount ratio. Exogenous information (STEP 1-b) is uncertain
for Company 2 and some information is obtained from a probability distribution such as
fuel price for fossil fuel-fired power plants owned by Company 1, electricity demand in the
energy market, and VRE outputs affected by ambient conditions. The remaining factors are
obtained by scenarios such as future policies and strategies of Company 1. The Kansai region
in Japan was considered as the study area; details of input data are described in Section 2.3.

STEP II: Calculation with Uncertainties in the Energy Market
The middle management of Company 2 incorporates the gathered information into the

energy market model to calculate NPV and other parameters for the evaluation of investment
with respect to each strategy. Although there have been several previous studies of the
energy market of RE [40,41], this study assumes that the energy market is competitive and not
dominated by Company 1. The hourly spot price of electricity (Yen per kWh) is decided based
on the supply curve generated by the energy supply capability of both companies and the
demand obtained from the input of STEP I. Furthermore, the spot price is applied to all supply
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capacities of technology that are below the demand. Both companies simultaneously provide
power generation cost (yen/kWh) and energy supply capacity (kW) of each technology to the
market model hourly, and the merit order of power generation creates the supply curve. As
the energy market is competitive, the marginal cost of power generation, which consists of fuel
cost for power generation (only for thermal power) and O&M cost, is expected to encompass
the cost of generating power. Both companies attempt to recover the initial investment using
the income obtained from the energy market. However, if the cost of generating power of all
technologies is the marginal cost, it is known that the capital investment of power generating
facilities may never be recovered by the income obtained from the energy market, which the
so-called “missing money problem” [42]. Therefore, the power generation cost of the replaced
thermal power plants is assumed to include the initial investment only when Company 1
invests in the replacement of retiring thermal power plants to avoid the “missing money
problem” in the market.

Figure 3. Calculation steps of the developed behavioral decision model of Company 2.
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As some of the inputs are obtained through probability distributions, iterative cal-
culations using the Monte Carlo method were adopted. The number of trials for each
calculation case was set as 1000 considering calculation accuracy and time; each calcu-
lation case provided 1000 sets of the output of each company including NPV and CO2
emissions. The given probability distribution, expected value, standard deviation, and
conditional value at risk (CVaR) of each output set were then obtained from the model
(refer to Appendix B for the definition of NPV and other outputs in this study).

STEP III: Provision of Calculation Results of Each Strategy
Calculation results in STEP II, such as the expected value of NPV, are provided to the

top management. As mentioned in Section 2.1, when the middle management reports to the
top management, in reality, the middle management is supposed to provide suggestions on
strategies, and these suggestions can affect the decisions made by the top management. As
mentioned earlier, the influence of suggestions is considered as the reference point in this
study, and the RFP of this study is obtained based on the calculation results in STEP II and
the use of one of the inputs in STEP IV in the model. The RFPs in this study are defined in
Section 2.4. As we defined the private, personal, and exogenous factors as influencers of the
non-normative perspectives in the framework in Section 2.1, the belief in RE investments
of the top management, the government’s announcement of new RE policies, or other
factors may influence the top management’s decision. However, we only consider private
suggestions as influences in the model for simplicity.

STEP IV and V: Calculation of Values and Provision of Output for Each Strategy
If the top management is ideally rational, they should select a strategy with the highest

expected NPV. However, in reality, when the top management makes decisions, these deci-
sions ordinarily include their objective and subjective perspectives. To reflect aspects in the
decision-making process, the value function relative to the RFP and the weighting function
of the top management are incorporated in the model. Figure 4 shows the calculation
process of the RE investment value. (1) The NPV calculation and corresponding probability
are provided from STEP III. (2) The gain/loss, which the top management “feels”, is given
by subtracting RFP from NPV (the definition of RFP in this study is provided in Section 2.4.)
(3) The gain/loss is converted to a value by the value function. (4) The given probability
is then transformed to a subjective probability by the weighting function. (5) The value
is multiplied by the subjective probability and the “Value” which the top management
determine is obtained. “Value” with a capital V means the outcome calculated by the
Value and weighting functions unless otherwise noted. (6) Summation of the Value of each
calculation yields the expected Value for the decision. (See Appendix A for further details
of the value and weighting function).

Figure 4. Calculation process of the VRE investment value in STEP IV: (1)–(6) correspond to the
numbers in the description of STEP VI. The black dots in the graphs are examples.
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2.3. Application to Kansai Region, Japan
2.3.1. Overview of Electric Utility System in Japan

The power grid in Japan is characterized by a longitudinal transmission system
(Figure 5), without international connections, and split into ten regions. Each region has
one large conventional electric company, and the transmission system of each area is
largely independent because power interconnection is limited to the neighboring area.
Although any of these regions could be chosen as the case study, here, the Kansai region
is selected, and the developed model is applied to the region in this study. The Kansai
region is characterized by a large capacity of natural gas-fired and nuclear power plants,
which is highly representative of the energy mix in Japan. Therefore, the Kansai region is
considered to be a good example to discuss the energy transition in Japan. KEPCO is a
large conventional electric company in the Kansai region, and is regarded as Company 1
in the model. Although there are several independent power producers (IPPs) other than
KEPCO in the area, these IPPs are considered to be a single company, that is, Company 2,
for simplicity in the model.

Figure 5. National power grid in Japan and the Kansai region (Based on [43]).

An overview of the current and expected future electricity supply/demand system is
shown in Table 2. The deregulation of the electrical utility system in Japan is still underway;
most electricity trade is bilaterally conducted over the counter between electric companies
and consumers; power generation companies supply electricity; a feed-in tariff is given to
newly installed RE; and changes in fuel price can be passed on through the retail electricity
price as of 2020. However, considering the timeframe of the energy transition discussed
in this study, we incorporated the future expectation into the spot price market model;
electricity is mainly traded in the spot price market, transmission operators are responsible
for the supply of electricity, a feed-in-premium is applied as financial support for RE, and
fuel price uncertainty risk is covered by the income of the spot price market.

With regards to the timeframe of this study, Company 2 is expected to decide on
investment in VRE in 2025, considering income from the spot price market for the coming
20 years in various scenarios because the lifetime of VRE is set at 20 years (Appendix C).
Other properties of applied technologies are also listed in Appendix C.
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Table 2. Current and future electric utility system in Japan.

System Characteristic Currently (as of 2020) Future Expectation
According to This Study

Electricity trade Bilaterally over the counter Spot price market (*)
Electricity supply responsibility Power generation companies Transmission operators
Financial support for renewables Feed-in tariff Feed-in premium

Fuel price uncertainty risk Passed on retail electricity price Mainly covered by the income of
the spot price market

(*) Other markets such as the capacity market and balancing market will be introduced.

2.3.2. Private Information of Company 2 (STEP I-a)

(i.) Existing VRE Capacity

Existing VRE capacities owned by Company 2 were set, as shown in Table 3, consider-
ing installed capacity in the Kansai region as of 2019 [44]. The capacities decrease during
2035–2044 compared to the period ranging from 2025–2034 because the VRE lifetime ends;
that is, since the lifetime of VRE was expected to be 20 years in this study (Appendix C), half
the existing VRE were assumed to be retired in 10 years, whereas the remainder retire lin-
early thereafter. The initial cost of this existing VRE was considered to have been recovered,
and the feed-in-premium (FIP) was not given to the power generation of the equipment.

Table 3. Existing VRE capacity of Company 2.

VRE Infrastructure
Period

2025–2034 2035–2044

PV 4200 MW 2100 MW
Wind (onshore) 150 MW 75 MW

(ii.) Strategies of Company 2

Company 2 makes decisions to invest in PV and/or wind (onshore). Although there
are several types of RE other than PV and wind (onshore), such as biomass, geother-
mal, and wind (off-shore), we focused on PV and/or wind (onshore) in this study. The
strategies of Company 2 are summarized in Table 4. Each strategy has five different op-
tions (0 MW—7000 MW) of capacity to be invested, and 0 MW means that Company 2
keeps its existing capacity and does not make any investments in new VRE equipment.
Because the target of RE introduction in the 2030s in Kansai is 6000 MW [45], we de-
fined these capacity options to cover this target. Although a continuum of capacities,
including 0, 1000, 3000, 5000, and 7000 MW may be selectable, it is difficult to calculate all
continuous possible capacities in reality considering the calculation load, especially from a
company’s decision-making point of view. Therefore, 1000, 3000, 5000, and 7000 MW were
selected as the capacity options for calculation and evaluation of each strategy. As a result
of the simulation, the top management was expected to select an option that earns the
highest Value. MIX2 and MIX3 show “PV:Wind = 7:3” and “PV:Wind = 3:7” respectively in
the strategy names for ease of understanding in the later sections; however the ratios do
not exactly match some of the capacity investments in the table. In addition, because it is
known that the “option to expand” may provide more value to the decision maker under
uncertainties [8], we examine the “option to expand” in the developed model. Strategy
names with “OE” mean that Company 2 has the option to expand the capacity of VRE;
Company 2 decides to invest in half the capacity of each option in 2025 and decides to
develop the remaining half in 2030 only if one-third of the first half capacity’s initial cost
was expected to be recovered within five years (2025–2029) as a result of the simulation.
Other than these cases, Company 2 decides to invest in VRE in 2025.

2.3.3. Exogenous Information: Scenario Development (STEP I-b)

Uncertainties in Company 1’s strategy (Section 2.3.3 (i)) and FIP price (Section 2.3.3 (ii))
are considered by a variety of scenarios. The middle management of Company 2 calculates
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the NPV of RE investments for each scenario and option, and the top management evaluates
each scenario and option from the investment Value point of view.

Table 4. Strategies of Company 2 for investment in VRE.

Strategy VRE
Capacity to be Invested [MW]

0 MW 1000 MW 3000 MW 5000 MW 7000 MW

PV_ONLY
PV 0 1000 3000 5000 7000

Wind 0 0 0 0 0

WIND_ONLY
PV 0 0 0 0 0

Wind 0 1000 3000 5000 7000

MIX1
(PV:Wind = 1:1)

PV 0 500 1500 2500 3500
Wind 0 500 1500 2500 3500

MIX2
(PV:Wind = 7:3)

PV 0 700 2000 3500 4500
Wind 0 300 1000 1500 2500

MIX3
(PV:Wind = 3:7)

PV 0 300 1000 1500 2500
Wind 0 700 2000 3500 4500

Option to Expand (OE) 2025 2030 2025 2030 2025 2030 2025 2030

PV_OE
PV 0 500 500 1500 1500 2500 2500 3500 3500

Wind 0 0 0 0 0 0 0 0 0

WIND_OE
PV 0 0 0 0 0 0 0 0 0

Wind 0 500 500 1500 1500 2500 2500 3500 3500

(i.) Strategies of Company 1 Regarding Existing Power Plant Replacement

Company 1 owns a large capacity of thermal power and nuclear power plants, and some
of these are expected to be retired chronologically, which is consistent with the lifetime of the
existing facilities in the Kansai region. Therefore, Company 1 needs to make decisions on the
retiring power plants, i.e., replace, scrap, or prolong them. The following strategies are given
in this study.

Strategy T-1: Replacement of Retiring Thermal Power Plants with Gas Turbine Combined
Cycle (GTCC)

Company 1 replaces retiring thermal power plants with the latest GTCC plants in each
period if they have passed 40 years since the start of commercial operation.

Strategy T-2: Scrapping of Retiring Thermal Power Plant
Company 1 scraps retiring thermal power plants in each period if they have passed

40 years since the start of commercial operation.
Strategy N-1: Life Extension of Retiring Nuclear Power Plants
Company 1 gets the approval for extending the lifetime of retiring nuclear power

plants from 40 to 60 years by the Japanese Government.
Strategy N-2: Scrapping of Retiring Nuclear Power Plants
Company 1 scraps retiring nuclear power plants in each period if they have passed

40 years since the start of commercial operation.
Three scenarios are developed from combinations of the strategies above, as shown in

Table 5. However, a scenario composed of Strategy T-2 and N-2 (NO replacement of thermal
power nor NO lifetime extension of nuclear power) is excluded because the power supply
capacity of this scenario is very small compared to the expected maximum demand in the
Kansai region [46,47]. Corresponding equipment capacities of each scenario are shown in
Figure 6, and are estimated based on KEPCO’s existing power plants [48–50]. “wRP_NC60”
is used as the base scenario.

Table 5. Strategies of Company 1.

Scenario Name Thermal Power Nuclear Power

wRP_NC60 (Base) T-1 N-1
wRP_NC40 T-1 N-2

woRP_NC60 T-2 N-1
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Figure 6. National power grid in the Kansai region of Japan.

(ii.) Future Policies

Feed-in Premium (FIP)
There are several types of financial support for RE examined by governments around

the world, and “Fixed Feed-in Premium,” where a fixed premium is given on top of the
spot price of the energy market, was selected as the financial support in this study. Because
the FIP follows the spot price, it is expected to be suitable for the investigation of the impact
of VRE introduction to the spot price market. In this study, different prices of FIP for PV
and wind were set as scenarios as shown in Table 6. Because the future FIP price has not
yet been decided in Japan, and is one of the key revenue uncertainties, we set the FIP
price so that the difference in investment decision making due to the different FIP price
becomes clear.

Table 6. Scenarios of FIP.

Scenario Name
FIP [yen/kWh]

PV Wind (Offshore)

FIP-Low 10 5
FIP-Mid 12 8
FIP-High 15 10

2.3.4. Exogenous Information: Probability Distribution (STEP I-b)

Uncertainties of fuel price (Section 2.3.4 (i)), electricity demand (Section 2.3.4 (ii))
and ambient conditions (Section 2.3.4 (iii)) are given by probability distributions. The
middle management of Company 2 executes iterative calculations based on the probability
distributions in the spot market price for each strategy and option. The middle management
then provides the calculation results with the probability to the top management.

(i.) Fuel Price

Fuel prices of natural gas, coal, and oil in each year were assumed to stem from the tri-
angular distribution in Table 7, and were used in the model to express the future uncertainty
of the fuel price. Data from the World Energy Outlook of IEA were referenced [47].
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Table 7. Fuel price.

Fuel
Fuel Price

Low Mode High

Natural gas [$/Mbtu] 8.8 9.7 11.0
Coal [$/ton] 65 86 94

Oil [$/Barrel] 62 88 111
$1 = ¥110.

(ii.) Electricity Demand

The recorded data of electricity demand of the Kansai region in 2017 were used as an in-
put into the spot price market model as a basis. We also estimated the uncertainty of change
in demand from 2025 to 2044 (20 years) to be ±10% in this model [46,47]. The probability
distribution of the demand was given by a uniform distribution (rectangular distribution).

(iii.) Ambient Conditions

Trends of unit output (kWh/unit) of PV and wind (onshore) were estimated using
PV and wind output (kWh) recorded data of the Kansai region in 2017 [46]. The trends of
unit output were implemented into the spot price market model as a basis. As changes in
PV and wind output due to ambient conditions were highly uncertain for the investment
of Company 2, the uniform distribution of ±15% was considered for changing output
according to ambient conditions, based on historical data in the Kansai region.

2.4. Study Cases

Study cases are summarized in Table 8 and comprise the strategy of Company 2 and
scenarios for the strategy of Company 1, FIP price, and CO2 restrictions. Company 2 has
seven strategies defined in Table 4, and Company 1 has three strategies described in Table 5,
respectively. Because there are numerous possible combinations of strategies and scenarios,
we selected 10 representative cases to examine the boundary cases. Cases 1 and 2 examine
the decisions of RE investment considering different FIP prices. The scenario “wRP_NC60”
is used as Company 1’ s strategy, because the scenario is preferable in the Kansai region
from a macroeconomic point of view, as per a previous study [50]. Cases 3 and 4 attempt
to clarify the effect of Company 1’ s strategies. FIP-Low is applied because it is expected
that the influence of Company 1 will be relatively less if the financial support is sufficient.
Cases 5 and 6 compare differences in the mixture of PV and Wind. Cases 7, 8, 9, and 10 are for
examining the option to expand. For Cases 5–10, the scenario of “wRP_NC60” is applied as in
Cases 1 and 2.

As mentioned in Section 2.2 (STEP III), the creation of RFPs in each case was necessary.
Figure 7 shows the concept of RFP selection for the decision making of the top management in
this study. The middle management provides the NPVs and probabilities of each investment
option to the top management, which correspond to the histogram in Figure 7. We expect that
the top management will decide the capacity of the VRE investment based on the anticipated
income of each option compared to that of the option OP-0MW (defined in Table 4), where the
existing facility owned by Company 2 earns income and there is no investment in new VRE.
Although there are multiple possible RFPs in reality, as shown in Figure 7, two types of RFPs
were adopted in this study for simplicity of the model: the expected value of NPV (Ref_EXP)
and CVaR of NPV (Ref_CVaR) in the case of OP-0MW. We assume that the top management
will evaluate the VRE investment based on the expected value of NPV of OP-0MW when the
middle management emphasizes the “profit” of VRE investments (i.e., positively framed) in
their suggestion to the top management. By comparison, the top management will evaluate
the VRE investment based on the CVaR of NPV of OP-0MW when the middle management
emphasizes the “risk” of the VRE investments (i.e., negatively framed). According to the
definition of the reference point described in Appendix A, the different reference points result
in different gains or losses even if the outcomes (NPV in this study) are the same; gains
are smaller, and losses are bigger in the case of ReF_EXP compared to ReF_CVaR, which
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the decision maker “feels.” For example, in the case in which the expected value of NPV in
OP-0MW (Ref_EXP) is 300 billion yen, the CVaR of NPV in OP-0MW is −100 Billion yen,
and a 1000 MW PV investment yields 400 billion yen of NPV, the gain that the top man-
agement feels at Ref_EXP will be +100 billion yen (=400 billion yen − 300 billion yen), and
+500 billion yen (=400 billion yen − (−100 billion yen)) at Ref_CVaR (these values are just ex-
amples.) Preparing for the two cases of RFP as shown in Table 8, the influence of suggestion
(RFP) provided by the middle management was observed. Scenarios indicated by yellow
highlighted areas with underscores in Table 8 are items for comparison in each case.

Table 8. Summary of study cases.

Case No. Strategy of Company 2
(Table 4)

Combination of Scenarios

Company 1 (Table 5) FIP Price (Table 6)

1 PV_ONLY wRP_NC60
FIP-Low
FIP-Mid
FIP-High

2 WIND_ONLY wRP_NC60
FIP-Low
FIP-Mid
FIP-High

3 PV_ONLY
wRP_NC60
wRP_NC40

woRP_NC60
FIP-Low

4 WIND_ONLY
wRP_NC60
wRP_NC40

woRP_NC60
FIP-Low

5

PV_ONLY_
MIX1(PV:Wind = 1:1)
MIX2(PV:Wind = 7:3)
MIX3(PV:Wind = 3:7)

WIND_ONLY_

wRP_NC60 FIP-Low

6

PV_ONLY_
MIX1(PV:Wind = 1:1)
MIX2(PV:Wind = 7:3)
MIX3(PV:Wind = 3:7)

WIND_ONLY_

wRP_NC60 FIP-High

7 PV_ONLY_
PV_OE wRP_NC60 FIP-Low

8 WIND_ONLY_
WIND_OE wRP_NC60 FIP-Low

9 PV_ONLY_
PV_OE wRP_NC60 FIP- High

10 WIND_ONLY_
WIND_OE wRP_NC60 FIP- High

Figure 7. Concept of selected reference points for the decision making of the top management.



Energies 2022, 15, 654 15 of 29

3. Results and Discussion

Simulation results of each case are shown in the following subsections to examine the
decision making by Company 2. If the top management is ideally rational, they should
select a RE capacity with the highest expected NPV. However, the top management would
invest in the RE capacity with the highest value from a behavioral decision perspective.
Therefore, we evaluated the results by focusing on differences in the trend of expected NPV
and the value in each strategy. Although graphs are shown to illuminate the trend, the
data associated with the calculation results in each case corresponding to the figures are
available in Appendix D. The cases of each subsection correspond to the case number in
Table 8, and legends of the figures are in line with the scenario names in Tables 4–7.

3.1. Effect of FIP Price (Cases 1 and 2)

Figure 8 shows the expected NPV reported to the top management by the middle
management, the Value given by the NPV in the top management’s mind, and the average
spot price in the spot price market. There are two alternative Values: Ref_EXP (high RFP)
and Ref_CVaR (low RFP) cases, as defined in Table 9. The horizontal axis of each graph is
the total VRE capacity in which Company 2 decides to invest. The error bars in the NPV
graphs represent the standard deviation of the NPV. The left side of the figure represents
the evaluation of the investment in PV, and the right side represents that of wind.

Figure 8. Results of different FIP prices (Low, Middle, and High FIP): (a) Expected NPV with standard
deviation, (b) Value in the case of high RFP, (c) Value in case of low RFP and (d) Spot price. The
horizontal dashed lines show the zero axis in the Value graphs.
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Table 9. Types of reference point.

Reference Point Name Remark

Ref_EXP Expected value of NPV in the option of-0MW
of each case (Higher RFP)

Ref_CVaR CVaR of NPV in the option of -0MW
of each case (Lower RFP)

In the scenario with high FIP, investment in 5000 MW capacity earned the largest
expected NPV (PV: 441.7 billion yen, Wind: 604. billion yen), and the 7000 MW investment
yielded a relatively lower NPV (PV: 440.9 billion yen, Wind: 580.2 billion yen) due to a
spot price decrease for both PV and wind cases (Figure 8a (a)-PV, (a)-Wind); Company 2
should decide to invest in 5000 MW of PV or wind, from the standpoint of economic
rationality. By comparison, when the top management interpreted the expected NPV with
probabilities through the Value and weighting functions, 3000 MW for PV and 5000 MW for
wind yielded the highest Value for both Ref_EXP (high RFP) and Ref_CVaR (low RFP). The
selected capacity shifted from 5000 to 3000 MW for PV (5000MW: Value 0.7 for high RFP,
29.1 for low RFP, 3000 MW: Value 17.5 for high RFP, 43.7 for low RFP) (Figure 8b (b)-PV,
Figure 8c (c)-PV), and Company 2 decided to invest in a capacity that was lower than the
economic optimum.

In the scenario with low FIP, additional investment in VRE yielded lower expected
NPV because the initial cost of VRE could not be recovered by income from the spot
price market (Figure 8a (a)-PV, (a)-Wind), and the same trend was given in the Value with
Ref_EXP. However, observation of the Value with Ref_CVaR showed that the Value of
1000 MW remained slightly positive (1000 MW: Value 0.3 for PV, 0.6 for Wind) (Figure 8c
(c)-PV, (c)-Wind). These results imply that the top management may decide to invest in a
small capacity of VRE despite low financial support when the middle management made
a suggestion that shifted the RFP of the top management downwards, as represented by
Ref_CVaR in this study.

3.2. Effect of the Strategy of Company 1 (Cases 3 and 4)

Figure 9 shows the results of different strategies of Company 1 with low FIP. Company 2
achieved the largest expected NPV and Value in the case of wRP_NC40, which was the
scenario in which Company 1 replaced retiring existing thermal power plants and scrapped
retiring existing nuclear power plants. This is because Company 2 could expect higher
spot prices because of the reduced capacity of nuclear power plants, allowing for a larger
capacity factor of thermal power plants in this scenario. However, it should be noted that
the CO2 emissions in this scenario were approximately 0.1 kg-CO2/kWh higher than those
in the other two scenarios (Figure 9e (e)-PV FIP Low, (e)-Wind FIP Low).

Comparison of wRP_NC60 and woRP_NC60 showed that both NPV and Value of
wRP_NC60 were higher than those of woRP_NC60. As retiring existing thermal power
plants were replaced by the latest GTCC in wRP_NC60, the spot price was higher than that
of woRP_NC60 due to the initial cost of GTCC replacement (Figure 9d (d)-PV, (d)-Wind FIP
Low). Although the greater VRE introduction resulted in lower CO2 emissions, the new
GTCC contributed to CO2 emissions, thus lowering the possible benefit.

As the financial support was insufficient in these cases, Company 2 was not encour-
aged to invest in VRE, even though the expected NPV was positive (Figure 9a (a)-PV FIP
Low, (a)-Wind FIP Low). However, Company 2 may invest in VRE of 1000 MW, regardless
of the strategies of Company 1 in case the top management has a lower RFP (Ref_CVaR)
(Figure 9c (c)-PV FIP Low, (c)-Wind FIP Low).

3.3. Effect of VRE Mixture (Cases 5 and 6)

Figure 10 shows the results when Company 2 mixed the capacity of PV and wind
for investment. The left side of the figure represents an evaluation with low FIP, and the
right side represents one with high FIP. In the case of low FIP, even though Company 2
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mixed the capacity of PV and wind, few differences were observed in the expected NPV
and value yielded by the mixture of PV and wind, and the effect of the mixture on the
decision made by Company 2 was limited (Figure 10a (a)-Mix FIP Low, Figure 10b (b)-Mix
FIP Low). However, Company 2 invested in 1000 MW VRE, regardless of the ratio of PV
to wind in case the top management had a lower RFP (Ref_CVaR) (Figure 10c (c)-Mix FIP
Low), a trend that is similar to that of the results in Section 3.1.

Figure 9. Results of different strategies of Company 1 with low FIP: (a) Expected NPV with stan-
dard deviation, (b) Value in case of high RFP, (c) Value in case of low RFP, (d) Spot price, and
(e) CO2 emissions.
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Figure 10. Results of the mixture of VRE: (a) Expected NPV with standard deviation, (b) Value in
case of high RFP, (c) Value in case of low RFP, (d) Standard deviation of NPV, and (e) CVaR of NPV.

By comparison, in the case of high FIP, when Company 2 adopted strategies to make a
balanced investment in PV and wind, investment in VRE could be expedited compared
to the strategies of PV or wind only (Figure 10a (a)-Mix FIP High, Figure 10b (b)-Mix FIP
High, Figure 10c (c)-Mix FIP High). The expected NPV and Value of MIX1 (PV:Wind = 1:1),
MIX2 (PV:Wind = 7:3), and MIX3 (PV:Wind = 3:7) were higher than those of PV_ONLY and
WIND_ONLY; MIX3 (PV:Wind = 3:7) was optimal. Comparison of MIX3 (PV:Wind = 3:7)
and WIND_ONLY showed that expected NPV and Value of the 7000 MW investment
were the highest for MIX3 (PV:Wind = 3:7) and those of 5000 MW for WIND_ONLY. We
found the standard deviation of MIX3 (PV:Wind = 3:7) was lower, and that of CVaR of
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MIX3 (PV:Wind = 3:7) was higher, than that of WIND_ONLY. As the standard deviation
represents the uncertainty of the investment and CVaR expresses risk, VRE with a well-
balanced mixture reduced the uncertainty and risk in investment. This can result in the
increased capacity of VRE introduction (Figure 10d (d)-Mix FIP High, Figure 10e (e)-Mix
FIP High). In the case of MIX3 (PV:Wind = 3:7), upon comparing 5000 MW to 7000 MW
investments, the expected NPV was observed to increase from 610.7 billion yen at 5000 MW
to 611.0 billion yen at 7000 MW (+0.05%; almost the same) (Figure 10a (a)-Mix FIP High),
the Value with Ref_EXP from 78.0 to 79.1 (+1.4%) (Figure 10b (b)-Mix FIP High), and the
Value with Ref_CVaR from 97.1 to 100.4 (+3.4%) (Figure 10c (c)-Mix FIP High). This implies
that Company 2 may select a greater capacity of VRE than the NPV optimum capacity when
it tries to invest in both PV and wind in a balanced manner and the middle management
gives a negative framing to the top management.

3.4. Effect of Option to Expand in Cases 7, 8, 9, and 10

Figure 11 shows the results of the case “without” the option to expand (PV_ONLY,
WIND_ONLY) and that “with” the option (PV_OE, WIND_OE) to expand in the case of low
FIP. Company 2 was expected to simultaneously decide on investment in the entire capacity
of VRE in 2025 and the case of PV_ONLY/WIND_ONLY. By comparison, Company 2
decided to invest in the first half of VRE in 2025 and had the option of expanding the
second half in 2030 in the case of PV_OE/WIND_OE.

Figure 11. Results of option to expand in case of low FIP: (a) Expected NPV with standard deviation,
(b) Value in case of high RFP and (c) Value in case of low RFP.

In the scenario with Low FIP, the option to expand was found to result in a larger
expected NPV and Value compared to the case without an option to expand because
Company 2 could put the decision on hold until they reduced the risk of investment.
However, as the Value for all cases with Ref_EXP (high RFP) was negative, Company 2
would not invest in additional VRE. Nevertheless, if the middle management could shift the
RFP of the top management to Ref_CVaR (low RFP), the option to expand would possibly
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encourage the top management to invest in a small amount of VRE because the Value of
1000 MW with Ref_CVaR was slightly positive (Figure 11c (c)-PV).

By comparison, the scenario with high FIP provided the opposite trend, as shown
in Figure 12; the option to expand reduced both expected VRE and Value, and did not
promote investment in VRE. This is simply because a relatively earlier investment yields
considerably more income if enough financial support for VRE is expected.

Figure 12. Results of option to expand in case of high FIP: (a) Expected NPV with standard deviation,
(b) Value in case of high RFP and (c) Value in case of low RFP.

4. Conclusions

In this study, it was highlighted that there have not yet been sufficient discussions
on non-normative decisions of companies in the field of power generation, even though
the decisions of these companies may not always be rational under uncertainty. Therefore,
we designed a novel framework to model the decision-making process by RE companies,
as shown in Figure 1, because the conventional NPV approaches do not reflect the non-
normative perspectives of decision makers. A behavioral decision-making model was also
developed based on the framework design to examine the decisions of the RE companies
under uncertainty, as described in Figures 2 and 3. From the analysis of the simulation
results based on the developed model, we obtained the following important information
on RE company decisions with respect to future investment compared to the conventional
NPV approach.

First, in the case where high financial support is expected, and the RE company
(Company 2) plans to invest in either PV or wind, the company may decide to make an
investment decision that is below the economically optimum capacity gained by the highest
expected NPV due to income uncertainties of large-scale VRE introduction (graphs with
FIP-High in Figure 8, Section 3.1). This result is consistent with the fact that companies
may be more conservative in capital investments under uncertainty in reality [6]. Heavy
investments in either PV or wind may become a damper of large-scale VRE introduction,
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even though the high financial support attempts to expedite investments from a behavioral
decision point of view.

Second, in contrast with the above point, in the case where high financial support is
predicted and Company 2 attempts to make a balanced investment in both PV and wind,
they possibly decide to invest in VRE that exceeds the capacity of the highest expected
NPV (graphs with FIP-High in Figure 10, Section 3.3). This is because the balanced mixture
of VRE maintains the increment in income uncertainties, and the risk is relatively smaller
when the total VRE capacity increases. Some analyses in previous studies suggest that
investments in both PV and wind reduce uncertainty and risk [51], and are economically
preferable as renewable build-up pathways [52]. Modern portfolio theory also supports
this result that an appropriate mixture ratio of PV to wind reduces the risk in VRE in-
vestment [53]. In addition, it was observed that the balanced mixture of PV and wind
encourages RE investors, and the preferable capacity can be greater than the result ob-
tained by the conventional NPV method, although the capacity to identify this investor
behavior needs further verification from real-world case studies. Considering the results
of the first and second points above, we suggest that governments implement policies
to expedite investments in both PV and wind, in addition to offering adequate financial
support. In addition, the influence of the RFP difference is relatively small in the case of
high financial support.

Third, in the case where low financial support is anticipated and the middle man-
agement emphasizes the “risk” in their suggestions, the top management may decide to
invest in a small amount of VRE even though no investment (0 MW) earns the highest
expected NPV (FIP-low cases in Figure 8, Section 3.1). That is, the top management may
progress in VRE investment if they have a relatively lower RFP due to the influence of
the middle management. We observe a similar trend in different scenarios, regardless
of the strategies of the competitor (Company 1; FIP-Low cases in Figure 9, Section 3.2),
the mixture ratio of PV to wind (FIP-Low cases in Figure 10, Section 3.3), or the option
to expand (in Figure 11, Section 3.4). As shown by a previous questionnaire survey, RE
investors were sensitive to the influence of peers [26], and the RE investor’s behavior in
the survey supports the simulation results of the model developed here; that is, our study
shows that the top management can be more aggressive in RE investments if surrounding
peers emphasize the risk of investment when financial support is lower. In this study, we
should mention that decision makers are sensitive to the difference in RFP in the case of
low financial support, in contrast with the first and second points discussed above.

In summary, we examined the behavior of RE companies regarding VRE investment
decisions using the developed model based on the designed framework and concluded
that, compared to the optimal results yielded by the conventional NPV approach: (1) heavy
investments in either PV or wind lead to reduced VRE capacity in the case of sufficient
financial support; (2) balanced investment in both PV and wind results in increased VRE
capacity in the case of sufficient financial support; and (3) suggestions that reduce the RFP
of the decision makers expedite a small amount of VRE investments, despite the insufficient
financial support.

Despite the significant valuable results obtained from this study, and the contribution
that will be made by emphasizing the proposed novel framework in future analysis of the
decision making of VRE investment in the spot price market, certain conditions that may
affect the results of this study are worth mentioning for the sake of future studies.

1. This study assumed that the energy market was competitive, even though there
were only two players (Company 1 and 2) in the market, in order to examine the
novel decision-making model. Although renewable power generation companies
were consolidated into Company 2 for simplicity, each renewable power generation
company in the region may interact in reality. Moreover, although the strategies of
Company 1 were provided by some scenarios in this study, the interactions between the
decisions of Company 1 and the RE companies need to be considered in future work.



Energies 2022, 15, 654 22 of 29

2. In this study, only two types of RFPs were defined as the influence of the suggestions
of the middle management for simplicity: Ref_EXP (higher RFP) and Ref_CVaR (lower
RFP) for simplicity. However, as mentioned in the framework of Section 2.1, several
factors will influence the RFP of the top management other than suggestions from
the middle management, such as personal and exogenous influences. We should
examine how the other non-normative perspectives affect the decisions made by the
RE company.

3. Although the NPV method was applied to the normative perspective of RE companies
in the decision-making model, other methods such as IRR or Real Options approaches
may be applicable. The Kahneman and Tversky approach [29,30] was used here
to quantitatively express the non-normative perspective of RE companies; however,
other approaches, such as the Regret theory, could be used for the non-normative
perspective. Alternative methods should be further investigated in future studies.

4. Energy storage was not applied as an option for technology. As the timeframe of
decision making in this study was 2020–2030, we expected the effect of energy storage
to be limited. However, energy storage should be considered in further studies of VRE
introduction, such as the energy transition in the 2050s, on a larger scale.

5. The electricity trade spot price and feed-in premium were the only financial supports
considered for VRE to simplify the spot price market model. As emerging electricity
markets and financial supports, such as the capacity market, are still being discussed
in Japan, the effects of such new systems need to be examined.
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Appendix A. Application of Reference Point, Value Function, and the Weighting Function

Essential characteristics of the reference point, value function, and weighting func-
tion [29,30] focused on in this study are as follows:

1. Reference Point (RFP)

Values are evaluated by gains and losses relative to an RFP, and the RFP can be
influenced and shifted by the expectation of the decision maker. This indicates that a
change in RFP yields a different value for the decision makers, even though they acquire
the same outcome from their decision.

x = xoc − xrp (A1)

where x is the gain/loss relative to the RFP, xoc is the outcome of the option, and xrp is
the RFP.

2. The Value Function

The value function is defined as Equation (A2), and the expected shape is shown
in Figure A1. This function shows that the decision maker tends to be risk-averse in the
positive domain (x ≥ 0) and be risk-seeking in the negative domain (x < 0).

v(x) =

{
xα

−λ(−x)β
(x ≥ 0)
(x < 0)

(A2)
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Figure A1. The Value Function (based on [30]).

The median exponent α for gains of 0.88, β for losses of 0.88, and the median λ of 2.25
were used in this paper, which was shown by Tversky and Kahneman [29,30].

3. The Weighting Function

Although there are several studies on definitions of the Weighting Function [54–56],
we applied the Weighting Function that was given by Tversky and Kahneman [30] because
their definition is the most commonly used. The Value of each outcome is given by
multiplying the Value Function by the Weighting Function (A3), which expresses the
subjective probability of each outcome, as shown in (A4) and Figure A2. The median
values γ of 0.61 for positive xi (gains) and 0.69 for negative xi (losses) are used in this study,
which were shown by Tversky and Kahneman [30].

V(x1, p1 · · · · xn, pn) =
n

∑
i=0

w(pi)v(xi) (A3)

w(p) =
pγ{

pγ + (1 − p)γ} 1
γ

(A4)

Figure A2. The Weighting Function (based on [30]).
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Appendix B. Definition of NPV and the Other Outputs

1. Net Present Value (NPV)

NPV in this study is defined as follows:

npvi =
20

∑
y=1

c fiy

(1 + DR)y −
2

∑
j=1

CAPEXj (A5)

c fiy =
8760

∑
t=1

2

∑
j=1

{(
spity + FIPi − mcijy

)
× opijty

}
(A6)

where parameters of capital letters mean exogenous variables or fixed values, and parameters
of lower cases are endogenous variables. The indexes of i, j, t, and y express the number
of trials in iterative calculations of the model, technologies (1: PV, 2: Wind), time, and year,
respectively. The npvi is total NPV [yen], cfiy is cash flow earned in the spot price market, DR
is the discount rate (set as 5% considering the Weighted Average Cost of Capital (WACC) of
the electric utility companies in Japan [57]), CAPEXj is the initial cost of each technology, spity
is the spot price in the spot price market, FIPj is the price of FIP, mcijy is the marginal cost of
power generation [yen/kWh], and opijty is the power output of each technology [kWh].

The following equations give the expected value and standard deviation of NPV.

expNPV =
N

∑
i=1

npvi/N (A7)

sdNPV =

√√√√1
i

N

∑
i=1

(npvi − expNPV)
2 (A8)

where N is the total number of trials in iterative calculations (=1000 times in this study).
expNPV and sdNPV represent the expected value and standard deviation of NPV.

2. Value at Risk (VaR) and Conditional Value at Risk (CVaR)

VaR is one type of expected shortfall, and the “VaR at q%” is defined as the expected
income in the worst q% of cases. CVaR is the average of values below VaR cases. In this study,
1000 cases of NPV are given for each calculation by the simulation in line with probability
distributions, and CVaR calculated based on “VaR at 5%” is used; CVaR of NPV is the average
of the 5% lowest cases of NPVi. CVaR is interpreted as the expected NPV, which Company 2
earns in the worst-case scenario for each calculation in this study.

Appendix C. Properties of Technology

Table A1. Properties of each type of technology are shown in the following table.

Item Unit Technology Value Remarks

Construction Cost [yen/kW]

GTCC (Natural Gas) 120,000

[58]PV 273,500

Wind (On-shore) 287,000

Operation
& Maintenance

[%/Year]

GTCC (Natural Gas) 3.0

[58]

Steam Power (Oil) 3.2

Steam Power (Coal) 4.0

Nuclear 5.2

PV 1.2

Wind (On-shore) 2.1
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Table A1. Cont.

Item Unit Technology Value Remarks

Gross Plant
Efficiency

(LHV)
[%-LHV]

GTCC
(Natural Gas, Existing) 51.5

Based on [58]
GTCC
(Natural Gas,
Replaced)

58.6

Steam Power (Oil) 37.5

Steam Power (Coal) 40.8

Payback
Period

[Year]

GTCC 15

[58]PV 10

Wind (On-shore) 10

Lifetime [Year]

GTCC 40

[58]PV 20

Wind (On-shore) 20

CO2 Emission
Coefficient

[t-CO2/t]

GTCC (Natural Gas) 2.7

[59]Steam Power (Oil) 3.4

Steam Power (Coal) 2.3

Appendix D. Calculation Results of Each Case

Data of calculation results in each case are shown in Tables A2–A6, which correspond
to Figures 8–11, respectively.

(“Exp.” means “Expected”, “SD” means “Standard Deviation” in the tables).

Table A2. Calculation results of Cases 1 and 2 (corresponding to Figure 8).

Scenario
Case 1 (Investments in PV) 2 (Investments in Wind)

Total
Capacity Unit 0 1000 3000 5000 7000 0 1000 3000 5000 7000

FIP-
Low

Exp. NPV Billion yen 372.9 335.8 221.1 67.7 −129.6 372.9 339.2 212.3 −15.5 −316.1
Exp.Value
(Ref_EXP) - 0.0 −37.7 −123.6 −225.9 −346.1 0.0 −37.0 −126.7 −270.2 −461.6

Exp.Value
(Ref_CVa) - 0.0 0.3 −84.1 −188.6 −312.2 0.0 0.6 −87.9 −232.5 −426.0

SD of NPV Billion yen 26.0 40.0 65.7 91.7 105.8 26.0 48.1 97.7 141.0 167.7
CVaR of NPV Billion yen 319.0 253.7 88.6 −123.1 −342.8 319.0 243.0 9.7 −290.1 −642.1

FIP-
Mid

Exp.NPV Billion yen 372.9 363.3 308.4 217.0 69.2 372.9 415.0 428.9 357.3 188.9
Exp.Value
(Ref_EXP) - 0.0 −19.2 −61.7 −129.9 −209.2 0.0 9.9 −0.4 −38.4 −135.9

Exp.Value
(Ref_CVa) - 0.0 14.2 −24.1 −90.5 −173.4 0.0 36.7 29.0 −8.6 −104.0

SD of NPV Billion yen 26.0 41.3 69.1 95.8 117.6 26.0 53.3 128.7 189.6 217.7
CVaR of NPV Billion yen 319.0 277.2 172 18.7 −174.9 319.0 305.4 163.3 −3.6 −230.5

FIP-
High

Exp.NPV Billion yen 372.9 407.8 440.9 441.7 367.8 372.9 466.2 580.2 604.4 520.4
Exp.Value
(Ref_EXP) - 0.0 9.0 17.5 0.7 −38.1 0.0 35.4 62.8 65.6 22.4

Exp.Value
(Ref_CVa) - 0.0 34.7 43.7 29.1 −8.6 0.0 57.9 85.7 90.2 49.1

SD of NPV Billion yen 26.0 41.8 74.4 107.9 134.3 26.0 62.8 148.7 221.3 269.9
CVaR of NPV Billion yen 319.0 324.7 294.4 201.4 89.5 319.0 346.0 282.6 164.6 −21.0

Table A3. Calculation results of Cases 3 and 4 (corresponding to Figure 9).

Scenario
Case 3 (Investments in PV with FIP-Low) 4 (Investments in Wind with FIP-Low)

Total
Capacity Unit 0 1000 3000 5000 7000 0 1000 3000 5000 7000

wRP
_NC60

Exp. NPV Billion yen 372.9 335.8 221.1 67.7 −129.6 372.9 339.2 212.3 −15.5 −316.1
Exp. Value
(Ref_EXP) - 0.0 −37.7 −123.6 −225.9 −346.1 0.0 −37.0 −126.7 −270.2 −461.6

Exp. Value
(Ref_CVa) - 0.0 0.3 −84.1 −188.6 −312.2 0.0 0.6 −87.9 −232.5 −426.0

SD of NPV Billion yen 26.0 40.0 65.7 91.7 105.8 26.0 48.1 97.7 141.0 167.7
CVaR of NPV Billion yen 319.0 253.7 88.6 −123.1 −342.8 319.0 243.0 9.7 −290.1 −642.1
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Table A3. Cont.

Scenario
Case 3 (Investments in PV with FIP-Low) 4 (Investments in Wind with FIP-Low)

Total
Capacity Unit 0 1000 3000 5000 7000 0 1000 3000 5000 7000

wRP
_NC40

Exp. NPV Billion yen 464.6 451.3 413.2 354.3 255.5 464.6 483.3 475.5 413.6 258.7
Exp. Value
(Ref_EXP) - 0.0 −21.6 −52.2 −100.6 −154.2 0.0 −1.9 −15.9 −63.5 −151.0

Exp. Value
(Ref_CVa) - 0.0 16.9 −10.6 −53.7 −112.7 0.0 30.7 19.7 −23.6 −112.0

SD of NPV Billion yen 32.1 45.6 78.8 96.7 122.5 32.1 56.1 119.1 186.9 219.9
CVaR of NPV Billion yen 400 360 255 159 17 400 377 254 54 −174

woRP
_NC60

Exp. NPV Billion yen 335.1 285.8 154.1 1.3 −193.1 335.1 284.3 124.1 −111.3 −415.4
Exp. Value
(Ref_EXP) - 0.0 −47.1 −148.3 −241.6 −358.6 0.0 −50.6 −150.1 −310.9 −501.0

Exp. Value
(Ref_CVa) - 0.0 −5.8 −105.4 −204.1 −323.9 0.0 −12.2 −115.8 −277.0 −469.8

SD of NPV Billion yen 27.9 37.3 59.9 82.7 101.3 27.9 45.0 96.4 135.9 160.6
CVaR of NPV Billion yen 278.7 211.4 31.7 −163.0 −402.4 278.7 196.6 −64.5 −372.5 −730.2

Table A4. Calculation results of Cases 5 and 6 (corresponding to Figure 10).

Scenario
Case 5 (with FIP-Low) 6 (with FIP-High)

Total
Capacity Unit 0 1000 3000 5000 7000 0 1000 3000 5000 7000

PV
_ONLY

Exp. NPV Billion yen 372.9 335.8 221.1 67.7 −129.6 372.9 407.8 440.9 441.7 367.8
Exp. Value
(Ref_EXP) - 0.0 −37.7 −123.6 −225.9 −346.1 0.0 9.0 17.5 0.7 −38.1

Exp. Value
(Ref_CVaR) - 0.0 0.3 −84.1 −188.6 −312.2 0.0 34.7 43.7 29.1 −8.6

SD of NPV Billion yen 26.0 40.0 65.7 91.7 105.8 26.0 41.8 74.4 107.9 134.3
CVaR of NPV Billion yen 319.0 253.7 88.6 −123.1 −342.8 319.0 324.7 294.4 201.4 89.5

WIND
_ONLY

Exp. NPV Billion yen 372.9 339.2 212.3 −15.5 −316.1 372.9 466.2 580.2 604.4 520.4
Exp. Value
(Ref_EXP) - 0.0 −37.0 −126.7 −270.2 −461.6 0.0 35.4 62.8 65.6 22.4

Exp. Value
(Ref_CVaR) - 0.0 0.6 −87.9 −232.5 −426.0 0.0 57.9 85.7 90.2 49.1

SD of NPV Billion yen 26.0 48.1 97.7 141.0 167.7 26.0 62.8 148.7 221.3 269.9
CVaR of NPV Billion yen 319.0 243.0 9.7 −290.1 −642.1 319.0 346.0 282.6 164.6 −21.0

MIX1
(PV:Wind

=1:1)

Exp. NPV Billion yen 372.9 340.4 240.3 93.0 −84.7 372.9 443.3 542.0 593.5 601.0
Exp. Value
(Ref_EXP) - 0.0 −35.3 −116.8 −221.1 −312.7 0.0 26.6 60.5 73.7 63.9

Exp. Value
(Ref_CVaR) - 0.0 3.6 −72.1 −178.6 −276.2 0.0 49.4 81.1 95.5 85.9

SD of NPV Billion yen 26.0 40.7 69.9 97.9 121.4 26.0 46.0 92.9 144.5 180.7
CVaR of NPV Billion yen 319.0 257.5 99.8 −106.1 −330.0 319.0 350.6 356.0 305.5 228.7

MIX2
(PV:Wind

=7:3)

Exp. NPV Billion yen 372.9 339.1 237.0 106.4 −70.5 372.9 426.6 512.1 550.3 563.6
Exp. Value
(Ref_EXP) - 0.0 −36.5 −114.6 −197.0 −320.3 0.0 18.9 49.1 63.9 58.6

Exp. Value
(Ref_CVaR) - 0.0 1.1 −75.0 −160.9 −285.3 0.0 43.1 70.0 86.5 80.7

SD of NPV Billion yen 26.0 40.1 67.5 89.2 116.5 26.0 43.0 78.6 111.7 155.9
CVaR of NPV Billion yen 319.0 258.8 102.5 −79.5 −305.3 319.0 339.4 350.4 330.3 262.1

MIX3
(PV:Wind

=3:7)

Exp. NPV Billion yen 372.9 338.0 231.6 60.2 −126.4 372.9 451.4 550.3 610.7 611.0
Exp. Value
(Ref_EXP) - 0.0 −37.8 −115.0 −211.3 −345.6 0.0 29.3 64.5 78.0 79.1

Exp. Value
(Ref_CVaR) - 0.0 −1.2 −77.3 −177.2 −311.3 0.0 50.6 84.0 97.1 100.4

SD of NPV Billion yen 26.0 42.8 82.2 114.4 134.2 26.0 50.4 106.1 166.8 198.0
CVaR of NPV Billion yen 319.0 251 69 −167 −379 319.0 353 338 283 227

Table A5. Calculation results of Cases 7 and 8 (corresponding to Figure 11).

Scenario
Case 7 (Investments in PV with FIP-Low) 8 (Investments in Wind with FIP-Low)

Total
Capacity Unit 0 1000 3000 5000 7000 0 1000 3000 5000 7000

PV
(Case 7)

WIND
_OE

(Case 8)

Exp NPV Billion yen 372.9 335.8 221.1 67.7 −129.6 372.9 339.2 212.3 −15.5 −316.1
Exp Value
(Ref_EXP - 0.0 −37.7 −123.6 −225.9 −346.1 0.0 −37.0 −126.7 −270.2 −461.6

Exp Value
(Ref_CVaR) - 0.0 0.3 −84.1 −188.6 −312.2 0.0 0.6 −87.9 −232.5 −426.0

SD of NPV Billion yen 26.0 40.0 65.7 91.7 105.8 26.0 48.1 97.7 141.0 167.7
CVaR of NPV Billion yen 319.0 253.7 88.6 −123.1 −342.8 319.0 243.0 9.7 −290.1 −642.1
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Table A5. Cont.

Scenario
Case 7 (Investments in PV with FIP-Low) 8 (Investments in Wind with FIP-Low)

Total
Capacity Unit 0 1000 3000 5000 7000 0 1000 3000 5000 7000

PV
(Case 7)

WIND
_OE

(Case 8)

Exp NPV Billion yen 372.9 345.0 279.7 224.6 157.8 372.9 341.2 261.2 168.0 65.7
Exp Value
(Ref_EX) - 0.0 −32.5 −92.9 −138.4 −170.8 0.0 −36.5 −113.5 −179.0 −249.4

Exp. Value
(Ref_CVaR) - 0.0 6.8 −51.8 −98.4 −135.5 0.0 −1.5 −74.6 −143.8 −215.5

SD of NPV Billion yen 26.0 32.8 65.9 92.9 122.7 26.0 40.0 93.2 150.3 201.0
CVaR of NPV Billion yen 319.0 276.1 106.5 −70.7 −259.5 319.0 250.8 35.9 −227.1 −493.7

Table A6. Calculation results of Cases 9 and 10 (corresponding to Figure 11).

Scenario
Case 9 (Investments in PV with FIP-Low) 10 (Investments in PV with FIP-High)

Total
Capacity Unit 0 1000 3000 5000 7000 0 1000 3000 5000 7000

PV
(Case 9)

WIND
_OE

(Case 10)

Exp. NPV Billion yen 372.9 407.8 440.9 441.7 367.8 372.9 466.2 580.2 604.4 520.4
Exp. Value
(Ref_EXP) - 0.0 9.0 17.5 0.7 −38.1 0.0 35.4 62.8 65.6 22.4

Exp. Value
(Ref_CVaR) - 0.0 34.7 43.7 29.1 −8.6 0.0 57.9 85.7 90.2 49.1

SD of NPV Billion yen 26.0 41.8 74.4 107.9 134.3 26.0 62.8 148.7 221.3 269.9
CVaR of NPV Billion yen 319.0 324.7 294.4 201.4 89.5 319.0 346.0 282.6 164.6 −21.0

PV
(Case 9)

WIND
_OE

(Case 10)

Exp. NPV Billion yen 372.9 360.9 313.3 238.4 142.3 372.9 409.0 430.6 394.4 327.7
Exp. Value
(Ref_EXP) - 0.0 −19.7 −62.1 −115.5 −173.7 0.0 10.2 8.7 −22.1 −72.5

Exp. Value
(Ref_CVaR) - 0.0 14.0 −24.1 −77.4 −136.6 0.0 35.1 31.9 6.4 −42.4

SD of NPV Billion yen 26.0 37.9 67.8 96.2 141.4 26.0 49.3 116.7 174.5 216.9
CVaR of NPV Billion yen 319.0 285.7 178.0 41.9 −105.4 319.0 315.1 204.8 43.8 −126.6
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