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Abstract—Global fossil fuel reserves are declining and the world is experiencing a shift in its energy base. Since 2013, more 
capacity for renewable power is being added each year than coal, oil and natural gas combined. As emerging economies around the 
world continue to grow, there remains an even greater need for affordable and sustainable sources of energy. The gradual 
transition from fossil fuels to renewables can be streamlined and expedited with the help of expert systems which provide decision-
making support at various stages of a renewable energy project’s lifetime. A simplified model for such an expert system has been 
presented in this paper. Primary focus is on technical, financial and risk assessments of hydro, solar and wind energy projects. A 
software-based model has also been developed and validated through comparative assessment of a real-world case study. Results 
are presented and conclusions are drawn for future work. 
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I. INTRODUCTION 
About 81.7% of the world’s total energy supply comes from fossil fuels: 31.4% from oil, 29.0% from coal, and 21.3% from 

natural gas, based on 2012 estimates [1]. Since the majority of the world’s fuel supply depends on non-renewable sources of 
energy, any uncertainty or intermittency in production, and ultimate exhaustion of supply will have catastrophic consequences 
on global economies. This makes renewable energy resources not only an interesting alternative, but a necessity for future 
generations. This has been a growing realization around the globe, and since 2013, the world has started adding greater 
capacity for renewable sources of energy as compared to oil, coal and natural gas combined, as illustrated in Fig. 1 [2]. 

Fig. 1. Global Power Generation Capacity Additions [2] 
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 However, despite recent growth, the renewable energy industry continues to face a number of technical, economic and 
various other challenges which prevent its wide-spread acceptance into the mainstream energy market [1]. These challenges 
are met at all stages of a project’s lifetime, beginning from the initial feasibility assessment of the project, then project 
execution (commissioning stage of a power plant), operations and maintenance, and finally culminating with the end of the 
project’s anticipated lifetime where the power plant is decommissioned. In order to resolve these issues, experts are needed at 
all lifetime stages of a renewable energy project. Particularly speaking, the feasibility assessment stage for large-scale 
renewable projects is especially prone to such challenges, including delays and severe errors in estimation due to a lack of 
historical data and the unavailability of experts at a number of proposed project sites around the world. It is therefore the aim 
of this paper to present a model for a knowledge-based expert system which can provide decision-making support during the 
initial feasibility assessment stage for large-scale renewable energy projects. The target audiences for such a system include 
engineers, analysts, financial investors and other key decision-makers associated with the renewable energy industry. 

II. KNOWLEDGE-BASED SYSTEMS AS ARTIFICIAL INTELLIGENCE TOOLS FOR PROBLEM-SOLVING APPLICATIONS

Artificial Intelligence (AI) is the branch of computer science that deals with designing computer systems that exhibit 
characteristics associated with intelligence in human behaviour [3]. This includes learning, reasoning, self-improvement, self-
maintenance, goal seeking, adaptability and problem solving. A number of AI tools are available for problem-solving 
applications, such as Multi-Agents (MA) and Holonic Systems (HS), Fuzzy Logic (FL) Systems, Genetic Algorithms (GA), 
Neural Networks (NN), and Knowledge-Based Expert Systems (KBS or ES) [3]. Out of these AI tools, the most 
technologically mature are KBSs, which are also easier and faster to develop, and have thus found a large number of 
applications in a wide variety of industrial areas. 

Knowledge-Based Expert Systems are essentially computer programs that embody expert-level knowledge about a narrow 
domain for solving problems related to that domain [4]. They comprise of three main elements: a knowledge base, which 
contains domain-specific knowledge or facts in a particular subject area; an inference mechanism, which allows the system to 
manipulate stored knowledge in order to solve problems; and a user-interface, which allows the user to interact with the KBS. 
In addition to this, the KBS makes use of its working memory, where variables coming in and going out of the system are 
stored on a temporary basis. Collectively, these elements aim to mimic the reasoning process of real-life experts, with the main 
focus on a specific subject area. This is shown in Fig. 2. 

 Within the context of the renewable energy industry, an expert system can aim to mimic the behavior of a real-world 
energy expert in order to provide support at various critical decision-making stages of a renewable energy project’s anticipated 
lifetime. A simplified model for such a system is presented in the next section. 

Fig. 2. Structure of a Typical Knowledge-Based Expert System 
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III. PROPOSED MODEL OF THE KNOWLEDGE-BASED EXPERT SYSTEM 
The proposed model of the knowledge-based expert system focuses on three areas within the initial feasibility assessment 

stage (Technical Assessment, Financial Assessment and Risk Assessment) for renewable energy projects. This is shown in Fig. 
3. For the sake of simplicity, other areas which might also be equally important, such as social impacts, legal aspects, and a 
project’s supply chain, have not been considered. Furthermore, the expert system only focuses on hydro, solar and wind power 
projects, since at the time of writing this paper, only these renewable energy resources have reached a level of technological 
maturity where they can directly compete against conventional fossil fuels.  Thus, the knowledge-based rules for these areas 
are discussed below. 

 
Fig. 3. Focus Area of the Knowledge-Based Expert System 

A. Technical Assessment 

 Technical Assessment is typically the first stage of feasibility assessment for a proposed renewable energy project. Within 
the knowledge-based expert system, the technical assessment module aims to estimate the average power and annual energy 
outputs of a proposed project, based on local site conditions. In addition to this, a secondary qualitative assessment is also 
conducted in order to help the user make a better decision regarding other project aspects, such as environmental, climatic, or 
geological factors which may affect the feasibility of the proposed project [5]. 

 A brief example of the knowledge rule-base for the technical assessment module is shown below. The following decision-
rules are used to assess the effects of variations in climatic conditions on the reservoir of life of a proposed Hydropower 
project: 

  IF  Climate of the proposed site for the Hydropower Project has ‘Strong Monsoon Seasons’  
THEN ‘Flash flooding may occur at or near the project site’ 
AND ‘Reinforcements will be needed around the hydropower station’ 
AND ‘Embankments/Levees will be needed for reinforcements downstream of the river’ 
ELSEIF  Climate of the proposed site for the Hydropower Project is ‘Dry or Semi-Arid’ 
THEN ‘Low sedimentation is likely’ 
AND ‘The Hydro reservoir is expected to have a longer lifespan due to low sedimentation’ 
AND ‘Further on-site research is necessary for confirmation’ 
ELSEIF  Climate of the proposed site for the Hydropower Project has ‘Periodic Torrential Rainfall’ 
THEN ‘High Sedimentation is likely’ 
AND ‘The expected life of the Hydro reservoir may be affected’ 
AND ‘Agro-technical works will be necessary, such as beam, deposit and stability dams’ 
ELSEIF  Climate of the proposed site for the Hydropower Project is ‘Not Known’ 
THEN ‘Further research is necessary to analyse climatic effects, such as sedimentation’ 

 The engineering equations which are used to calculate power and energy outputs for hydro, wind, solar photovoltaic and 
solar concentrated power systems are available in their associated literature [5], and form an integral part of the technical 
assessment module. 

 In the particular case for estimating power output from a wind turbine, a Weibull distribution model is used. Since the power 
output from a wind turbine is directly proportional to the cube of the velocity of wind, any minor changes in wind speeds 
translate to a large change in power output. Furthermore, due to variations in weather patterns, wind speeds can be difficult to 
predict. This necessitates the use of a Weibull distribution in order to estimate, to a reasonable level of accuracy, how often 
winds with a given wind speed will be available in a particular area [6]. As an example, the knowledge-based decision rules for 
this case are shown in Fig. 4. 
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START

Input Regional Climate

Examine 
Regional Climate

Wind Regime fairly 
predictable and stable. 

Assume Weibull 
Distribution Shape 

Factor of 3.

Relatively Constant Winds

Wind Regime is highly 
variable and unstable. 

Assume Weibull 
Distribution Shape 

Factor of 1.5.

Strong, Variable Gusty Winds

Wind Regime is stable 
with seasonal variations. 

Assume 
Weibull Distribution 

Shape Factor of 2

Periodic Gusty Winds

END

Assume 
Weibull Distribution 

Shape Factor of 2
(Most Common Scenario)

Not Known

 
Fig. 4. Decision-Rules for Estimating Wind Power Output Due to Variations in Regional Climate 

 In the example shown in Fig. 4, the user is presented with four options by the ES, and depending upon the user’s selection, a 
result is generated in the form of an expert analysis. Assuming that the user selected the option of ‘Relatively Constant Winds’, 
the expert analysis generated by the ES will say that the ‘Wind Regime is fairly predictable and stable’ (suggesting that the 
proposed site is suitable for building a wind farm), and a Weibull Distribution Shape Factor of 3 will be assumed, which will 
allow for a realistic estimation of annual energy output from the proposed wind power project. 

 Based on the user’s input in Fig. 4, the ES generates an expert analysis which comprises of a qualitative section and a 
quantitative section. The qualitative section simply includes a comment regarding the nature of results and the overall 
suitability of the proposed site for the wind farm. The quantitative section utilizes the knowledge-base of the ES to generate 
estimates related to the average power output, annual energy output, projected annual cash flows, and the net present value of 
the project. The variation in estimates for the annual energy output of the project due to differences in wind conditions can be 
seen in the following figures: 

 
Fig 5. Monthly Energy Output, Based on Variations in Wind Speed Weibull Distribution Shape Factor  

(All other variables have been kept constant for all three cases) 
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 Variations in other project metrics due to changing wind conditions are shown in Table I. It can be seen that where the 
wind regime is relatively constant and stable, the average power output and hence the annual energy output values are higher. 
This is also true of the projected cash flows and the net present value of the proposed project. On the other hand, where the 
wind regime is unstable with high variability, power and energy output and cash flows also experience stronger variations, 
with lower expected values overall for the project. 

TABLE I.  VARIATION IN RESULTS AS DETERMINED BY DECISION-RULES BASED ON USER-INPUT 

Variable Results of the Expert System 

Wind Regime Strong, Variable Gusty Winds Periodic Gusty Winds Relatively Constant Winds 

Weibull Shape Factor 1.5 2.0 3.0 

Average Power Output 5.52 MW 7.22 MW 10.46 MW 

Annual Energy Output 48,400 MWh 63,327 MWh 9,162 MWh 

Cash Flows Highly Variable  Less Variable Stable 

Net Present Value Lowest Median Value Highest 

 

B. Financial Assessment 
The Financial Assessment module of the Expert System aims to determine the financial viability of a proposed energy 

project. It is extremely vital in this case that the proper screening techniques are used to evaluate investment proposals, given 
the high importance of investment decisions to investors [7]. While many methods of financial appraisal exist, decision-
makers within the renewable energy industry tend to use a combination of more than one method for better decision-support 
due to the rapidly-evolving nature of this energy sector. The ES, therefore, conducts a comprehensive financial assessment 
which comprises of the Payback Period (PP), Accounting Rate of Return (ARR), Net Present Value (NPV) and Internal Rate 
of Return (IRR) methods of financial appraisal. 

 Among the appraisal methods mentioned above, financial experts prefer to use the NPV method since it takes into 
consideration all relevant cash flows during the entire anticipated lifetime of a project, and adjusts those cash flows by a 
discount factor in order to account for the time-value of money [7]. Final decision on whether a proposed project should be 
selected or rejected with the Expert System is therefore made based upon the NPV of the project. If a project’s NPV is 
positive, the project can be selected by the user, otherwise, it is rejected by the Expert System. 

A brief example of the knowledge rule-base for the financial assessment module is shown as follows: 

  IF Net Present Value of the Project is Positive 
AND The Internal Rate of Return is Greater than the Cost of Capital 
THEN ‘The investment is financially profitable’ 
AND ‘The Investment has the potential to generate more profits than the next best opportunity’ 
ELSEIF  The Internal Rate of Return is Less than the Cost of Capital 
THEN ‘The Investment will yield lesser profits as compared to the next best opportunity’ 
ELSEIF  Net Present Value of the Project is Zero 
THEN ‘The project will break-even. It is neither profitable nor non-profitable.’ 
ELSEIF Net Present Value of the Project is Negative 
THEN ‘The investment is not financially profitable. The project should be rejected.’ 

 In addition to the above financial appraisal methods, another important factor known as the Levelized Cost of Energy 
(LCOE) is also considered. Projects which have a lower LCOE are preferred for selection by the ES as compared to those 
which have higher LCOEs. 

The above mentioned knowledge-based rules related to the Financial Assessment module of the project are illustrated in the 
following figure. 
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The Project is Financially Profitable.
It can be Accepted.

START

Input Financial Data

Is the IRR 
Greater Than The Cost 

of Capital?

The 
next-best-opportunity 

will yield a higher return 
on investment as 

compared to the project 
under consideration. 

However, the 
Project Remains 

Financially Feasible.

NO

The Investment has the 
potential to generate 
more profits than the 
next best opportunity. 
The Project Should Be 

Accepted.

YES

END

Calculate Project’s Financial Metrics:
Payback Period (PP)

 Accounting Rate of Return (ARR)
Net Present Value (NPV)

Internal Rate of Return (IRR)

Is the NPV of the 
Project Positive?

The Project is Not 
Financially Profitable.

It should be Rejected.

NO

YES

Do PP and ARR 
of the Project meet 
Expected Values?

The Project will not be 
able to pay its initial 
investment within the 

expected Payback 
Period. Return on 

Investment may be 
lower than expected.

The Project will pay its 
initial investment within 

the expected Payback 
Period. Return on 

Investment may also be 
greater than expected.

YES NO

 

Fig 6. Selective Decision-Rules for the Financial Assessment Module of the Expert System 
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C. Risk Assesssment 
Risk arises when the future is unclear and where a range of possible future outcomes exist. This is a particular cause of 

concern in the context of investment decision-making for renewable energy projects since very large timescales are involved 
and there is more time for things to go wrong between the decision being made and the end of the project’s anticipated 
lifetime. 

During the development of the Expert System model, it was observed that there were five project variables which directly 
influence the net present value of a proposed project, as shown in Table II. Since the decision to select or reject a project is 
made on the basis of the net present value of the project, it was essentially these five variables which affect the overall 
feasibility of the project. Hence, in order to estimate the level of risk associated with a proposed project, a sensitivity analysis 
of all project variables can be conducted at the initial feasibility assessment stage, the results of which can provide crucial 
insight about the most critical variables [8]. 

TABLE II.  VARIATION IN RESULTS AS DETERMINED BY DECISION-RULES BASED ON USER-INPUT 

Variable Change Which Causes NPV To Become Negative 

Annual Energy Output / Capacity Factor Decreases beyond the Threshold Limit 

Maximum Allowable Tariff Decreases beyond the Threshold Limit 

Initial Capital Costs Increases beyond the Threshold Limit 

Operations and Maintenance Costs Increases beyond the Threshold Limit 

Subsidies/Tax Credit Concessions Decreases beyond the Threshold Limit 

Discount Rate Increases beyond the Threshold Limit 

 

As an example, if the operations and maintenance costs of a power plant continue to increase, a point will come (threshold 
limit) after which the annual expenditures of producing power will begin to exceed the annual earnings from selling that 
power. Consequently, the power plant would head towards financial loss, which is obviously, undesirable. This change in the 
value of the variable is calculated by the Expert System, and an expert analysis is provided to the user warning them about 
keeping the variable values with the suggested threshold limits in order to maintain the profitability of the project under 
consideration. 

In addition to conducting sensitivity analyses on the project’s variables, the Expert System also conducts an Expected 
Monetary Value (EMV) analysis. This is particularly useful when the user is trying to assess the level of risks with multiple 
projects simultaneously [7]. The Expert System suggests to the user that projects with the highest EMV be rejected, whereas 
the project with the lowest EMV is seen as the most favorable investment opportunity. 

The Expected Monetary Value of Risk of a project can be estimated using the following equation [7]: 

Expected Monetary Value of Risk = Likelihood of Occurrence x Impact 

 For the purposes of the Expert System, the likelihood of occurrence is defined as the probability that a project variable will 
exceed its threshold limit to cause its net present value to become negative. The user is given four options to choose the 
likelihood of occurrence from, with each option corresponding to a predefined value of probability, as shown in Table III. 

TABLE III.  RULES FOR EVENT LIKELIHOOD SCALE 

User’s Response  
(What do you think is the likelihood of this event happening?) 

Likelihood Of Occurrence 
(Probability Scale) 

Very High 1.00 

Moderately High 0.75 

Moderately Low 0.50 

Very Low 0.25 

 

Furthermore, the user is asked the following questions in order to determine the likelihood of any undesirable changes in the 
five project variables discussed above: 
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TABLE IV.  RULES FOR EXPECTED MONETARY VALUE (EMV) ESTIMATION 

Question Variable Under 
Consideration 

1. What is the likelihood of variations in climatic conditions at or near the project site? Capacity Factor 

2. What is the likelihood of a decrease in Maximum Allowable Electricity Tariffs? Tariff 

3. How likely is it that Operations and Maintenance Costs will increase during the project’s lifetime? O&M Costs 

4. What is the likelihood of an underestimation of the Initial Investment Cost of the project? Initial Capital Cost 

5. How susceptible is the local economy to inflation, or rapid changes in monetary policies? Discount Rate 

 

Lastly, the impact of occurrence is arbitrarily defined as a percentage of the net present value of the project. The impact 
percentage is high if sensitivity of the project variable is small; it is low if the sensitivity of the project variable is high. Once 
both the impact and likelihood of occurrence are known, the project’s EMV can be calculated using the equation given above. 

In summary, the proposed model of the Knowledge-Based Expert System can be illustrated as follows: 

 

 

Fig 7 Proposed Model of the Knowledge-Based Expert System 
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IV. MODEL VERIFICATION AND RESULTS 
In order to verify the knowledge-based model of the expert system, a case study was conducted on the Tarbela Dam 

Hydropower Project situated on the River Indus in Pakistan [9]. Factual data from the project was input into the Expert 
System, which generated a set of results based on the input data [10]. A comparative assessment was then conducted in which 
the results of the Expert System were compared with officially published findings of real-world experts who had worked on the 
Tarbela Dam Project. The comparative assessment illustrated a strong similarity between both datasets. Table V shows a 
comparison of results from real-world experts and the Expert System for various quantitative assessments of the Tarbela Dam 
Project. Table VI shows a comparison of qualitative assessments. 

TABLE V.  COMPARISON OF QUANTITATIVE ASSESSMENTS 

Factor Under 
Consideration 

Case Study Findings [9] [10] 
(Actual Data) 

Expert System Results 
(Predicted Data) 

Power Output 3478 MW 3482 MW 
(At 80% Efficiency) 

Hydro Turbines 
Selected 

Francis Turbines were used in the  
hydropower station at Tarbela Dam 

(14 Turbine Units Installed, as of 2015) 

A Francis Turbine will yield the highest efficiency since 
the power output and water head satisfy the conditions 

needed to select this turbine type 

Capacity Factor 48.41% 
The capacity factor for the  

system will lie between  
30% – 60% 

Annual Energy 
Output 9,261 GWh 

The annual energy output  
will vary between  

9,151 GWh – 18,303 GWh 

TABLE VI.  COMPARISON OF QUALITATIVE ASSESSMENTS 

Factor Under 
Consideration 

Case Study Findings [9] [10] 
(Actual Data) 

Expert System Results 
(Predicted Data) 

Geological Support 
(Hard Rock) 

Tarbela dam is an earth-and rock filled dam. Rock-
fill dams are resistant to damage from earthquakes. 
The site geology strongly favoured the construction 

of a dam in the area. 

Terrain of the site favours the construction of a hydro 
reservoir. Geology of the site strongly favours the 

construction of supporting civil structures. 

Climate 
(Periodic Torrential 

Rainfall) 

Sedimentation will be high in the river inflow to the 
reservoir, reducing its storage capacity to about 50 
years. After commissioning the power plant, low 

sedimentation levels were observed which increased 
reservoir life to 85 years. 

The turbine system will be subjected to high levels of 
sedimentation and rock debris. Agrotechnical works will 
be necessary, such as beam and deposit dams, in order to 

extend the life of the hydro reservoir. 

Climate 
(Strong Monsoon 

Seasons) 

Attenuation of approximately  
20% of floods in June/July with virtually no 

attenuation of late floods in September  
(after construction of river embankments and levees) 

Flash flooding may occur downstream of the river due to 
strong monsoon seasons. The power system will need to 

be reinforced with embankments/levees 

Ecological Impacts 
Degraded mangrove areas,  

reduced fish migration,  
change in riverine habitat 

Fish ladders will be required  
to preserve the natural habitat  

of the local species 

Social Impacts 

96,000 people from 120 villages were directly 
affected due to construction of the dam which rose 
water levels and flooded the surrounding areas. The 

affected people had to be resettled in other areas. 
Indirectly affected people were not quantified. 

Social Impacts not considered 
(Beyond the scope of the Expert System) 
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V. CONCLUSION 
 A total of 810 knowledge-based decision rules were developed for the Expert System (ES) model, which govern the 
technical, financial and risk aspects of hydro, wind, solar PV and solar CSP projects. The ES system generates an output for 
the user in the form of an expert analysis using these decision rules. The comparative assessments (shown in Tables V and VI) 
demonstrated the fact that there was a strong similarity between the results of the Expert System and the findings of real-world 
experts who had worked on the Tarbela Dam Project. In cases where factual data was not available, certain assumptions were 
made as suggested by the AI of the Expert System in order to complete the analysis. The similarity between the results of both 
datasets shows that a knowledge-based approach can indeed be useful for solving problems faced by the renewable energy 
industry. However, such an Expert System needs to be thoroughly tested using data from multiple real-world projects in order 
to ensure that it will generate valid and acceptable results when used in practical situations. 
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