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Overview

Due to increases in both the number of consumers and per capita consumption, the electric power industry faces enormous challenges. Thus, in large residential areas, power systems need significant transformations in order to avoid shortages. Recent work on microgrids indicates that distributed generation (DG) with combined heat and power (CHP) applications can provide an alternative pathway to capacity expansion (Farhangi, 2010, Gumerman et al., 2006, and Marnay et al., 2008). Due to its proximity to end-users, DG provides lower energy cost and CO2 emissions compared to larger but distant power plants. Despite their diseconomies of scale, microgrids can beat the retail electricity price provided they are operated optimally. As it is shown by Siddiqui et al. (2005) via a deterministic mixed-integer programming approach, this is especially true if the microgrid employs CHP applications. 
In many industrialised economies, deregulation has led to uncertain electricity and fuel prices. Consequently, microgrids may be exposed to considerable risk even if the expected cost of energy provision is lower than that of the central grid. This is addressed in Fleten et al. (2007), Siddiqui and Marnay (2008), and Siddiqui and Maribu (2009), where investment in DG is delayed under uncertainty. Furthermore, there may be inherent risk aversion on part of the decision maker, which requires minimising expected costs subject to conditional value-at-risk (CVaR) constraints. This may change optimal investment and operational policies from those indicated by deterministic or even real options approaches (Kristoffersen and Fleten, 2009).
Here, we apply stochastic programming to find the optimal operation of a gas-fired CHP plant as part of a cost-minimising microgrid and to assess its profitability and operational risk. We assume that the microgrid has to satisfy the following load requirements at all time: electricity and heat. To do so, it can purchase electricity and natural gas from the macrogrid and can also generate electricity using the purchased natural gas. Our aim is to investigate the tradeoff between cost and risk of meeting energy loads given predetermined consumption and stochastic electricity and gas prices (Figure 1). By doing so, we aim to find insights about optimal operational policies given two sources of input uncertainty (electricity and gas prices) and two outputs (power and heat). 

Methods
We apply multi-period stochastic programming to address the optimal operational problem of a microgrid with CHP-enabled DG installed. While satisfying the previously presented constraints given by the households, we also minimise the CVaR for different cost levels. The CVaR is widely used risk measure in the financial industry and has many desirable characteristics compared to the value-at-risk (VaR) as indicated by Rockafellar and Uryasev (2002). While the VaR provides the upper threshold cost for a given confidence level over a certain time period, the CVaR  is the conditional expected cost given that the cost exceeds the VaR for the same confidence level.  This property of CVaR is especially advantageous with loss functions other than the normal one and, in general, results in more conservative policies.

Multi-period stochastic programming supports decision makers in optimising their operation over an uncertain future. In a multi-period set-up, the manager reviews her decisions at each step when new information is obtained. In our case, the manager decides at the beginning of each time period how much gas to buy to produce heat and electricity and how much electricity she is going to purchase directly from the spot market. Besides this simpler structure we will also include the possibility of buying forward contracts for electricity and gas. Her decision is determined by the evolution of the future gas and electricity prices, which we assume to follow correlated geometric mean-reverting Ornstein-Uhlenbeck processes. To find the decisions that minimise expected cost subject to CVaR and energy balance constraints with stochastic programming, we discretise the price processes using the method of Peterson and Stapleton (2002). Depending on the operation of the microgrid, different time horizons can be implemented for the gas contracts and the decision steps. However, programming in continuous time or with too many periods can be computationally intractable. In such cases, the problems become solvable once the decision stages are aggregated  as presented in Kuhn (2006).  
Results
Our results show that microgrids can be operated at lower cost if they use gas to generate electricity instead of purchasing it from the market. This cost can be further decreased if the microgrid is eligible to sell its excess production to the macrogrid. However, this cost reduction comes at a tradeoff in the form of higher risk measured by CVaR.. This relationship for a stylised problem can be seen in Figure 2. The risk further increases with higher market volatility which shifts the efficient frontier upwards for solutions with higher generation rate, i.e. smaller
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. On the other hand, if forward contracts were available then the efficient frontier could shift downward with increased expected cost. 
Conclusions
We found that stochastic programming can be applied successfully to operate a microgrid with gas-fired CHP plant under uncertainty, and, hence, such DG can contribute to better power systems in the future. Nevertheless, significant cost reduction can only be achieved with higher risk exposure, which could be a deterrent for investors. Since the risk originates from the uncertainties in gas and electricity prices, the relevant electricity generation mix determines the adequate policy response to compensate the investors. This policy responses could be general tax exemption, the introduction of CO2 tax, and subsidies to build gas-storage facilities or to expand capacity. These later options we aim to incorporate in this study along with the possibility to hedge risk via forward contracts and extend the model to include the investment stage. 
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