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Overview
Fossil fuel combustion represents roughly 2/3 of global electricity generation [1] and contributes strongly to CO2 emissions. For instance, electricity was responsible for 39% of CO2 emissions in the United States in 2007 [2]. Added to the expected depletion of fossil fuels, this threat calls for changes in future power systems, namely:

· in the generation share, with the integration of more renewable energy sources, e.g. the binding target of a 20% share of renewable energy by 2020 required by the spring 2007 European Energy Council ; and

· in power systems architecture, with the development of distributed energy sources and the emergence of  the “smart-grid” concept [3].

However, changes in power systems can impact the quality of power supply, provoking a decrease in the level of reliability. In this paper, we address both the questions of reliability in future power systems, and their forthcoming changes, driven by the integration of distributed and renewable sources. Reliability is defined as the capability of a power system to handle load fluctuations and relies on technical constraints on the whole production system. Therefore, additional amounts of electricity should be dedicated to maintaining the current level of reliability, subsequently increasing the level of losses. 

In particular, we need to quantify the cost induced by reliability in order to compare it with the benefits of integrating distributed and renewable sources. Besides, even if their integration fundamentally reduces CO2 emissions, it may also increases the level of losses and so additional production. If additional production relies on fossil fuels, the benefit of these developing sources is questionable in terms of CO2 emissions.

Energy planning models, such as the MARKAL family of models [4, 5], are useful tools to provide plausible expansion of the energy sector over a mid- – long-term time horizon. Since the levels of reliability and losses impact the cost and CO2 emissions of future power systems, it is necessary to describe reliability needs effectively in these tools to make a genuine comparison of future electricity mixes. According to [6], most power generation planning tools barely describe losses and their dependency on generation share and system architecture, ignoring this question of reliability. We propose a methodology that fully addresses the question of reliability in power systems. Following this, the results are interpreted from an economic point of view.

Methods

Before addressing economic issues related to power supply, we must adopt a technical viewpoint to assess the quality of power supply. For this purpose, we intend to design a methodology, dedicated to energy planning models, aiming at modelling reliability constraints on power systems. It is based on a thermodynamic approach, which leads to a reversible assignment for power transactions between electromechanical subsystems – i.e. alternators and motors [7], and also demonstrates that electricity is the most efficient power conveyor, provided that losses are minimized.

First, we look for a function that associates the level of losses to the generation share, the network architecture and the load state. To do so, we define a new nomenclature of losses on power systems [8, 9]:

· conveyance losses occurring during power transmission. These mainly depend on the geographical distribution of power plants and loads, the structure and the availability of the grid. They decrease when capacities are close to the loads and can be assessed from a steady state analysis, depending on the load state (peak, semi-base or base).

· reliability-induced losses, required to handle dynamic management of the system. They are related to the level of reliability described above and depend on the dynamic properties of the production means.

The balance between conveyance and reliability-induced losses is linked to generation share and network architecture.

Secondly, we introduce a series of constraints to guarantee the level of reliability on power systems:

a. a threshold value for the kinetic reserve to prevent the system from undergoing a wide variation in frequency;

b. boundaries for the reactive power to deal with voltage levels and voltage variations;

c. a criteria to ensure the synchronous operation of the machines.

Finally, we aim at quantifying the previous constraints. We derive a global thermodynamic approach to a power system, which comes down to a one-loop equivalent circuit grouping its main features [9]. Once it knows either the load fluctuations or supply disturbances that power systems need to face and their safety limits, this one-loop grid model makes it possible to determine the threshold value for the kinetic reserve. An extension of this method to the constraints on voltage and synchronization is also under progress.

Results
The one-loop grid method exhibits, on the one hand, a relaxation time constant τmech for frequency variations, which is related to the inertia of the power plants – the kinetic reserve, their angular velocity or the power provided to the system; on the other hand, we know the safety limits inside which the system must remain, for a given fluctuation of the load or of the supply and prior to the automatic adjustments of frequency and voltage. Concerning frequency, the delay between fluctuations and adjustments is around 30s [10], and sets the reference value for τmech and for the minimum level of kinetic reserve.

These results show that kinetic reserve is necessary to reduce fluctuations and maintain frequency within safety limits. However, there is a cost to providing the required amount of kinetic reserve on power systems, since it is responsible for additional losses, e.g. electricity dedicated to the flywheels (the reliability-induced losses), and for over-investments in capacities with greater inertia to respect the constraint on frequency and kinetic reserve.

Interestingly, the level of kinetic reserve depends on the architecture of power systems and on the energy sources:

· With the development of distributed energy sources, power systems tend to be divided and smaller. They require high levels of kinetic reserve per subsystem to face fluctuations, increasing the amount of reliability-induced losses.

· As the kinetic reserve depends on the technical properties of the power plants, it varies for different energy sources, from conventional to renewable sources. Therefore, different generation shares lead to different levels of kinetic reserve. For low levels, investments in extra capacities or in back-up machines, such as flywheels, must be considered to ensure the expected reliability. These investments increase the cost of the overall electricity sector.

Integrating distributed and renewable sources heightens the constraint on reliability and induces greater losses and investments in future power systems to offset the level of reliability. The requirement for reliability calls for dedicated capacities and related long-term investments. It will induce extra costs for future power systems with additional capacities and losses. Or, if investments are avoided, it will induce a diminution in the level of reliability with more frequent power outages, and will impact the demand side with the cost of the non-distributed energy. 

So, integrating distributed and renewable energy sources increases in the cost of power systems and counterbalances their advantages in terms of cost and CO2 emissions in cases where additional capacities rely on fossil fuels. These drawbacks must be fully described in future power systems in order to reach optimal integration level for these sources and minimal cost.

In particular, as long as the constraints on reliability and the cost of reliability are both ignored in energy planning models, it will be difficult to efficiently anticipate future electricity mixes. Indeed, the approach in the MARKAL-TIMES models only favours the least expensive method of expansion, minimizing economic criteria and choosing an electricity system that is economically efficient.

Conclusions
We have shown that integrating distributed and renewable energy sources in the electricity sector impacts the reliability of power systems and subsequently their level of losses. We have proposed a methodology to quantify both losses and reliability needs. This methodology provides insights for cost variations in power systems depending on the level of reliability, through induced losses and the need for over-investment. It also illustrates how the integration of distributed and renewable energy sources impacts the level of reliability and the cost of future power systems.

Reliability constraints must be taken into account in energy planning tools in order to determine the optimal level of these sources in the future electricity mix and to make a genuine comparison of future power systems.
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