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Summary 
 
In this chapter, we present combined heat and power (CHP) production technologies 
and related modeling techniques of the CHP plant. Then we discuss the impacts of 
liberalized power markets on CHP systems and present a typical unit commitment 
model for a CHP system with different types of components. Next, we provide a 
comprehensive review on the state-of-art of models and decision support tools for 
optimizing CHP systems, focusing on how to deal with uncertainties in the liberalized 
power markets. Finally, we summarize typical solution techniques used in the literature 
and general requirements for the models and optimization tools in the liberalized power 
markets. 
 
1. Introduction 
 
Liberalized electric power markets and combined heat and power (CHP) production 
technologies are actively promoted by extensive political incentives in many countries. 
Europe has actively incorporated CHP into its energy policy via the CHP Directive 
(CHP directive, 2004). The US DOE (Department of Energy) has an aggressive goal to 
raise the share of CHP to 20% of the US generation capacity by the year 2030 
(http://www.aceee.org/policy-brief/combined-heat-and-power-and-clean-distributed-
energy-poli). CHP has also received a good deal of attention by the governments of the 
developing countries (IEA, 2007). A liberalized power market was introduced in the 
early eighties in Chile (Del Sol, 2002). Since early nineties, the liberalization has been 
in progress in the developed countries, including UK, Norway, Sweden, Finland, USA 
and New Zealand. Currently, the liberalization is going on all over the world. The 
objective of liberalization of the power market is to achieve higher energy efficiency 
and lower consumer prices by introducing conditions of intensified commercial 
competition (Meyer, 2003). CHP production is a leading technology to respond to the 
market demands. It is also an excellent technology for promoting a fair competition in 
the liberalized power market. It is a technology for improving efficiency of energy 
production.  
 
The increasing environmental concerns urge promotion of environmentally sound 
energy production technologies. Energy policy is giving priority to the problem of 
global warming. Both energy efficiency and development of new and renewable energy 
technologies (European Commissions, 2005) are considered key elements for dealing 
with this problem. The high efficiency of CHP production leads to significant savings in 
fuel and emissions; typically between 10-40% depending on the technique used and the 
system replaced (Madlener and Schmid, 2003). 
 
CHP production means the simultaneous production of useful heat and electric power. 
When steam or hot water is produced for an industrial plant or a residential area, power 
can be produced efficiently as a by-product. Vice versa, surplus heat from an electric 
power plant can be used for industrial purposes, or for heating space and water. CHP is 
considered an environmentally beneficial technology because of its high energy 
efficiency when compared to conventional condensing power plants. The energy 
efficiency of a gas turbine is typically between 36-40% when used for power production 
only, but over 90% if also the heat is utilized.  
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Traditional CHP can find application in district heating, large commercial and 
institutional buildings and different industries such as paper, wood, food and 
semiconductors (Resource Dynamics Corporation, 2001). Recently, micro CHP systems 
are booming. Micro CHP implements the well established large scale CHP technologies 
to individual residential houses or small office buildings. In addition, CHP facilities are 
components of distributed energy resource (DER) systems, which are small-scale power 
generation technologies used to provide an alternative to or an enhancement of the 
traditional electric power system. The operation of DER systems is related to microgrids, 
which are localized groupings of electricity generation, energy storage, and loads that 
normally operate connected to a traditional centralized grid (macrogrids). The microgrid 
can function autonomously if it is disconnected from the macrogrid. 
 
Liberalization of the power markets, technological innovation and a growing tendency 
towards sustainable development becomes an integral part of energy policy planning. 
New markets and the increased interest in new production technologies will result in a 
significant change in energy system planning and operation. The energy sector is one of 
the core application areas in operations research, artificial intelligence techniques and 
management sciences because energy systems are large and activities associated with 
operations of the energy systems are complicated. The operation of energy systems is 
managed based on operational (low-level) production planning.  
 
The goal of production planning in the liberalized power markets is to determine the 
optimal strategies over a time horizon (day, week, month or year) so that the overall net 
profit can be maximized subject to production constraints. The production planning can 
be divided into three levels: Strategic (long-term decisions) such as alliances, long-term 
contracts and capacity investments; tactical (medium-term decisions) such as 
maintenance scheduling, fuel allocation, emissions allowance; and operational (short-
term decisions) such as unit commitment (UC) and bidding. However, the usage of 
long-, medium- and short-term planning is a relative term and depends on the 
application background. E.g., in the UC context, a planning horizon exceeding one 
week may refer to long-term planning (Thorin, Brand and Weber, 2005; Voorspools and 
D’haeseleer, 2003).  
 
The complexities of the planning problems vary depending on the scale of the energy 
systems and information involved in the decision-making. The production planning of 
the CHP system is inherently more complicated than power-only generation planning. 
The interdependence between heat and power generation imposes great challenge in 
production planning. This means that planning must be done in coordination between 
heat and power. Moreover, the liberalized power market introduces more uncertainties 
than before. Production planning needs assistance from a wide set of sophisticated 
modeling, simulation, optimization, and forecasting tools. The necessary optimization 
methods include linear programming (LP), non-linear programming (NLP), mixed 
integer programming (MIP) and stochastic programming. The complexity of the 
problems may also require application of various decomposition techniques such as 
Lagrangian decomposition, Dantzig-Wolfe decomposition and Benders’ decomposition.  
 
Here we intend to introduce the main modeling methods for CHP production 
technologies and give a comprehensive survey on the state-of-art models and decision 
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supports tools for the operational planning of the CHP systems in liberalized power 
markets. We also address optimization under uncertainty. The chapter is organized as 
follows. In Section 2, we give an overview of CHP production technologies and systems; 
and how liberalized power markets affect their operation. In Section 3, we give a 
uniform modeling technique for the components of CHP systems and then present a 
general deterministic UC model for the CHP system and next discuss how to 
incorporate uncertainties in the CHP model. In Section 4, we describe the solution 
approaches for deterministic CHP models. In Section 5, we discuss optimization under 
uncertainty. 
 
2. CHP Systems and Liberalized Power Markets  
 
Figure 1 shows different types of components of a CHP system in liberalized power 
markets. The components are roughly classified into four categories: 

• Power and heat generation components: These include actual CHP plants, but 
also separate power and heat production components such as condensing power 
plants and district heat stations. 

• Power and heat storage components such as batteries and hot water tanks  
• Power and heat trade components such as various bilateral purchase and sales 

contracts and  
• Power and heat demand side management (DSM) with the target to reduce peak 

power and heat demand by introducing different tariffs for peak and off-peak 
energy consumption.  

 

 
 

Figure 1. Different types of components of a CHP system in liberalized power markets. 
 

Here it is worth mentioning that renewable energy sources such as solar power, wind 
power and hydropower can also become components of CHP systems. The inclusion of 
separate power and heat components makes the system more flexible and reliable under 
variable demand. In the following, we mainly introduce the conventional CHP 
production technologies.  
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2.1. CHP Production Technologies  
 
CHP production technologies are conventional power generation systems with the 
means to make use of the thermal energy remaining in exhaust gases, cooling systems, 
or other thermal energy waste stream to improve the overall efficiency of the system. 
Typical CHP production prime movers include: combustion (gas) turbines, 
reciprocating engines, boilers with steam turbines, micro-turbines and fuel cells. 
EPA_CHP (2008) provided a detailed discussion about different CHP technologies. 
Here we briefly discuss the major characteristics of gas turbines and steam turbines as 
well as related advanced production technologies. On the one hand, the available sizes 
of gas turbines and steam turbines are wide: from a few dozen kW to a few hundred 
MW, covering almost all of the application capacities except micro applications. On the 
other hand, steam turbines and gas turbines account for a large share of power 
production capacities for sale to the grid. Power is a high value commodity as compared 
with heat. Advanced CHP production technologies are developed to improve the power 
efficiency of CHP production.  
 
2.1.1. Steam Turbines 
 
Steam turbines are widely used for CHP applications in the USA and Europe. Steam 
turbines are one of the oldest and most versatile prime mover technologies still in 
general production used to drive a generator or mechanical machinery. Power 
generation using steam turbines has been in use for about 100 years. Figure 2 shows a 
schematic boiler/steam turbine system. 
 

 
Figure 2. A schematic boiler/steam turbine system. 

 
The thermodynamic cycle for the steam turbine is the Rankine cycle. The cycle consists 
of a heat source (boiler) that converts water to high pressure steam. The water is first 
pumped to elevated pressure, which is medium to high pressure depending on the size 
of the unit and the temperature to which the steam is eventually heated. Then it is heated 
to boiling temperature corresponding to the pressure, boiled and superheated. The water 
is eventually transformed into pressurized steam. Next, the pressurized steam is 
expanded to lower pressure in a multistage turbine, then exhausted either to a condenser 
at vacuum conditions or into an intermediate temperature steam distribution system that 
delivers the steam to the industrial or commercial application. The condensate from the 
condenser or from the industrial steam utilization system is returned to the feed-water 
pump for continuation of the cycle.  
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Steam turbines used for CHP can be classified into two main types: backpressure and 
extraction as shown in Figure 3. 

 
 

Figure 3. Back pressure and extraction turbines. 
The backpressure turbine (Figure 3.1) exhausts its entire flow of steam to the industrial 
process or facility steam mains at conditions close to the process heat requirements. The 
exhaust pressure is controlled by a regulating valve to suit the needs of the process 
steam pressure. The extraction turbine (Figure 3.2) has opening(s) in its casing for 
extraction of a portion of the steam at some intermediate pressure. The extracted steam 
may be used for industrial process purpose or sent to boiler feed-water heaters to 
improve overall cycle efficiency. Extraction flows may be controlled with a valve, or 
left uncontrolled. 
 
Steam turbines exhaust steam in a partially condensed state, at a pressure well below 
atmospheric to a condenser when used for purely power generation. Therefore, the 
traditional steam turbine based power plants are called condensing power plants. 
Between power (only) output of a condensing steam turbine and combined heat and 
power output of a backpressure steam turbine, essentially any ratio of power to heat 
output can be supplied to a facility.  
 
Backpressure steam turbines can be obtained with a variety of backpressure controls, 
further increasing the variability of the power-to-heat ratio. For the steam turbine based 
CHP plant, power is a byproduct of heat generation with the system optimized for steam 
production. Consequently, the power efficiency of the steam turbine based CHP plant is 
not higher, from 10% to 30%.  
 
However, the overall efficiency is high, approximating the efficiency of the steam boiler 
(70-90%) depending on operating conditions and age of the boiler. One of the advanced 
CHP production technologies is the backpressure plants with condensing and auxiliary 
cooling options to further improve the power efficiency of the steam turbine based CHP 
plants. 
 
Here it is worth mentioning the role of the boiler for the steam turbine based generation 
system. The boiler acts as a buffer to separate fuels and the turbines and the fuels are 
burnt in the boiler. This separation of functions enables steam turbines to operate with 
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an enormous variety of fuels from solid fuels such as coal, biomass residuals to liquid 
fuels such as oil to gaseous fuels such as natural gas. 
 
2.1.2. Gas Turbines 
 
As compared with steam turbines, gas turbines operate on the thermodynamic cycle 
known as the Brayton cycle. Heat is a byproduct of power generation for the gas turbine 
based CHP system and the power efficiency of the simple cycle gas turbine 
approximates 40%. The fuel of traditional gas turbine is natural gas. The modern gas 
turbine has demonstrated distinctive ability to accept a wide variety of gaseous and 
liquid fuels. To accept solid fuels, a gasifier, which transforms solid fuels into gases, 
needs to install. Figure 4 shows a schematic gas turbine system. 

 
 

Figure 4. A schematic gas turbine system. 
 
Gas turbine system has an upstream compressor coupled to a downstream turbine with a 
combustion chamber in-between. In a Brayton cycle, atmospheric air is compressed in a 
compressor and mixed with gas in the combustor, ignited and heated and then expanded 
in the turbine to generate power and at the same time exhaust heat. The quality of 
exhaust heat is high. For a simple cycle CHP application, a heat recovery heat 
exchanger can be used to recover the heat in the turbine exhaust and converts it to useful 
thermal energy usually in the form of steam or hot water to satisfy industrial or district 
heating steam requirements. Alternatively, this high temperature heat can be recuperated 
to drive a steam turbine in a combined cycle plant so that the efficiency of the power 
generation can be improved. Combined steam and gas cycle (CSGC) is one of the 
advanced CHP production technologies with higher power efficiency, which can extract 
steam at an intermediate pressure for use in industrial processes or district heating. The 
power efficiency of the CSGC CHP plant approximates 60%. 
 
2.2. Characteristics of CHP Production  
 
There are several characteristics in CHP production, which complicate the operation of 
a CHP system. First, electric power and heat are two energy commodities in a CHP 
system. They have one thing in common: they cannot be stored efficiently over a long 
period of time. Thus, it is necessary to balance supply and demand over a short period 
of time. Second, because heat cannot be transported economically over a long distance, 
CHP plants should be located close to where the heat can be consumed and are thus 
embedded in electricity networks, limiting transmission and distribution losses. 
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Therefore, heat must be balanced locally over a small area while power can be balanced 
either locally or globally (over a large area). Finally, interdependence of heat and power 
generation means that the production planning must be done in coordination. 
 
These characteristics in conjunction with the new production technologies described in 
Section 2.1 pose challenge over the operation of a CHP system. It requires sophisticated 
models and efficient solution tools for handling the operation of the system efficiently. 
- 
- 
- 
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Dantzig, G. (1963). Linear programming and extensions. Princeton University Press, Princeton, NJ. [This 
is a classic book for LP techniques].  

Del Sol, P. (2002). Responses to electricity liberalization: the regional strategy of a Chilean generator. 
Energy Policy, 30, 437–446. [This paper introduces the situations of electricity liberalization in early 
eighties in Chile]. 

Dolgicers, A., Guseva, S., Sauhats, A., Linkevics, O., Mahnitko, A., Zicmane, I. (2009). Market and 
environmental dispatch of combined cycle CHP plant. IEEE Bucharest Power Tech Conference (pp.1-
5).[This paper presents an approach for handling combined cycle CHP plants under the deregulated 
markets and environmental considerations].  

Dotzauer, E. (2001). Energy system operation by Lagrangian Relaxation. Ph.D. thesis, Department of 
Mathematics, Linköping University, Sweden. [This is a monograph to handle CHP systems based on LR 
methods]. 

Dotzauer, E. (2003). Experiences in mid-term planning of district heating system. Energy, 28, 1545-1555. 
[This paper applies MILP approaches to hand districting heating systems]. 

Dotzauer, E., & Ravn, H.F. (2000). Lagrangian relaxation based algorithms for optimal economic 
dispatch of cogeneration systems with a storage. In proceedings from the second International 
Conference on Simulation, Gaming, Training and Business Process Reengineering in Operations (pp. 51-
55). Riga, Latvia. [This paper deals with the ED of a CHP system with heat storage based on LR 
methods].  

Dyner, I., & Larsen, E.R. (2001). From planning to strategy in the electricity industry. Energy Policy 29, 
1145–1154. [This paper presents some fundamental changes in electricity industry from monopoly to 
liberalization].  

Eichhorn, A., & Romisch, W. (2006). Mean-risk optimization models for electricity portfolio 
management. 9th International Conference on Probabilistic Methods Applied to Power Systems. [This 
paper presents a method to handle the uncertainties for electricity portfolio management]. 

Eichhorn, A., & Romisch, W. (2008). Dynamic risk management in electricity portfolio optimization via 
polyhedral risk functionals. IEEE Power and Energy Society General Meeting--Conversion and Delivery 
of Electrical Energy in the 21st Century (pp.1-8). [This paper presents a method for combining risk 
management and optimal planning of power production and trading based on the probability knowledge 
about the future uncertainties such as demands and prices]. 

Eichhorn, A., Romisch, W., & Wegner, I. (2005). Mean-risk optimization of electricity portfolios using 
multiperiod polyhedral risk measures. IEEE Power Tech (pp.1-7). [This paper presents a mathematical 
model with stochastic input data for mean-risk optimization of electricity portfolios].  

Eriksen, P.B. (2001). Economic and environmental dispatch of power/CHP production systems. Electric 
Power Systems Research, 57, 33–39. [This paper presents a method for complying with emissions quotas 
for power or CHP production systems in an economic rational and optimal way].  

EPA_CHP. 2008. Catolog of CHP technologies. US environmental protection agency, combined heat and 
power partnership. www.epa.gov/chp/documents/catalog_chptech_full.pdf [This is a catolog for 
introducing different CHP production technologies].  

European commission, 2005. Commission staff working document. Annex to the communication from 
commission(2005). The support for electricity from renewable energy sources, impact assessment. 
COM8(2005) 627 final of 7 December. 

http://ec.europa.eu/energy/res/biomass_action_plan/doc/2005_12_07_comm_biomass_electricity_en.pdf . 
[This is an official document from European Union to support the renewable energy sources].  

Faille, D., Mondon, C., & AI-Nasrawi, B. (2007). mCHP optimization by dynamic programming and 
mixed integer linear programming. 2007 International Conference on Intelligent Systems Applications to 
Power Systems. [This paper compares two solution approaches (DP and MILP) for the domestic micro 
CHP system].  
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Gardner, D.T. & Rogers, J.S. (1997). Joint planning of combined heat and power and electric power 
systems: An efficient model formulation. European Journal of Operational Research, 102(1), 58-72. 
[This paper presents an efficient solution approach for a CHP system].  

Geidl, M., & Andersson G. (2007). Optimal power flow of multiple energy carriers. IEEE Transaction on 
Power Systems, 22(1), 145-155. [This paper presents an approach for combined coupled power flows of 
different energy infrastructures such as electricity, gas and district heating systems].  

Ghoudjehbaklou, H., & Puttgen, H.B. (1988). Optimum electric utility spot price determinations for small 
power producing facilities operating under PURPA provisions. IEEE Transactions on Energy Conversion, 
3(3), 575-582. [This paper presents an optimum spot price determination procedure in the general context 
of PURPA (public utility regulatory policies act)]. 

Gómez-Villalva, E., & Ramos, A. (2003). Optimal energy management of an industrial consumer in 
liberalized markets. IEEE Transactions on Power Systems, 18, 716-723. [This paper presents an 
optimization model for a mid-term management of a thermal and electricity supply system under the 
deregulated power market].  

Gonzalez Chapa, M.A., & Vega Galaz, J.R. (2004). An economic dispatch algorithm for cogeneration 
systems. 2004 IEEE Power Engineering Society General Meeting. [This paper presents an algorithm to 
solve the ED of a CHP system based on SQP and LR].  

Gu, W., Wu, Z., & Yuan, X.(2010). Microgrid economic optimal operation of the combined heat and 
power system with renewable energy. IEEE Power and Energy Society General Meeting (pp.1-6). [This 
paper deals with the problem of economic operation of a CHP system including wind energy, PV, heat 
recovery boiler and battery].  

Guo, T., Henwood, M.I., & van Ooijen, M. (1996). An algorithm for combined heat and power economic 
dispatch. IEEE Transactions on Power Systems, 11, 1778-1784. [This paper presents an algorithm for ED 
of CHP by decomposing into power dispatch and heat dispatch].  

Gustafsson, S.I. (1993). Mathematical modelling of district heating and electricity loads. Applied Energy, 
46, 149-159.[This paper models the network of district heating and electricity supply]. 

Handschin, E., Neise, F., Neumann H., & Schultz, R. (2006). Optimal operation of dispersed generation 
under uncertainty using mathematical programming. Electrical Power & Energy Systems, 28, 618–626. 
[This paper presents a mathematical model for different kinds of dispersed generation with respect to their 
technical characteristics as well as the optimization technique which is used to solve problems under the 
existing uncertainty].  

Heussen, K., Koch, S., Ulbig, A., & Andersson, G. (2010). Energy storage in power system operation: the 
power nodes modeling framework. IEEE PES ISGT (Europe) (pp. 1-8). [This paper presents a unified 
approach for modeling non-dispatchable generation and significant storage capacities]. 

Hernandez-Aramburo, C.A., Green, T.C., & Mugniot, N. (2005). Fuel consumption minimization of a 
microgrid. IEEE Transactions on Industry Applications, 41(3), 673-681. [This paper presents a cost 
minimization approach of a microgrid consisting of two reciprocating gas engines, a CHP plant, a PV and 
a wind generator]. 

Hong, Y.Y., & Li, C.H. (2002). Genetic algorithm based economic dispatch for cogeneration units 
considering multiplant and multibuyer wheeling. IEEE Transactions on Power Systems, 17, 134-140. 
[This paper presents GA-based algorithms for optimal ED of a CHP system].  

Hong Y.Y., & Li C.Y. (2006). Back-pressure cogeneration economic dispatch for physical bilateral 
contract using genetic algorithms. 2006 International Conference on Probabilistic Methods Applied to 
Power Systems. [This paper present a GA with virtual Lagrangian multipliers to enhance the convergence 
speed to optimality].  

Hosseini, S.S.S., Alavi, A.H., Gandomi, A.H. (2011). Combined heat and power economic dispatch by 
mesh adaptive direct search algorithm. Expert Systems with Applications, 38, 6556-6564. [This paper 
presents an optimization technique called MADS( mesh adaptive direct search) to solve the ED of a CHP 
system].  
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Houwing, M., Negenborn, R.R., & De Schutter, B.(2011). Demand response with micro-CHP systems. 
Proceedings of the IEEE, 99(1), 200-213. [This paper investigates to what extent domestic energy cost 
can be reduced with intelligent, price-based control concepts (demand response)].  

Hu, L., Taylor, G., Wan, H., & Irving, M. (2009). A review of short-term electricity price forecasting 
techniques in deregulated electricity markets. Proceeings of the 44th International Universities Power 
Engineering Conference. [This paper summarizes the influential factors of price behavior, proposes an 
extended taxonomy of forecasting methods and points out that hybrid methods are the future trends].  

Huang, S.H., Chen, B.K., Chu, W.C, & Lee, W.J. (2004). Optimal operation strategy for cogeneration 
power plants. Conference Record of the 2004 IEEE Industry Applications Conference.  

IEA (2007). CHP and DHC in China: An assessment of market and policy potential - The international 
CHP/DHC collaborative. Advancing near-term low carbon technologies. Available at: 
http://www.iea.org/g8/chp/profiles/China.pdf. [This essay summarizes the development of CHP and DHC 
(district heating and cooling) in China].  

Illerhaus, S. W., & Verstege, J. F.(1999). Optimal operation of industrial CHP-based power systems in 
liberalized energy markets. IEEE Power Tech’99 Conference, Budapest, Hungary. [This paper presents 
the implementation of a new method for the UC of an industrial CHP system and the new method is a 
dynamic search strategy based on MILP]. 

Illerhaus, S. W., & Verstege, J. F.(2000). Optimal operation of industrial IPPSs considering load 
management strategies. IEEE Industrial Application Conference (pp. 901-908). [This paper presents a 
mathematical model representing IPS (industrial power system) to formulate the optimization problem].  

Illerhaus, S. W., & Verstege, J. F.(2001). Short-term energy trading considering long-term contract 
constraints. IEEE Porto Power Tech’01 Conference, Porto, Portugal. [This paper presents an approach to 
coordinate between long term contract and short term energy trading on the day ahead spot energy 
market].  

James & James , 2002. CHP in the United States gaining momentum. Cogeneration and on-site power 
production 3(4), James & James Science Publishers. 
http://www.jxj.com/magsandj/cospp/2002_4/chp_usa.html. [This essay introduces the CHP development 
in USA].  

Jamasb, T., & Pollitt, M. (2011). Electricity sector liberalisation and innovation: An analysis of the UK’s 
patenting activities. Research Policy, 40, 309-324. [This paper examines the effect of electricity reforms 
on the patenting activity in the UK electricity sector].  

Jablko, R., Saniter, C., Hanitsch, R., & Holler, S.(2005). Technical and economical comparison of micro 
CHP systems. International Conference on Future Power System. [This paper compares different micro 
CHP systems based on technical and economical factors]. 

Jafari, S. , Abdolmohammadi, H. R., Nazari, M. E. & Shayanfar, H. A. (2008). A new approach for global 
optimization in high dimension problems. Power and Energy Society General Meeting—Conversion and 
Delivery of Electrical Energy in the 21st Century (pp.1-7). [This paper presents an improved GA to solve 
the ED problem with valve loading effects]. 

Kagiannas, A.G., Askounis, D.T., & Psarras, J. (2004). Power generation planning: a survey from 
monopoly to competition. Electrical Power & Energy Systems, 26, 413-421.[This paper aims to serve as a 
comprehensive review for generation planning applied in the deregulated power market]. 

Khorram, E., & Jaberipour, M. (2011). Harmony search algorithm for solving combined heat and power 
economic dispatch problem. Energy Conversion and Management, 52, 1550-1554. [This paper presents a 
harmony search algorithm for the ED of a CHP system].  

Kienzle, F., & Andersson, G. (2010). Location-dependent valuation of energy hubs with storage in multi-
carrier energy systems. 7th International Conference on the European Energy Market (pp.1-6). [This 
paper presents a valuation method of energy hubs including storage devices and energy hubs is an 
integrated system of units (CHP plants and batteries), which allows the conversion and storage of 
multiple energy carriers] 

Kim, H-M., & Kinoshita T. (2009). Multiagent system for microgrid operation based on power market 
environment. Telecommunication Energy Conference (pp.1-5). [This paper introduces a power market 
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model for efficient operation of the microgrid and proposes an agent based mechanism on the power 
market]. 

Lahdelma, R. (1994). An objected-orientd mathematical modeling system. Ph.D. thesis, Acta, 
Polytechnica, Scandinavica Mathematics and Computing in Engineering Series No. 66. Systems Analysis 
Labortory, Helsinki University of Technology. [This monograph systematically introduces an objected 
orieneted mathematical modeling system for large scale systems]. 

Lahdelma, R. & Hakonen, H. (2003). An efficient linear programming algorithm for combined heat and 
power production. European Journal of Operational Research, 148, 141-151.[This paper presents an 
efficient specialized algorithm for a CHP system].  

Lahdelma, R. & Makkonen, S., (1996). Interactive graphical object-oriented energy modelling and 
optimisation. In Proceedings of the International Symposium of ECOS’96, Efficiency, Cost, Optimisation, 
Simulation and Environmental Aspects of Energy Systems (pp. 425-431). June 25-27, Stockholm, 
Sweden. [This paper applies object-oriented modeling approach to energy systems]. 

Lahdelma, R., Makkonen, S., & Salminen, P. (2006). Multivariate Gaussian criteria in SMAA. European 
Journal of Operational Research, 170, 957-970. [This paper presents a method for handling dependent 
uncertainties in a stochastic multicriteria group decision-making problem and demonstrates the use of the 
method in the context of a strategic decision support model of a retailer operating in the European 
deregulated power market].  

Lahdelma, R. & Rong, A. (2005). Efficient re-formulation of linear cogeneration planning models. In 
Proceedings of the 24th IASTED International Conference Modelling, Identification, and Control (pp. 
300-305). ed. M.H. Hamza, February 16 -18, 2005, Innsbruck, Austria. [This paper reformulates the 
multi-generation plant model based on mass and energy balance into an extremal model].  

Lai, L.L., Ma, J.T., & Lee, J.B. (1997). Application of genetic algorithms to multi-time interval 
scheduling for daily operation of a cogeneration system. 1997 International Conference on Advances in 
Power System Control, Operation and Management (pp. 327-331). [This paper applies GA to the ED of a 
CHP system].  

Lai, L.L., Ma, J.T., & Lee, J.B. (1998). Multitime-interval scheduling for daily operation of a two 
cogeneration system with evolutionary programming. Electrical power & Energy Systems, 20, 305-
311.[This paper solve the ED of a CHP system based on evolutionary programming].  

Larsen, H.V., Palsson, H., & Ravn, H.F. (1998). Probabilistic production simulation including combined 
heat and power plants. Electric Power Systems Research, 48, 45-56. [This paper extends the probabilistic 
production simulation method to the CHP system]. 

Lee, J.B., & Jeong, J.H. (2001). A daily optimal operational schedule for cogeneration systems in a paper 
mill. 2001 Power Engineering Society Summer Meeting (vol.3, pp. 1357-1362). [This paper presents an 
evolutionary programming approach for generating a daily operational schedule of a CHP system].  

Lee, J.B., Jung, C.H., & Lyu, S.H. (1999). A daily operation scheduling of cogeneration systems using 
fuzzy linear programming. 1999 IEEE Power Engineering Society Summer Meeting (vol.2, pp. 983-988). 
[This paper presents a fuzzy linear programming approach for generating a daily operational schedule of a 
CHP system]. 

Lemar P.L. (2001). The potential impact of policies to promote combined heat and power in US industry. 
Energy Policy, 29, 1243-1254. [This paper reviews a portion of the study that examined the impact of the 
CHP technologies on the US industry and concludes that the policies can be developed to significantly 
reduce carbon emissions, increase energy efficiency and improve fuel diversity within the US industrial 
sector with little or no additional cost to US economy].  

Linkevics, O., & Sauhauts, A. (2005). Formulation of the objective function for economic dispatch 
optimisation of steam cycle CHP plants. 2005 IEEE Russia Power Tech. [This paper presents the 
formulation of optimization problem for the ED of steam cycle CHP plant and polynomial quadratic 
equations are applied to describe the interrelations between input steam and output heat and power of the 
steam turbine]. 

Liu, X. (2010). Combined heat and power dispatch with wind power: a stochastic model and solution. 
2010 IEEE Power and Energy Society General Meeting, 1-6. [This paper presents a model for CHP 
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dispatch for the system consisting of thermal generators and wind turbines which are of stochastic 
nature]. 

Lombardi, P., Powalko, M., & Rudion, K.(2009). Optimal operation of a virtual power plant. Power and 
Energy Society General Meeting (pp.1-6). [This paper introduces and discusses the concept and 
architecture of a complex virtual power plant and focuses on the optimal operation of the virtual power 
plant].  

MacGregor, P.R., & Puttgen, H.B. (1991). A spot price based control mechanism for electric utility 
systems with small power producing facilities. IEEE Transactions on Power Systems, 6(2), 683-690. 
[This paper presents a spot price determination procedure in the context of small power producing 
facility]. 

Madlener, R. & Schmid, C. (2003). Combined heat and power generation in liberalized markets and a 
carbon-constrained world. Sustainable Energy Provision, GAIA 12, 114-120. [This paper discusses the 
strength of CHP technology in liberalized market and carbon-constrained condition].  

Maifredi, C., Puzzi, L., & Beretta, G.P. (2000). Optimal power production scheduling in a complex 
cogeneration system with heat storage. Proceedings of 35th Intersociety Energy Conversion Engineering 
Conference. [This presents a DP approach for a CHP system]. 

Makkonen, S. (2005). Decision modeling tools for utilities in the deregulated energy market. Ph.D. thesis, 
Research Report A93, Systems Analysis Laboratory, Helsinki University of Technology. [This 
monograph analyzes the different requirements for planning and optimization of energy systems between 
monopoly and deregulated market and presents decision support tools for utilities in the deregulated 
market]. 

Makkonen, S. & Lahdelma, R. (1998). Stochastic simulation in risk analysis of energy trade. Trends in 
Multicriteria Decision Making: In Proceedings of 13th International Conference on Multiple Criteria 
Decision Making (pp. 146-156). Springer. [This paper applies stochastic simulation to deal with the 
energy trade and related risk analysis on the basis of solving deterministic optimization model].  

Makkonen, S. & Lahdelma, R. (2001). Analysis of power pools in the deregulated energy market through 
simulation. Decision Support Systems, 30(3), 289-301. [This paper analyzes the risk of power trade in the 
deregulated market by solving deterministic optimization problem in conjunction with stochastic 
simulation].  

Makkonen, S. & Lahdelma, R. (2006). Non-convex power plant modelling in energy optimisation, 
European Journal of Operational Research, 171, 1113-1126. [This paper presents a model for the CHP 
system including non-convex plant and develops a specialized BB algorithm to solve the problem].  

Makkonen, S., Lahdelma, R., Asell, A.M., & Jokinen, A. (2003). Multi-criteria decision support in the 
liberated energy market. Journal of Multi-Criteria Decision Analysis, 12(1), 27-42. [This paper presents 
multi-criteria decision support tools to the energy system in the deregulated power market].  

Mao, M, Ji , M., Dong, W., & Chang, L. (2010). Multi-objective economic dispatch model for a 
microgrid considering reliability. 2010 2nd IEEE Symposium on Power Electronics for Distribtuted 
Generation Systems (pp. 993- 998). [This paper presents a PSO algorithm to solve the multi-objective ED 
model for a microgrid to minimize production cost, customer outage cost and emission cost] 

Manolas, D.A., Frangopoulos, C.A., Gialamas, T.P., & Tsahalis, D.T. (1997). Operation optimization of 
an industrial cogeneration system by a genetic algorithm. Energy Conversion and Management, 38, 1625-
1636. [This paper presents a GA for solving the ED of a CHP system].  

Maranas, C.D., Androulakis, I.P., Floudas, C.A., Berger, A.J., & Mulvey, J.M. (1997). Solving long-term 
financial planning problems via global optimization. Journal of Economic Dynamics and Control, 21, 
1405-1425. [This paper presents a global optimization algorithm for the multi-stage dynamic problem] 

Marechal, F., & Kalitventzeff, B. (1998). Process integration: Selection of the optimal utility system. 
Computers & Chemical Engineering (Supplementary), 22, S149-S156. [This paper presents a hybrid 
approach for combining MILP approach with expert system to determine the best combination of 
different energy production technologies].  

Marriott, K., & Stuckey, P. J. (1998). Programming with constraints. MIT Press. [This book introduces 
constraint programming techniques]. 
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Marshman, D.J. , Chmelyk, T., Sidhu, M.S., Gopaluni, R.B., Dumont, G.A. (2010). Energy optimization 
in a pulp and paper mill cogeneration facility. Applied Energy, 87, 3514–3525. [This paper presents an 
optimization algorithm for a CHP system in the pulp and paper mill].  

Matics, J., & Krost, G. (2007). Computational intelligence techniques applied to flexible and auto-
adaptive operation of CHP based home power supply. 2007 International Conference on Intelligent 
Systems Applications to Power Systems (pp. 1-7).[This paper discusses the application of computational 
intelligence techniques to improve the performance of micro CHP systems].  

Mavrotas, G., Demertzis, H., Meintani, A., & Diakoulaki, D. (2003). Energy planning in buildings under 
uncertainty in fuel costs: The case of a hotel unit in Greece. Energy Conversion and Management, 44, 
1303 -1321. [This paper applies fuzzy logic to deal with uncertainties for energy planning].  

Mavrotas, G., Diakoulaki, D., Florios, K., & Georgiou, P. (2008). A mathematical programming 
framework for energy planning in services’ sector buildings under uncertainty in load demand: The case 
of a hospital in Athens. Energy Policy, 36, 2415-2429. [This paper presents an integrated modelling and 
optimization framework for energy planning in large consumers of the service sector based on 
mathematical programming and uncertainties are handled by fuzzy logic]. 

Mavrotas, G., Florios, K., & Vlachou, D.(2010). Energy planning of a hospital using mathematical 
programming and Monte Carlo simulation for dealing with uncertainty in the economic parameters. 
Energy Conversion and Management, 51, 722–731.[ This paper deals with uncertainty by combining 
MILP approach and stochastic simulation].  

Mazur, V. (2007). Fuzzy thermoeconomic optimization of energy-transforming systems. Applied Energy, 
84, 749-762. [This paper applies fuzzy multi-objective techniques to handle the optimization of energy 
transforming systems with conflict objectives]. 

Meibom, P., Kiviluoma, J., Barh, R., Brand, H., Weber, C., & Larsen, H.V. (2007). Value of electric heat 
boiler and heat pumps for wind power integration. Wind Energy, 10, 321-327. [This paper analyzes an 
integrated system including wind power based on stochastic programming techniques].  

Menniti, D., Pinnarelli, A., & Sorrentino, N. (2009). Operation of decentralized electricity market in 
microgrids. 20th International Conference on Electricty Distribtuion (pp.1-4). [This paper presents a 
scheme to implement a local microgrid market linked to the macrogrid market]. 

Meyer, N.I. (2003). European schemes for promoting renewables in liberalized markets. Energy Policy, 
31, 665–676. [This paper describes possibilities and problems for penetration of supply system based on 
renewable energy sources in liberalized markets].  

Milo, A., Gaztañaga, H., Etxeberria-Otadui, I., Bilbao,E., & Rodríguez, P. (2009). Optimization of an 
experimental hybrid microgrid operation: reliability and economic issues. IEEE Bucharest Power Tech 
Conference. [This paper applies simulation technique to optimize and analyze an experimental hybrid 
microgrid]. 

Morais, H., Vale, Z.A., Ramos, C., & Praça, I. (2009). Virtual power producers simulation – negotiating 
renewable distributed generation in competitive electricity markets. IEEE PES/IAS Conference on 
Sustainable Alternative Energy (pp. 1-8). [This paper presents a simulation tool to simulate the operation 
of virtual power producers] 

Moslehi, K., Khadem, M., Bernal, R., & Hernandez, G. (1991). Optimization of multiplant cogeneration 
system operation including electric and steam networks. IEEE Transactions on Power Systems, 6, 484-
490.[This paper presents applies coordination technique to the ED of a CHP system]. 

Mulvey, J.M., & Shetty, B. (2004). Financial planning via multi-stage stochastic optimization. Computers 
& Operations Research, 31, 1-20. [This paper presents a framework for modelling planning problems 
based on multi-stage optimization under uncertainty]. 

Neogi, S., Pradhan, A., Sinha, A., Chowdhury, S. Chowdhury, S.P., Gaunt, C.T.(2009 ). Optimizing 
generation portfolio for emission control in Europe's utilities. 6th International Conference on European 
Energy Market (pp. 1-9). [This paper presents a method to generators for optimizing its operations under 
emission control].  
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Nguyen, M.Y., Yoon, Y.T., & Choi, N.H. (2009). Dynamic programming formulation of micro-grid 
operation with heat and electricity constraints. Asia and Pacific Transmission & Distribution Conference 
& Exposition (pp. 1-4). [This paper applies DP technique to micro-grid operations].  

Niknam, T. (2006). An approach based on particle swarm optimization for optimal operation of 
distribution network considering distributed generators. 32nd Annual Conference on IEEE Industrial 
Electronics (pp. 633-637). [This paper applies PSO technique to the operation of distributed generators].  

Niu, D., Liu, D., Wu, D.D., (2010). A soft computing system for day-ahead electricity price forecasting. 
Applied Soft Computing, 10, 868–875. [This paper presents a technique to forecast electricity prices based 
on self organizing map neural network and support vector machine]. 

Nord Pool, 2004. Nord Pool Statistics. [This presents statistics for electricity prices in Nordic pool power 
market] 

Ozturk, U.A. (2003). The stochastic unit commitment problem: a chance constrained programming 
approach considering extreme multivariate tail probabilities. Ph.D. thesis, University of Pittsburgh. [This 
monograph presents a chance constrained programming approach to deal with the UC problem of the 
power only generation system under uncertainty]. 

Palsson, O.P., & Ravn, H.F. (1994). Stochastic heat storage problem -- Solved by the progressive hedging 
algorithm. Energy Conversion and Management, 35(12), 1157-1171.[This paper presents a technique for 
solving a CHP system with storage under uncertain]. 

Paravan, D., Brand, H., Golob, R., Hlouskova, J., Kossmeirer, S., Madlener, R., Merse, S., Obersteiner, 
M., Stanicic, D., Stokel, T., Urbancic, A., & Weber, C. (2002). Optimization of CHP plants in a 
liberalised power system. 2002 BPC conference, 219-226. [This paper deals with uncertainties on the 
market based on stochastic programming approach]. 

Piperagkas, G.S., Anastasiadis, A.G., Hatziargyriou, N.D. (2011). Stochastic PSO-based heat and power 
dispatch under environmental constraints incorporating CHP and wind power units. Electric Power 
Systems Research, 81, 209-218. [This paper solves the stochastic programming model for the ED problem 
of a CHP system by PSO technique].  

Pribicevic, B., Krasenbrik B., & Haubrich, H.J. (2002). Co-generation in a competitive market. IEEE 
Power Engineering Society Summer Meeting (vol.1, pp. 422-426). [This paper presents a method for 
optimal planning of both generation and market activities in a municipal CHP system].  

Prousch, S., Breuer, C., & Moser, A. (2010). Optimization of decentralized energy supply systems. 7th 
International Conference on European Energy Market (pp. 1-6). [This paper presents a method for 
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