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Abstract

This introductory paper aims to construct a framework using the System Dynamics theory to conduct a cost-benefit analysisof the development of any smart grid project. Since the current evaluation methods are static in nature and ignore the consideration of uncertainty in the process, a different method should be adopted. The theory of System Dynamics and its relevance has been explained and the smart grid scenario is given. The cost-benefit analysis model with System Dynamics could dynamically evaluate all the benefits by allowing any factors to be changed during the grid development process, this model aims to evaluate smart grid more comprehensively.
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Introduction

With the development of the modern society, humans have a much higher demand for energy, the efficiency and safety of such energy supply have brought much attention around the globe [1]. Meanwhile, the negative effects of climate change have forced humans to promote alternative clean energy and energy-savingapproaches [1-2]. Thus, some countries have introduced the concept of smart grid in the last decade, to satisfy the emerging demand and improve the overall supplying quality of electricity [3-7].

Developing a smart grid is a key component of many countries' strategy towards a better energy future [8]. However, the outcome of such enormous project is essential for every country, the question raised would be if the benefits of the developing a smart grid worth the investments? The Electric Power Research Institute (EPRI) and the IBM in the US, as well as the Joint Research Center (JRC) of the European Union, have provided similar guidelines and models on estimating the costs and benefits of smart grid, these models categorise all the relevant factors in different developing stages and aspects, then determine the benefits by matching factors and criteria [9-11]. These models evaluate smart grid in a more qualitative way, and such models are static in nature, thus, the System Dynamics model is introduced to evaluate the actual benefits of the smart grid development with the consideration of time effect and the dynamic nature of the developing process. The System Dynamics model aims to analyze the smart grid power system dynamically, to understand the influences brought by different factors to other components of the system, and to identify the pattern of change in evaluation result over time.

System Dynamics

System Dynamics is a computerized approach to system design and analysis, it may apply to any kind of system that has the characteristics of mutual interactions, interdependence, and circular causality, the power system is one of them. The approach is to understand the behavior of a complex system over time, it involves internal feedback loops and time delays that could affect the behavior of the entire system. In detail, based on a given objective, the system consists of a range of mutual interacted factors, these factors are interrelated, any minor change in one factor could impact other factors within the system, as the objective or the structure of the system may change over time, the entire system is dynamic in nature [12-15].

The basic structure of the System Dynamics is a feedback loop, initial cause ripples through a series of causation that eventually to re-affect it-self, at the same time other variables may also be affected. As the inflows and outflows are the rates of given quantity that is added or deducted from the stock variable, the stock variable if the integral of the net flow added to the initial values [16,17].

The interrelationship between diverse factors and benefits are analyzed, determine the way they interact with and influence each other, eventually examine the impacts on a range of benefits that are brought by energy policy, power system statue and consumer behavior.

Smart Grid Scenario

The transition to the smart grid from conventional power system would be a lengthy process, as most of the existing assets and equipment are still within the useful life, the replacement of such equipment would gradually take place along the constructing process. Furthermore, the smart grid is a vastly complicated system, with some sections that require continues capital input, while other sections need more human interaction and technology advancements [18].

Due to the lengthy and complex nature of the smart grid, all the components and factors within the system are closely correlated and interacted [19]. Considering the level of investments and inputs would vary in different phases of smart grid development, these inputs include but not limited to the capital, technology, and human resource, these influencing factors have the dynamic feature, which may change over time. To accurately estimate the benefit under dynamic environment, this paper proposed the System Dynamics approach to map out relationships between factors and to estimate the influences brought by any individual factor.

The Figure 1 shows a simplified small-scale smart grid system that equipped with smart meters, automation distribution system, renewable energy (RE) distributed generation system and electric vehicle (EV), this basic model aims to simulate the interactions between the smart devices and other factors such as energy policy and consumer behaviour, in order to analyse how the benefits are gained or lost due to such interactions or changes in variables.
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Figure 1:     Various humanoid robot platform.




As the figure illustrates, a constructive energy policy would directly stimulate the investments on the smart grid, which leads to encouragement of installation and utilization of smart devices. Meanwhile, the policy could also raise the market penetration of electric vehicle. The status of the power system is crucial for the stability of RE generation capacity, as well as the overall system loss rate. The electricity consumer behavior would be closely related to daily power usage and the efficiency of smart-living devices. To further extend the framework, multiple factors are added into the System Dynamics model, as illustrated in Figure 2.
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Figure 2:     System Dynamics Modelling in smart grid.



Results and Preliminary Findings

The System Dynamics model could dynamically evaluate multiple benefits of the development process, the project is assumed to have a 20-yearcycle, any of the factors could be altered within the model, and the results would be varied accordingly. The initial investments are set to be 11 million dollars, the values of the factors are retrieved from multiple government reports and relevant sources [20-27]. With an encouraging energy policy and continuous increment of investment in the smart grid development, the overall power consumption and system loss are decreased, the clean energy installed capacity and electric vehicle market penetration increase.

The three major benefits gained from the smart grid would be power system loss improvements, reduced amount of power consumption and a reduced amount of carbon emission, all the benefits have been quantified and converted into financial figures, where the benefits are measurable and comparable. The Net Present Value (NPV) is calculated in this case to determine whether this project is profitable.

The cash flows of each year are calculated considering all benefits gained via the System Dynamics model, the detail shows in Table 1. The NPV of this project is $36,369,585 if the discount rate is assumed to be 3% [28]. As to examine the effectiveness of the model, assuming the policy has changed the investment proportion, the investment in smart meter installations, distribution automation system and renewable energy are 20%, 20%, and 60% respectively, where the original proportion was 30%, 30%, and 40%, the cashflows are altered accordingly as a result, the NPV has dropped to $35,691,365. Due to the alteration, all the factors within the model are affected by the change of policy, although the NPVs between two results have very little difference, the other factors such as the power consumption have dramatically changed.





Table 1:     Cash flows and NPV 1.

[image: ]



Conclusion

In this introductory paper, the concept of utilizing System Dynamics model as the evaluation framework for smart grid scenario is presented. The concept of System Dynamics approach is explained. Under the smart grid development scenario, the added consideration of time effect and uncertainty is demonstrated, meanwhile, the feasibility of the approach is briefly tested and the advantages of using such dynamic approach are justified. Furthermore, the two sets of preliminary results of the model are given which demonstrate the dynamic nature of this model where changes in one factor may bring enormous impact to the entire project.
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