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Abstract 

 

Despite the fact that cogeneration (CHP) and tri-generation (CHCP) are among the most efficient ways to 

produce electricity and thermal energy, there is still some unexploited potential for these techniques. One 

could say that the circumstances for using these techniques are better now than ever. Some of the reasons 

for applying CHP and CHCP are: the techniques are well understood, their application could generate 

some profit, and the required technology is available. Moreover, there is increasing concern in regards to 

energy security, the need to increase the energy efficiency in power generation and distribution as well as 

to lower the emissions from fossil fuel combustion.  

CHP/CHCP promoters and developers face difficulties when analyzing the conditions and proposing a 

plan of application. On one hand, there are some external barriers which have to be torn down by means 

of energy regulation schemes.  These may include economic incentives, easy and safe interconnection to 

the grid to export electricity and have backup if necessary, and access to the market to sell the surplus of 

electricity at a fair price. On the other hand, there are some internal barriers such as the difficulty 

evaluating potential energy savings, emission reduction, and economic performance of a project based on 

the circumstances of a specific site; lack of awareness; unwillingness to invest in CHP/CHCP projects; 

and difficulty in selecting and sizing the equipment which would give the maximum benefits in terms of 

life cycle cost, energy savings and emission reduction. Nowadays, it is possible to develop software tools 

which use simulations and optimization algorithms to evaluate several options, compare them and chose 

the ones that give the optimum performance with respect to an objective function defined by the user. 

In this project, the general context for the application of cogeneration and tri-generation projects was 

studied including factors which have an impact on its feasibility and performance.  Moreover, a survey of 

the exiting feasibility analysis tools was done, and a case study was chosen and analyzed.  Next, a model 

was developed using the software Trnsys for the simulation and Matlab for the optimization.  The model 

was tested by evaluating the study case. The result of the simulation and optimization gives several 

possible equipment size combinations. The tradeoff between two different objective functions such as net 

present value and primary energy savings or emission reduction is presented in Pareto front diagrams. The 

main conclusion of this project is that by using Trnsys and Matlab, it is possible to develop more complex 

models which, when applying optimization algorisms, could become a very useful and helpful tool that 

CHP/CHCP developers could use to speed up the analysis of projects while contributing to the goal of 

deploying these techniques. 

 

Keywords: tri-generation, supermarkets, primary energy savings, optimization, evolutionary algorithms. 

  



ii 
 

Preface 

This master thesis project was done in the divisions of Heat and Power, and Applied Thermodynamic and 

Refrigeration within the Energy Technology Department at KTH. These divisions of KHT do research 

on energy issues from very technical subjects to the general topics such as system energy analysis.  This 

gives the division a very strong position from which to approach energy related problems that we need to 

solve. 

 

Acknowledgements 

I would like to express my gratitude to Prof. Per Gunnar Lundqvist for his advice and the time he took 

from his very busy schedule as well as to my thesis supervisor Dr. Jaime Arias who guided me through the 

process of developing the model and provided useful data from simulations in CyberMart which I used 

later in the model.  

I would also like to thank the people in the Energy Technology Department. I appreciate the effort made 

by Prof. Torsten Fransson and Dr. Andrew Martin in the SEE online masters program to provide people 

in developing countries with knowledge at no charge. I am grateful to the Swedish society for giving me 

the opportunity of studying at Swedish Universities for free. Unfortunately, this will not possible any 

longer for many people around the world due the changes in the Swedish and European system. I also 

thank my friends at KHT James, Justin, Maria Fernanda, Sara, Tomas and Alexandro for their company 

and the unforgettable times we had in the beautiful city of Stockholm. Without those moments, it would 

have been harder to overcome the cold days and long winter nights.  My wife Liliana, especially, has my 

deepest gratitude for her patience, her listening ear, and her unconditional love and support. 

I acknowledge financial support provided by the nonprofit organization “Colfuturo” during this very 

productive and enjoyable time in Sweden. Without that financial support, it would not have been possible 

to focus on my studies. Mr. Thomas Stenhede from Wärsilla deserves my gratitude for sharing technical 

information and for giving me some useful ideas. Finally, James Spelling’s advice and instruction on how 

to use the multi objective optimization algorithm SOLARDYN was invaluable. 

 

  



iii 
 

Abbreviations and Nomenclature 
 

Symbols 

α  Natural gas price to electricity price ratio 

 

Subscripts 

ac  air conditioning 

cs  conventional system 

el  Electricity  

ng  Natural gas 

chcp  Combined Heat, Cooling and Power 

ch  Chiller  

mt  Medium temperature 

lt  Low temperature 

th  thermal 

 

Abbreviations 

BEL   Base electricity load operation strategy 

BTL   Base thermal load operation strategy 

CHP  Combined Heat and Power 

CHCP  Combined Heat, Cooling and Power 

CERs  Certified Emission Reductions 

EA  Evolutionary algorithm 

EUC  European Union Commission 

EU ETS European Union Emission Trading System 

EES  Engineering Equation Solver 

FCL   Following cooling load strategy 

FEL   Following electricity load strategy 

FTL   Following thermal load strategy 

FEL-FTL   Hybrid following electricity and thermal load strategy 

GenOpt Generic Optimization Program 

GENSET Generator Set (ICE or GT coupled to an electrical generator) 

HRS  Heat Recovery System 

HTPr  Heat to Power Ratio 

ICE  Internal combustion engine 

IGCE  Internal gas combustion engine 

IEA  International Energy Agency 

IRR  Internal Rate of Return 

Matlab  Matrix Laboratory Software 

MILP  Mixed integer and lineal programming 

MOEA  Multi-objective evolutionary algorithm 

NH3-H2O Ammonia water 

NEA  Nuclear Energy Agency 

NEC  National Energy Commission of Spain 

NG  Natural gas 

NPV  Net Present Value 

Li-Br  Lithium bromide 

O&M  Operation and Maintenance 
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ORNL  Oak Ridge National Laboratory 

OECD  Organization for Economic Co-operation and Development 

PES  Primary energy savings 

RPES  Relative Primary Energy Savings 

TEES  Thermal Energy System Specialists 

TRNSYS Transient System Simulation Tool 

TSO  Transmission System Operator 

TAT  Thermal Activated Technology (i.e. absorption chillers) 

USD  United States Dollar 

USDOE US Department of Energy 

VCC  Vapor compression chillers 

DG Distributed generation 

EE Energy efficiency 

GT Gar turbine 

HRS Heat recovery steam generator 

OEA Evolutionary optimization algorithm 
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1 Introduction 

There is increasing concern about the need for energy security and the impact of GHG emission. Energy 

efficiency has been identified as part of the solution in the endeavor to ensure the energy supply as well as 

lower the GHG emissions. That is why governments and organizations have established plans to foster 

the efficient use of energy which include improving the efficiency in energy generation and distribution 

(e.g., applying cogeneration). An example of this is the goal of a 20% reduction in energy consumption in 

Europe by 2020 (Commission of European Communities, 2008). Moreover, if the 20% energy savings 

goal by 2020 is met direct economic benefits are expected as well as other indirect benefits such as job 

creation. The plan to reach this goal includes the deployment of cogeneration as one of the actions to be 

implemented (European Parliament, 2004). Similarly, in the USA, cogeneration has received attention and 

has been proposed as an option to increase energy efficiency and to lower energy consumption  (U.S. 

DOE, 2009). In some developing countries, for example in Colombia, cogeneration was included in the 

plans to increase energy efficiency and energy security  (UPME, 2007). In spite of the existing plans, 

cogeneration and tri-generation are to be deployed worldwide as an efficient energy production technique.  

Tri-generation is a technique which groups different technologies in a system to produce electricity and 

thermal (cooling and heating) energy.  The technique is well known, the technology is available and many 

systems have been installed worldwide. However, there are some barriers that have to be overcome in 

order for this technique to be more widely used. One of the existing barriers is the difficulty in proper 

sizing, equipment selection, and choosing the most suitable operating strategy based on the circumstances 

at a specific site. Each site is unique in terms of load variation, energy production - load match, energy 

price variation, energy regulation, and electricity - thermal energy ratio. These factors make it difficult to 

design a system that maximizes the economic and environmental benefits at the same time that the site 

needs are met. In order to overcome this barrier, it is necessary to have methodology (Wheeley & Mago, 

2012) (Sclafania & Beyenea, 2009) and tools which will offer the people involved in the design of tri-

generation systems some support when they need to advise the decision makers and develop an optimum 

design (Cardona & Piacentino, 2003). 

Several computational tools (i.e., CHP feasibility analysis tools and decision making software) intended to 

help cogeneration and tri-generation promoters have been developed (Hinojosa & Day, 2007) (Hudson R. 

, 2003).  Those tools have advantages and disadvantages. Sometimes they complement each other and 

sometimes they are useful only for specific cases or applications.  Recently, the optimization theory has 

been used as a very good tool for the task of analyzing the energy, economic, and environmental 

performance of cogeneration and tri-generation projects during the feasibility study stage as well as in the 

design process (Kavvadias & Maroulis, 2010) (Lozano, Ramos, & Serra, 2010) (Arcuri & Florio, 2007). 

In order to foster the use of cogeneration and tri-generation projects while facilitating the feasibility 

analysis, increasing the awareness of the benefits, and speeding up the decision making process, software 

with a number of abilities is needed.  First of all, it should be able to select the size and combination of 

equipment as well as the operating strategy. Secondly, it must be able to calculate and compare the 

economic, energy, and environmental performance of several possible equipment combinations.  Lastly, it 

has to present options which give the optimum performance with regards to two or more objective 

functions (i.e., multi-objective optimization) such as primary energy savings, emission reductions, net 

present value, and payback period. 
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1.1 Objectives 

The general goal of this study is to provide new knowledge about modeling and simulating CHP/CHCP 

systems in order to use that to do feasibility studies. Moreover, the focus is on the application of an 

existing optimization algorithm in selecting and sizing the equipment of a tri-generation system based on 

the given energy demand conditions. In order to achieve this goal, the following objectives were 

established: 

To assess some of the existing software used nowadays to do feasibility analysis of cogeneration and tri-

generation projects.  

To survey the research that has been done on the use of optimization theory in the analysis and design of 

tri-generation systems. 

To develop a computational model for optimizing the design of a tri-generation system. The tool would 

suggest a size for the equipment from several options in order to maximize the economic and energy 

savings for a specific site. The complexity of this model will depend on the time available for the study 

and on the difficulties which could appear during its development. 

To apply the developed model in the analysis of a case study and find out what possible combinations of 

equipment will give the best performance with regards to energy savings and net present value (energy 

savings are directly related to emission reductions due to the fact that less energy use leads to a decrease in 

emissions). 

To determine the potential of the software and tools used in this project to develop a more complete and 

complex feasibility analysis and equipment sizing tool/model for CHP/CHCP projects. 

1.2 Methodology 

Tri-generation is a well-known technique. However, due to the complexity of applying it, the promoters 

face difficulties when it is proposed.  The variety of factors which have to be considered when evaluating 

the feasibility of using tri-generation are delaying its implementation. Proper understanding of the 

influencing factors is necessary before trying to develop and apply computational tools and optimization 

theory to foster tri-generation use. Figure 1-1 illustrates the different factors considered in this study and 

in the model developed. 
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Figure 1-1: Description of the scope of the proposed study and model. 

The first part of this project deals with learning about the context in which cogeneration and tri-

generation produce a positive outcome. Tri-generation is not feasible everywhere.  Its feasibility depends 

on several factors such as available energy resources, energy price, cost of the technology, electricity 

market, potential for tri-generation use, energy regulation including incentives. Moreover, factors related 

to the application of tri-generation to a specific site such as heat to power ratio, load variation, and match 

between heat and electricity demand were also included. 

Once the context was understood, a survey was done of the recent research on topics such as technology 

for CHP/CHCP systems, recent development, potential for use, and the application of optimization 

theory to feasibility studies as well as the sizing of tri-generation systems.  Next, a survey of the existing 

cogeneration and tri-generation feasibility tools (e.i., software) was done. This leads to the understanding 

of the features and abilities of that kind of software, its strengths and weaknesses, and the desirable 

features that a feasibility analysis model should have. 

The next part of this project includes the selection of a study case, the study of its energy system and some 

features related to the place where it is located. Before proceeding with the development of the model, it 

was necessary to review the characteristics of the energy demand such as load variation, peak energy 

demand, average energy demand, and heat to power ratio. Moreover, options for installing a CHCP 

system that, when linked to existing systems, was able to provide all or part of the demand. Additionally, it 

was necessary to study the energy prices and regulations applicable to the location of the specific case 

under study.  

The last part was the development of the model and the analysis of the case study. Due to the complexity 

of modeling a CHCP system, the scope of the proposed model was limited to the case under study and 

possibly to cases similar to that one. The model was developed using Trnsys1, which is a simulation 

software developed at the University of Wisconsin, and with the application of a module and components 

for cogeneration which were developed by TESS2. For the optimization process, several options were 

considered. The optimization tools that were initially considered were: Matlab, EES3 and GenOpt4 which 

can be easily linked to Trnsys. The use of one of three possible optimization tools was decided later based 

on their abilities and how well they linked with Trnsys.  

                                                   
1 http://sel.me.wisc.edu/Trnsys/ ,  http://www.Trnsys.com/ 
2 http://www.tess-inc.com/Trnsys 
3 http://www.mhhe.com/engcs/mech/ees/whatisees.html 
4 http://gundog.lbl.gov/GO/ 

http://sel.me.wisc.edu/trnsys/
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1.3 Thesis structure 

This thesis project includes not only the development of a model and the simulations involved but also 

the study of the context for tri-generation as well as a review of some of the factors which affect the 

performance of CHCP systems. In this section, objectives and methodology for this project were 

established. 

The second section of the thesis includes a review of the context for tri-generation. It comprises issues 

such as the potential for CHCP projects, the existing barriers, the regulatory framework and incentives, 

and a brief review of previous work related to simulations of CHCP systems and the use of optimization 

in the analyses. Moreover, this section contains a review of some of the existing feasibility analyses and 

decision making tools (i.e., software) for CHCP projects. 

Section three covers some theoretical concepts which were the basis for developing the model such as 

energy savings and emission reductions from CHCP systems, technology used in CHCP systems, 

operating strategies, and optimization theory. 

Section four contains the analysis of the energy demand of a supermarket that was chosen as the case 

under study. It also contains a brief description of the refrigeration system in the supermarket. 

Section five consists of the description of the model which includes the following: description of the 

Trnsys -Matlab interface, description of the model in Trnsys, some details about the components of the 

model, energy price calculations, initial investment and operating cost calculations, and the definition of 

the objective functions. 

Section six contains the presentation of the results and the analysis of them. 

Finally, section seven includes the conclusions from this project and gives some ideas for future work in 

this area. 
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2 Context 

2.1 The tri-generation situation 

The importance of these techniques and the technologies that are used when they are put into practice lies 

in better use of energy resources.  This leads to an economic benefit and reduces the energy dependence 

of some countries on imported resources.  In addition, it benefits the environment due to the reduction in 

greenhouse gases (GHG) when CHP or CHCP plants replace conventional power plants. 

2.1.1 Existing potential 

The European Union has recognized the need to encourage cogeneration and tri-generation as a part of 

their plans and goals in the area of energy efficiency and emissions reduction (European Parliament, 

2004). In the EU and the USA, the electricity generating capacity in cogeneration plants is 11% and 9% 

respectively (IEA, 2009). The Cogen organization in the European Union (CODE, 2010) estimated that 

there is 122GWe of additional technical potential for cogeneration in Europe. Furthermore, the European 

Parliament put the implementation of cogeneration on the list of suggestions for increasing energy 

efficiency ( European parliament, 2006). 

Plans and programs to increase energy efficiency (EE) and reduce dependence on fossil fuels through the 

use of CHP/CHCP techniques along with others are also unfolding in the USA.   The US Department of 

Energy (DOE) started a program in 2001 to duplicate the installed capacity from 46 GW in 2001 to 92 

GW in 2010 in cogeneration systems (U. S. EPA, 2001). In August 2009, the capacity in cogeneration 

plants had risen to 85GW (9% of the capacity) and that same year, a new program was started with a goal 

of 241GW (20% of the capacity) in the year 2030 (U.S. DOE, 2009). 

The application of tri-generation has been studied for its potential to provide refrigeration in tropical areas 

as an alternative in order to reduce the consumption of electrical energy for heating and cooling systems 

(Seksan, Martin, & Martin, 2011) (Chow, Au, & Yau, 2004).  The tri- and poly-generation systems offer 

alternatives for supplying other services in addition to electric energy and heating such as drinking water 

and production of CO2 for agricultural use (Polysmart, 2008). Tri-generation can also be applied in 

supermarkets and the food industry with favorable economic and energy results (Marimon, Arias, & 

Lundqvist, 2011) (Sugiartha, Tassou, & Chaer, 2008) (Tassou & Chaer, 2008).  Other uses such as taking 

advantage of the biogas produced in water treatment plants are possible (Bruno, Ortega-Lopez, & 

Coronas, 2007). Recently poly-generation projects have been implemented in the industry as quad-

generation that provides several services simultaneously. These include electricity, refrigeration, heating 

and carbonic gas (CO2) (Coca-Cola Hellenic, 2010).   

When the share of electricity production is analyzed by source in two European countries, it is possible to 

see that the use of natural gas has increased progressively. Figure 2-1 and Figure 2-2 present the evolution 

of electricity production by source (fuel) in Spain and Germany. On one hand, it can be seen that in Spain, 

natural gas registered a substantial increase between 1995 and 2008. On the other hand, in Germany, the 

use of natural gas for electricity presented a small/limited increase between 1995 and 2007. However, due 

to the fact that a decision about progressively decreasing the share of Nuclear power was made in 

Germany in 2011, the use of natural gas in electricity production is expected to increase in the coming 

years. Thus, applying CHP/CHCP techniques for electricity production using natural gas makes a lot of 

sense when the higher efficiency in comparison to conventional power plants is considered. 
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Figure 2-1. Electricity production by fuel in Spain. 

 

 

Figure 2-2. Electricity production by fuel in Germany (IEA). 

 

The economic potential to apply CHP in Europe is presented in Figure 2-3 (CODE, 2010). The 

substantial difference between the potential in Germany and the potential in the other European countries 

is due to use of different methodologies during the evaluation. The evaluated potential included only 

CHP.  No cooling by means of CHCP power plants was considered. There are no studies which evaluate 

the potential for CHCP. However, due to the increase in cooling demand (i.e., air conditioning) 

particularly in residential and commercial sectors, part of the potential presented in Figure 2-3 could be 

supplied by CHCP power plants. Additionally, there is some demand for cooling in industries such as 

food processing and chemical production that could be supplied by CHCP plant located on site (i.e., DG).  
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Figure 2-3. Additional economic potential for CHP in European Union5. 

 

Natural gas consumption in industry in Spain was approximately 8Mtoe in 2009 (see Figure 2-4) and in 

Germany, approximately 18Mtoe the same year (see Figure 2-5). Normally, natural gas consumed in industry 

is used for heating production, electricity production and, to a limited extent, as one of the raw materials 

in chemical processes. This means that there is still some potential for CHP and CHCP waiting to be 

exploited in these two countries. The situation could be similar in other European countries as well as in 

countries around the world where natural gas is used for heating production in industry.  

 

Figure 2-4. Breakdown of sectoral energy consumption by source in Spain6. 

 

                                                   
5 Adapted from: CODE, http://www.code-project.eu/wp-content/uploads/2009/05/1_CODE_WS2_Budapest_ 
Merse_ CODE_project.pdf  
6 Adapted from: http://www.iea.org/stats/pdf_graphs/ESBSFC.pdf 

http://www.code-project.eu/wp-content/uploads/2009/05/1_CODE_WS2_Budapest_%20Merse_%20CODE_project.pdf
http://www.code-project.eu/wp-content/uploads/2009/05/1_CODE_WS2_Budapest_%20Merse_%20CODE_project.pdf
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Figure 2-5. Breakdown of sectoral energy consumption by source in Germany7. 

 

2.1.2 Barriers 

The European commission considers the following as the most significant barriers against energy 

efficiency measures (Commission of European Communities, 2008): high up-front costs, limited 

commitment, low awareness of the benefits, overestimate of the investment needs, lack of financing, and 

low share of energy in production costs. Even though the above are barriers for energy efficiency in 

general, they are also applicable for CHP/CHCP.  

CHP and CHCP are among DG techniques for producing electricity so issues for DG are also affecting 

their utilization. Some barriers for DG related to energy regulation are: lack of incentives for efficiency, 

retail electric sale prohibition, laws banning transmission competition, interconnection rules, and high cost 

for back-up power access  (Andrepont, 2006). Among the above mentioned barriers, the most notable is 

the difficulty in getting access to the grid (Carrierea, Kozmana, & Lee, 2009). 

Even though the situation is different for each country, the issues related to DG interconnection can be 

categorized as follows. First, the technical issues include safety and power quality (i.e., harmonics, power 

factor, voltage oscillations). These issues are not treated properly due to the lack of national codes and 

uniform standards related to the interconnection of DG systems. In some of the states in the USA, for 

example, there has been notable progress for DG since standards for interconnection were adopted. 

Second, there are institutional issues that include legal and procedural issues such as insurance, liability, 

standard agreements, and clear and unified procedures with timelines. Third, there are market issues such 

as tariffs and pricing, which include permits, interconnection fees, initial engineering, inspection fees, 

detailed engineering study costs when necessary, metering charges, and costs of construction and 

equipment associated with the connection to the grid that have to be paid by the DG owner most of the 

time (Interstate Renewable Energy Council, 2007). Moreover, there is an important factor related to a 

market imperfection. This is the fact that some of the benefits from DG such as reduction in losses from 

transportation and distribution over the grid and peak shaving are not internalized in the electricity 

market. Finally, charges for power used, reserved generation and distribution capacity are frequently 

imposed. This situation makes the price that CHCP/CHCP power plants receive for the energy exported 

unfavorable and sometimes lower than the price paid to centralized power plants. 

                                                   
7 Source: http://www.iea.org/stats/pdf_graphs/DEBSFC.pdf 
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The use of computational tools to do feasibility analysis using optimization algorithms could help to 

overcome some of the above mentioned barriers.  A few of these are low awareness of the benefits, 

limited commitment, unwillingness to invest, and overestimate of the investment.  Another advantage is 

that those tools help to speed up feasibility studies, and improve the design by selecting and sizing the 

equipment that gives the optimum performance. The latter reduces the risk of financial losses resulting 

from deficient design. 

 

2.1.3 Regulation and applicable incentives 

Some of the countries with notable progress in the use in CHP due to effective regulation and incentives 

are Denmark, Netherlands, Germany, Spain (IEA, 2009) and the USA (U.S. DOE, 2009). Other countries 

such as Brazil, Portugal and Croatia have recently started taking measures to foster its use  (Salem, 2002) 

(Salem & Borghetti, 2004) (Soares & Szklo, 2001) (Loncar, Duic, & Bogdan, 2009) (Moreira, Monteiro, & 

Ferreira, 2007). In the USA, some of the measures in energy regulation that have been implemented to 

foster CHP/CHCP and DG in general are: investment tax credit, accelerated cost recovery system, tax 

exemption for nontaxable energy grants or subsidized energy financing (Smoots & Coie, 2009). In Spain, a 

scheme to guarantee the price paid for electricity produced and exported to the grid was established 

(Ministry of Industry, Turism and Trade of Spain, 2007).  

The most important role of regulation in the aim of fostering CHP/CHCP is removing the barriers 

mentioned in §2.1.3. However, many of the barriers can be removed simply through information 

dissemination programs and financing (Salem & Borgheti, 2005). Furthermore, incentives which could be 

applied to foster CHP/CHCP include: priority dispatch for the energy surplus, guaranteed tariffs for the 

electricity sold, tax exceptions, protection from fuel price variation, accelerated depreciation schemes, 

subsidies for energy audits and feasibility studies, and energy efficiency incentives such as tax deductions. 

   

2.1.4 Previous research on modeling and optimization  

A review of the research that has been done on the use of modeling and optimization theory on the 

analysis of cogeneration and tri-generation projects was done.  

The optimization of tri-generation systems could be very complex since there are many factors and 

variables which are evolved. Some authors have studied the problem of optimizing cogeneration and tri-

generation systems including Kavvadias & Maroulis (2010), and Rong & Risto (2006). Other authors, for 

example, Rubio Maya (2009), Sanaye & Aghaei (2007), and Sclafania & Beyenea (2009) have studied issues 

related to sizing CCHP systems. The Oak Ridge National Laboratory in the USA developed a 

computation tool which uses an optimization algorithm for evaluating tri-generation projects (Hudson, 

2006).   

Other authors applied the multi-objective optimization concept using Pareto front figures in order to 

analyze the tradeoff between different objective functions and to find the system characteristics that offer 

the best performance by considering two objective functions at the same time (Carvalho & Lozano, 2011). 

In another study, both the evolutionary algorithms (QMOO) and mixed integer linear programming 

(MILP) were applied in the optimization analysis of a polygeneration system (Fazlollahia & Maréchalb, 

2011). 

Some authors have studied the application of optimization through linear and integer programming 

(MILP) to formulate tri-generation models that describe a system with specific configuration and using 

optimization algorithms to find out what the optimal size of the equipment is to achieve the maximum 

investment return. In addition to that, simulations of several models which emulate systems with different 
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configurations as well as different operating strategies were used to compare the performance for different 

systems (Arcuri & Florio, 2007) (Reini & Buoro, 2011). Lozano and Ramos (2010) included the use of 

Thermal Energy Storage (TES) and legal constraints in the solution of a MILP model to minimize the 

operating cost. In another article, non linear programming (NLP) was applied in the design optimization 

of an absorption chiller in order to minimize the cost as well as the environmental impact  (Gebreslassie & 

Guillén-Gosálbez, 2009).. 

Another approach to solve optimization problems in energy systems is the use of evolutionary algorithms 

(EA) such as the Queueing Multi-Objective Optimizer (QMOO), a tool developed at the University of 

Lausame (Leyland, 2002). There are many other interesting studies focused on the analysis of tri-

generation including different applications, circumstances and factors. For example, Ziher & Poredo 

(2006) studied the application of tri-generation in hospitals and Cardona & Piacentino (2006) (2006) 

studied the case for airports. 

 

2.2 Existing feasibility analysis tools for CHP/CHCP projects 

There are several CHP feasibility software tools and their application, effectiveness, level of complexity 

and details are varied. Some are open source and are available on internet for free due to the fact that they 

were developed by nonprofit organizations or, in some cases, they were developed through public 

resources from governmental institutions (i.e., USDOE).   A survey of the CHP software, which included 

nine tools, was done in 2003 and the report on it presented some general features.  Only two of them are 

available for free and the others are commercial software (Hudson R. , 2003).  In another study, four 

different models were compared although one of them is no longer available (i.e., CHP Sizer from UK) 

and the others are commercial software so it is not possible to get access to them without buying (i.e., 

EnergyPro, Ready Reckoner). A study from Hinojosa & Day showed that EnergyPro 3.2 was the most 

complete software (2007). 

In this project, a survey of free available computational feasibility tools or decision-making software for 

CHP/CHCP projects was done. Five tools were reviewed and a summary of the results are presented 

hereinafter. The tools that were studied are:  

- Combined Heat and Power (CHP) Tool (Oak Ridge National Lab, USA, 2004).  

- BCHP Screening Tool (Oak Ridge National Laboratory, 2007).  

- CHP Capacity Optimizer (Oak Ridge National Lab, USA, 2006). 

- MAC CHP Assessor (Midwest CHP Application Center, USA). 

- RETScreen Clean Energy Project Analysis Software (Canada, 2011).  

 

2.2.1 Combined Heat and Power (CHP) Tool 

This tool was developed by the Oak Ridge National Lab the U.S.A. in 2004.  It is used to perform 

prefeasibility studies for CHP projects for industrial applications where heating is required for industrial 

processes.  

The tool is limited to the application of gas turbine (GT) to generate electricity and heat recovery system 

(HRS) to recover heat from the flue gases to be used in industrial heating processes. Performance data 

from 89 different GT models is included in the data base and could be used for the analysis. This tool 

does not offer any way to include prime movers other than GT nor other applications such as cooling 

production. The purpose of this tool is to provide the users with a decision making tool that would help 

them to decide whether to do further studies. The tool allows the user to calculate the payback period 

(Oak Ridge National Laboratory, 2004).  
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2.2.2 BCHP Screening Tool  

Version 2 of the BCHP screening tool was developed using visual Fortran in April 2005 by ORNL for 

USDOE.  

“ BCHP Screening is a tool for evaluation of combined cooling, heating, and power systems in commercial 

buildings and consists of the executable program, databases for HVAC equipment, electric generators, 

thermal storage systems, prototypical commercial buildings, climate data, and electric and gas utility rates. 

“ The program runs DOE2.1e in the background to calculate heating, cooling, and electrical loads and the 

Rate Script Editor to calculate monthly and annual utility costs. The tool is structured to perform 

parametric analyses between a baseline building and up to 25 alternative scenarios.” (Oak Ridge 

National Laboratory, 2007). 

This tool offers several interesting and useful features as follows: 

- The ability to include specific utility rate plans with price differentiation according to the consumption 

level and maximum demand as well as price variation with time and seasons for both electricity and 

natural gas.  Several predefined utility rate plans are included in the data base which can be selected 

and used for the simulations. 

- The capacity to compare the performance of different system configurations including a conventional 

or existing system. 

- Being able to choose different prime movers, chillers and boilers from a data base that includes 

information about the energy performance as well as cost for equipment, installation and operation. 

- The automatic selection of the equipment size which offers the best performance based on the 

features of the load and energy price. 

- The option to define specific operating strategies for generators and chillers. This includes the 

possibility of defining different strategies for each season and moreover for weekdays as well as for 

peak hours. 

This is the most complete of the tools studied. However, its disadvantage is that it requires detailed 

information about the building which the CHCP system is intended to provide energy for. Other tools do 

not require detailed information about the building, just the energy demand data (e.i., hourly demand, load 

profile, etc).  

 

2.2.3 CHP Capacity Optimizer 

Developed by ORNL in 2005 for USDOE (Oak Ridge National Laboratory, 2005), this tool was coded 

using an Excel spread sheet and includes a methodology for determining the optimal capacities of CHP 

prime movers and absorption chillers.  The optimum in terms of maximum present worth of the annual 

savings is found by means of nonlinear optimization algorithms and hourly operation simulation of CHP 

systems. 

The data required includes the following, which have to be provided by the user: hourly data on the total 

electrical load, heating load, cooling load, and electricity excluding cooling for a one-year period CHP 

equipment efficiencies and minimum operating levels; capital and operating costs for the CHP equipment; 

utility electricity cost structure (energy component and a demand component) and price of on-site primary 

fuel; evaluation period (up to 16 years), discount rate, and income tax rate, annual escalation rates; and 

specific hourly operating schedules. 
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The output includes the following: the optimum capacities for prime mover and absorption chiller, a 

summary of hourly operation, annual costs with and without a CHP system, life-cycle for net present 

value/net present value of the life-cycle and cost savings from the CHP system.  

Some weaknesses of this tool which were found during the review are: 

- The cost evaluation does not take into account the fact that the specific cost ($/kW) of the CHP 

equipment is lower for bigger equipment but assumes that the specific cost is constant for any 

equipment size. 

- The performance data, engine or turbine efficiency and coefficient of performance for chillers are 

assumed to be constant and they do not vary with the size of equipment. This is not a very precise 

assumption when the fact that big equipment is normally more efficient than small equipment is taken 

into account. 

 

2.2.4 MAC CHP Assessor 

The MAC CHP Assessor tool was developed by the Energy Resource Center of the University of Illinois 

for the Midwest CHP Application Center in 2003. It was programmed in an excel spread sheet.  It is 

useful for screening analysis and estimating purposes.  It is not a tool for carrying out detailed CHP 

feasibility studies (The Midwest CHP Application Center, 2003).  This tool is very general and limited.  It 

does not run any simulation nor optimization processes but does basic calculations.  It is the simplest and 

most general of the tools studied.  

Some of the weak points this tool has are: 

- Average energy consumption is used for the calculations.  The energy demand data have to be given 

as total energy consumption per month and peak demand per month.  Actual hourly energy demand 

data is not used in the calculations. The use of average energy consumption limits the accuracy of the 

calculation result. 

- Prior calculation and analysis is needed in order to get the amount of energy used at peak hours as 

well as its cost. This data is required as an input. 

- Neither heating nor cooling load is required as input data. The only input data is the electrical energy 

demand. It is assumed in the model that all the thermal energy ejected from the prime mover is 

recovered and used. 

- The CHP equipment is selected manually and its performance data are to be entered by the user. 

- The efficiency of the CHP equipments is assumed to be constant and no partial load operation is 

considered. 

 

2.2.5 RETScreen 

This is an Excel based software used for clean energy project analysis. RETscreen is a very ambitious tool 

which can be used in the analysis of a variety of energy projects which includes cogeneration, tri-

generation, and renewable energy projects (i.e., wind, solar, hydro, biogas, biomass, and others). Moreover, 

it also includes the possibility for analyzing energy efficiency projects (Natural Resources Canada, 2011). 

One of the most powerful features of this software is the capability to link to weather databases for solar 

and wind data. It also contains an important equipment data base which includes data from many different 

types of power generation equipment (i.e., ICE, GT, fuel cells, steam turbines, wind turbines, wave and 
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tidal power,  geothermal, hydro, photovoltaic, solar thermal,  and others) and  refrigeration equipment 

(i.e., compression chillers, absorption chillers, desiccant units, heat pumps). 

In regards to CHP and CHCP projects, using RETscreen it is possible to analyze heating, cooling and 

power projects with different prime movers and different cooling production technologies.  An economic 

analysis (including: savings NPV, IRR, and simple payback) module is available as well as a module for an 

emission reduction estimate.  Furthermore, a specific module to introduce electricity rate plans with 

hourly and seasonal variation is also available. 

Type and size of CHCP equipment are to be chosen by the user from an available equipment list.  

Performance data is sometimes available in the data base but only at design operation conditions.  

Efficiency change that occurs with load variation is not considered.  Three different operating strategies 

are available.  However, the effect of operating strategy on the efficiency of electricity and thermal energy 

production is not considered.  Regarding the load input data, only average load (for cooling, heating, and 

electricity) per month and peak demand are required.  No hourly energy demand data is considered.  

Taking into account the fact that using average energy demand for the calculations leads to failure in 

analyzing the effect that load variation has on the energy and economic performance of a project, this is 

probably the digest limitation of RETScreen.  

RETSreen does not include optimization analysis for equipment sizing. In order to see which equipment 

combination offers the best economic and environmental performance, the user will have to run several 

simulations with different equipment combinations and compare the results manually. A sensitivity 

analysis module is available.  However, it is limited to the variation of some economic parameters such as 

operating cost, debt ratio, interest rate, debt term electricity and fuel price. This sensitivity tool evaluates 

the impact that variation of the economic parameters has on NPV and payback period. 

2.2.6 Summary 

After analyzing the software mentioned above, it is possible to conclude that each tool analyzed has 

advantages and drawbacks and that they complement each other.  The following are factors/features that 

such software should have or take into account to be considered very good and useful CHP/CHCP 

feasibility analysis tools: hourly energy demand data for electricity, heating and cooling; partial load 

operation with its effect on the efficiency of the CHP components; different operational strategies; 

electrical energy and fuel price with possibility of including hourly and seasonal price variation as well as 

maximum demand fees and other applicable changes which depend on the level and time of energy 

consumption; effect of the economy of scale on the specific cost ($/kW) for the CHCP equipment and 

project cost; application of optimization algorithms in the selection of the equipment size that maximizes 

the energy, environmental, and economic performance; and sensitivity analysis to evaluate the effect that 

the variation of some parameters have on the project performance. 
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3 Theoretical concepts 

3.1 Tri-generation and its benefits 

CHP and CHCP provide many benefits compared to separate heat and power production. These benefits 

include increased energy efficiency, operating cost savings, and reduced GHG emissions. There are 

additional benefits for industry including increased reliability, reduction of the facility’s peak power costs, 

power quality, increasing reliability for the facility and the grid, and higher productivity. The electric power 

industry and its customers can also benefit when industrial CHP and CHCP capacity is used to support 

and optimize the overall power grid  (The Energy Nexus Group, 2001). 

The benefit that DG including CHP/CHCP bring to the electrical grid include: voltage and frequency 

support to enhance reliability and power quality, reduction of line losses, reactive power control, reduced 

central station generating reserve requirements, transmission capacity release, and avoidance or deferral of 

high cost transmission and distribution grid upgrades and the need for new centralized power plants due 

to the increasing demand (The Energy Nexus Group, 2009). 

 

3.1.1 Energy savings 

Separate production of heat, cooling and power is less efficient than the production of those services in an 

integrated system such as a CHP or CHCP power plant. There are two main situations that make 

CHP/CHCP power plants more efficient than the conventional ones. The first one is local energy 

production which leads to a reduction in the losses from electrical energy transportation over the grid as is 

discussed later in this section.  The second one is the possibility of taking advantage of waste heat to 

provide heating and cooling services by means of waste heat recovery systems and thermally activated 

technologies. 

The higher efficiency of these systems makes it possible to produce and provide the same services using 

less energy. Operating in a heating mode (i.e. recovering as much waste heat as possible to provide 

heating), the efficiency of a CHP system could reach as high as 85% and operating in a cooling mode, the 

efficiency of CHCP system could be 66% as is illustrated in the Figure 3-1. 

 

 

Figure 3-1. Total efficiency of a tri-generation system (Warsilla, 2011). 
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The energy savings can be evaluated by comparing the fuel consumed in the CHCP system with the fuel 

that otherwise would have been consumed in conventional systems to produce the same energy services. 

The relative primary energy savings RPES can be expressed by adapting the expression proposed by 

Chicco Gianfranco (2007) based on the equation [1] as follows: 
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Where: 

          stands for the total fuel consumed by the CHCP system during the period 

evaluated [kJ/year]. 

       is the total amount of electricity produced in the CHCP [kJ/year]. 

      is the total heat recovered and used for heating purposes [kJ/year]. 

         is for the total cooling produced in the NH3 absorption chiller for medium 

temperature refrigeration  [kJ/year]. 

         is for the total cooling produced in the Li-Br-H2O  absorption chillers for 

air conditioning   [kJ/year].  

        is for the thermal efficiency in conventional systems (boilers). 

          is for the average coefficient of performance of an electrical vapor 

compression chillers to produce medium temperature refrigeration (brine 

for refrigeration at -10°C). 

          is for the average coefficient of performance of an electrical vapor 

compression chillers for air conditioning purposes (chilled water at 5-7°C). 

        is for the electrical efficiency reference value for production of electricity 

with natural gas that according to Directive 2004/8/EC of the European 

Parliament (2004) and to the Commission Decision (2006), corresponds to 

a value of 47.63% in this case (see Equation [2]). 

 

       *         (   (         ))+         [2] 

 

         is for the electrical efficiency reference value (52.5% for 

power generation with natural gas8).  

    is for a temperature factor which is intended to include the 

effect of the ambient temperature on the efficiency of the 

prime mover (0.1% for each degree above     ). 

                                                   
8 According to the Directive 2004/8/EC of the European Parliament. 
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      is the average ambient temperature for the case of study 

which is assumed to be (    ). 

    is a voltage factor that depends on the voltage level at which 

the electrical energy is generated in the CHCP system (0.925 

for generation at a voltage level between 0.4kV and 50kV9). 

On site electricity generation (i.e., distributed generation) makes it possible to avoid the losses caused by 

transportation of electricity over the power grid for not only the electricity that is produced and consumed 

on site but also the surplus of electricity that is injected into the distribution grid to be consumed by 

customers located nearby. 

When electrical energy is produced in centralized power plants, which are normally located at a distance 

from the place where the electricity is consumed, it has to be transported through national or regional 

grids at high voltage levels.  Then, when it is close to the consumption centers, it has to go through 

transformation systems to lower the voltage to a voltage level at which it can be used.  Additionally, it has 

to be transported and distributed through local distribution grids.  Energy losses occur during the 

transportation, voltage transformation and distribution processes. 

Electrical energy production in CHCP/CHCP systems located close or at the place where energy is 

consumed means that transformation up to and down from high voltage levels and transportation over 

long distances are no longer necessary.  Instead, energy is transported over short distances over the 

distribution grid at lower voltage levels (in general <1kV).  Losses during the transportation, 

transformation and distribution processes are avoided or at least reduced.  As a consequence, less 

electricity has to be produced to supply the same energy demand.  

The amount of energy saved varies depending on the specific condition of the grid (overuse, congestion, 

etc) in a country or region.  Energy losses could vary between 4-10%.  In this model, it was assumed that 

the transmission and distribution losses would be included in the voltage factor    that is used to calculate 

the RPES in the equation [2].  

 

3.1.2 Environmental benefits 

The emission reduction that a CHP/CHCP project causes is due to its higher efficiency in comparison to 

other conventional power generation and heat production systems which use fossil fuels as energy 

sources.  To estimate the emission reduction of a CHP/CHCP, it is necessary to take into account a 

number of factors including the following: total efficiency of CHP/CHCP systems in comparison to 

conventional systems, and energy losses in transportation and distribution and emission factor of the 

current energy production system based on the energy matrix of a certain region or country.  

Higher efficiencies in power, heating and cooling production lead to less fuel consumed and thus fewer 

emissions of GHG.  The emission reduction produced through CHP/CHCP application is directly related 

to the energy savings due to the fact that less fuel is burned to produce and provide the same services. The 

emission reduction can be calculated by comparing the emissions of a CHP/CHCP system with the 

emissions that would have occurred if the same amount of energy services were produced in conventional 

systems.  

Energy savings (prevented transportation energy losses) due to local electricity production (distributed 

generation) cause emission reductions. This situation represents one of the advantages of distributed 

                                                   
9 According to the Directive 2004/8/EC of the European Parliament. 
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power generation systems such as CHP/CHCP. Depending on the features of the grid (voltage, length 

and condition), the losses can vary between 5% and 12% in an interconnected national or regional grid. 

In an national or regional electricity system, energy produced in many power plants is injected into the 

grid to be transported from the power plants to the consumption centers.  Electrical energy tends to travel 

from the production point to the closest consumption point by way of the path that offers the lowest 

resistance to the energy flow.  However, because it is not possible to know where the energy goes in the 

national or regional grid, it is common to simplify this problem by assuming that the energy that is 

consumed at any point in the grid is a mix of the energy produced in all the power plants which are 

connected to the grid. 

Based on the previous concept, to calculate emissions caused by the energy consumed at any point on the 

grid, it is necessary to use a factor which includes the fuel consumed in the power plants connected to the 

grid and the efficiency of the different technologies utilized. This factor is expressed in kg of CO2/kWh 

and is defined for a region or country.  

For this project, the emission reductions were calculated by assuming an emission factor for Spain equal 

to 337 KgCO2/MWh based on IEA Emissions from Fossil Fuel Combustion Report. The emission 

factor varies depending on the composition of the energy matrix within the country or region. It could be 

lower in other countries, for example, in Sweden where the factor was 41 KgCO2/MWh in 2009 (IEA, 

2011). A second option for evaluating the emission reduction generated by a new, cleaner or more 

efficient power plant could be by comparing the emissions factor of the new power plant to the average 

emissions factor of the power plants that use the same fuel within the grid under analysis. The emission 

factors for electricity and heat production with natural gas in Spain and Sweden were 349 KgCO2/MWh 

and 218 KgCO2/MWh in 2009 respectively (IEA, 2011). 

 

3.2 Available technology for tri-generation 

The technology for CHP has been around for decades. The progress in efficiency and cost that this 

technology has undergone has made it more accessible. The technology available for CHP/CHCP and the 

process in which it can be applied are diverse and include the options presented in Figure 3-2.  Different 

types of technology can be used in CHCP systems. Each technology has different features, offers 

advantages and drawbacks that have to be evaluated in regards to the circumstances of the specific case. 

An adequate selection is important in the aim of obtaining good economic and energetic performance 

(Fahad, Hamdullahpur, & Dicer, 2010) (Wu & Wang, 2006). 
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Figure 3-2. CHCP component categorization (the ovals represents processes and rectangles technologies or applications) Adapted from 
(Katipamula & Brambley, 2006).  

. 

 

Developing models to simulate CHP/CHCP which include all the available technology and applications 

might be impossible. That is why the focus in this project was on a few of the technologies as follows. 

First, for power production only internal combustion engines (ICE) powered by NG were chosen as 

prime movers. Second, vapor compression and absorption chillers were considered for cooling in both air 

conditioning and industrial uses. Third, for heating and hot tap water production, heat recovery systems, 

heat exchangers and auxiliary boilers were included. Regarding the processes for which the technology is 

used in this project, these were limited to power production, heating and hot tap water as well as cooling 

for air conditioning, food storage, and refrigeration. The processes considered are the ones required to 

supply the energy services demanded in a supermarket which was the case under study (see §4.2). 

 

3.2.1 Internal combustion engines 

Reciprocating internal combustion engines (ICE) including spark and compression-ignited (i.e., Otto and 

Diesel cycle) are the most common types of prime movers used today in CHP and CHCP systems. ICE is 

a mature and very well known technology that is available everywhere. It is available in an ample range of 

sizes with electrical efficiencies between 25% and 48%. Moreover, ICE is the technology with the lowest 

investment capital costs among all the prime movers for CHP/CHCP systems (Wu & Wang, 2006). 

On one hand, there are advantages in employing ICEs such as: black start capability, fast start up, high 

availability, high part load operation efficiency, flexible power source, low cost, low emissions, and 

relatively easy installation. On the other hand, they have drawbacks including the following: relatively high 

vibrations that require shock absorption and shielding measures to reduce acoustic noise, a large number 

of moving parts, frequent maintenance intervals, and increasing maintenance costs over time. Finally, one 

major drawback is the high level of nitrogen oxide emissions. However, major engine manufacturers are 

continuously developing engines with lower emissions as well as technology to control the emissions such 

as selective catalytic reduction (SCR). 
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Engine thermal efficiency 

One important feature of ICEs is their efficiency. In general, the electrical efficiency of an ICE is higher 

for bigger engines than it is for smaller engines as can be seen in Figure 3-3. However, it also depends on 

the technology and type of ICE. Thus, engines with the same capacity (size) can present different values 

of efficiency because of their different features and technology. 

 

 

Figure 3-3. Average efficiency of ICE for different capacities (ASHRAE, 2008). 

 

 

Figure 3-4. ICE efficiency at partial load operation (U.S EPA, 2008). 

 

The efficiency of an ICE also varies depending on the load regimen. It is normally higher when the ICE is 

operated at design load conditions (see Figure 3-4). However, ICEs perform well at partial load regimens 

and have the ability to respond quickly to load variations. This is an advantage of ICEs versus other prime 

movers (e.g., gas turbines) that, in general, require a very stable load and which lose efficiency very quickly 

when they operate at partial load.  An ICE can operate at load regimens as low as 30% while a gas turbine 

operating at the same load regimen will perform so badly that it would not be economical nor technically 

appropriate to operate  (U.S EPA, 2008). 

 

Generator electrical efficiency 

ICEs are mechanically coupled to electrical generators in order to convert the mechanical/rotational 

energy into electrical energy. The efficiency of a generator depends on the load. It behaves as presented in 
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Figure 3-5. In general, the behavior of the electrical efficiency of an electrical generator at different load 

levels can be expressed with equation [3] (ASHRAE, 2008). This equation gives the value of the efficiency 

as a function of the load level. Using this equation in a model, it will be possible to simulate the generator 

partial load operation and the effect on its efficiency. 

 

 
  
          

           
               [3] 

Where  
  

 is the electrical efficiency and    
  is the load fraction. 

 

 

Figure 3-5. Efficiency of a generator for partial load operation (ASHRAE, 2008). 

 

Heat ejection and recovery  

The heat ejection in an ICE occurs in different systems at different temperature levels (Figure 3-6). This is 

probably a disadvantage that ICEs have in heat recovery due to the complexity of the system required to 

recover heat in those conditions. 

 

 

Figure 3-6. Heat recovery from different waste heat stream from an ICE (Retscreen International, 2012) 
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Due to the different temperature levels in the ICE cooling circuits, it is necessary to have a heat recovery 

system (HRS) in cascade configuration. The cooling stream should flow from the system with the lowest 

temperature to the system with a higher temperature (see Figure 3-7). 

 

 

Figure 3-7. Typical heat recovery circuit for a turbocharged ICE (Warsilla, 2011). 

 

The share of heat ejected from an ICE might vary depending on the characteristics and technology. 

Nevertheless, a good approximation for this share in a turbocharged ICGE operating at full load is as 

follows: 27% in exhaust gases, 23% in the jacket water system, 3% in lube oil, and 16% of the heat is 

either ejected into the inlet air system or radiated into the environment (expressed as percentage of the 

total fuel input). Due to the lower efficiency when an engine is operating at partial load, the heat ejected 

increases as the load decreases. In addition to that, the share of the heat ejected also varies based on the 

load at which the ICE is operated (ASHRAE, 2008) (see Figure 3-8). 
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Figure 3-8. Share of heat rejected in a turbocharged IGCE (ASHRAE, 2008). 

 

There are different possible system configurations for tri-generation systems. They depend on the 

technology used as well as on the level of demand for the different energy services. One possible system 

configuration is presented in Figure 3-9. Other systems could include the production of steam for heating 

uses. 

 

 

Figure 3-9. Example of tri-generation system configuration for district cooling and district heating.  

 

3.2.2 Thermally activated technology - Absorption chillers 

Thermally activated technology has been available for a few decades. However, it is not commonly used 

due mainly to three situations: low efficiency, high cost, and complex control systems. There are different 

options for applying thermal activated technology including descant cooling, and sorption systems. Other 

recent developments are Steam Jet Chillers and Thermo Mechanical Chillers. Sorption systems include 
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absorption and adsorption technology. The difference between adsorption and absorption is that they use 

solid and liquid sorbent substances respectively.  Adsorption technology uses porous materials with very 

large internal surfaces such as silica-gel, zeolites, and activated carbon.  Those materials have the property 

of adhering molecules of fluids (i.e., refrigerants) to the surface by Van-der-Waals forces.  Absorption 

technology uses working pair fluid such as ammonia-water and LithiumBromide-Water.  In the first case, 

ammonia acts as a refrigerant and water as an absorbent (NH3/H2O).  In the second case, water acts as a 

refrigerant and lithium bromide as an absorber (H2O/Li-Br).  Absorption chillers are more commonly 

used than other kinds of sorption chillers (IEA -SHC, 2009).  There are other mix of fluids that are under 

research and development. However, the most common combinations of refrigerant and absorbent are 

ammonia/water and water/lithium bromide. 

Taking into account the fact that water condensing temperature cannot go below 0°C, the temperature in 

the condenser for water-Li-Br chillers cannot get low enough to use it in refrigeration.  However, they are 

used in air conditioning. One important characteristic of H2O/Li-Br systems that is considered a 

disadvantage is the fact that very low pressures are required to evaporate water at temperatures low 

enough to produce a refrigeration effect.  For example at 4°C, water vapor pressure is only 0.8kPa.  This 

means that the evaporator has to be under very low pressure to operate. In ammonia/water chillers, the 

ammonia acts as a refrigerant.  Ammonia can condense at temperatures below zero. Thus, it can be used 

in refrigeration applications and low pressure is not necessary in the system (IEA -SHC, 2009). 

Absorption chillers are available with capacities of a few kW to MW.  Although the cost of this equipment 

is not competitive with conventional vapor compression systems, there are several manufacturers and the 

cost of the chillers is dropping. In cases where waste heat is available, they could be a good option for 

cooling production. In this project, the focus is on absorption refrigeration technology. 

Although absorption chillers are powered by waste heat, they also need to be provided with electricity to 

run fans and pumps to circulate the fluids as well as to power the control system.  The electrical energy 

required to power the auxiliary equipment (i.e., control system, pumps and fans) varies between 10% and 

15% of the capacity (e.g., a 10kWth refrigeration system requires 1.9kWe to power auxiliary equipment) 

(IEA -SHC, 2009). 

 

Performance of water lithium bromide (H2O-Li-Br) absorption chillers 

The efficiency of absorption chillers is relatively low.  Single effect Water-Li-Br chillers typically have a 

COP between 0.65 and 0.75.  The COP for double and triple effect chillers can be higher (between 09 and 

1.2), but they require heat input at a higher temperature and are more expensive because the system is 

more complex and more heat exchangers are employed (IEA -SHC, 2009). 

The capacity of an absorption chiller is affected by several factors including: the temperature of the 

heating media (i.e., hot water, steam, and hot gases), the temperature of the cooling fluid, and the 

temperature of the chilled water or brine leaving the chiller (see Figure 3-10, Figure 3-11, and Figure 3-12).  
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Figure 3-10. Li-Br /Water chillier performance for different temperatures of heating and cooling media (Yazaki model 

WFC-SC30). 

 

 

Figure 3-11. Li-Br /Water chillier performance for different temperatures of chilled water (single effect chiller York, 

model YIA) 

 

 

Figure 3-12. Variation of the cooling capacity as a function of the outlet chilled water temperature for various cooling 
water temperatures (Trane ABSD 500-800) 

 

There are factors that affect not only the capacity of a chiller but also its coefficient of performance. For 

example, Figure 3-13 shows the variation of COP as a function of the cooling water temperature while 
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keeping the other variables constant. It is clear that the lower the temperature of the cooling fluid, the 

better this chiller performs according to the manufacturer Yazaky. 

 

 

Figure 3-13. Change in the COP with cooling water temperature (Yazaky, model. CH-K30) 

Some manufactures like Yazaky publish some useful curves such as one about the derating factor as a 

function of the variation in the temperature in the heating media along with the technical information 

about its equipment.  This factor can be used to estimate the loss of capacity of a specific chiller when 

there is a variation in the temperature of the heating media (see Figure 3-14). 

 

 

Figure 3-14. Derating factor vs. heat medium ratio (Yazaky, Model WFC-SC) 

A good model for simulating absorption chillers should be able to imitate the effect of the factors 

presented above on their performance and capacity.  However, taking into account the fact that the 

behavior of chillers from different manufacturers varies and it could vary even when the chillers are 

produced by the same manufacturers because of the different technologies used, the model considered in 

this project is very general.  It assumes that chillers with a capacity range of 25-900KWth behave similarly.  

In addition to that, the chillers modeled in this project are the single effect type. For details about the 

modeling process, see section §5.4.2. 

 

Performance of ammonia water (NH3-H2O) absorption chillers 

The efficiency (COP) of ammonia/water absorption chillers is lower than the COP for water Li-Br 

chillers.  However, due to their ability to produce a cooling effect at lower temperatures, they are used for 

refrigeration where water/Li-Br chillers are not applicable.  
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Due to the lower temperature in the chilled water or brine, it is necessary to use additives in the water in 

order to prevent it from freezing inside the pipes.  When the temperature is very low, it is necessary to use 

brines which are a mix of fluids that have a very low freezing point.  Some examples of those fluids are 

potassium acetate/water, potassium formate/water, sodium chloride/water, calcium chloride/water, etc.  

These fluids have freezing points between -15 and -40°C.  Thus, they are used in very low temperature 

refrigeration.  One disadvantage of these fluids is the difficulty in pumping them because of their relatively 

high density and viscosity.  This situation increases the power consumption for circulating the fluid in the 

refrigeration system. 

Ammonia water chillers are available on the market from a few kWth of cooling capacity for small systems 

to refrigeration in industrial uses with capacities of MWth. 

The operating principle for ammonia/water chillers is very similar to what it is for water/Li-Br.  The 

factors which influence their capacity and performance are very similar. Those factors are the temperature 

that the chilled fluid (brine) must be at, and the temperature of the heating media and the cooling media.  

Figure 3-15 and Figure 3-16 show the change in cooling capacity which depends on the factor mentioned 

above for specific equipment from two different manufacturers (Pink and Mattes).  For details about the 

ammonia water chiller model used in the simulations go to §5.4.2. 

 

 

 

 

 

 

 

 

 

Figure 3-15. NH3/Water chiller performance for different heating and cooling media temperatures. (Pink chillier model 

PC19)10 

  

                                                   
10 Source: Pink Energie & Speichertechnik 
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Figure 3-16. NH3/water chiller performance at different heating media and chilled water supply temperatures (Mattes. 

Model AK-180kWth) (Mattes Engineering GMBH, 2012) 

 

 

Figure 3-17. Ammonia-water chiller performance vs. evaporation temperature for various heating media and cooling 

water temperatures (Mattes Engineering GMBH, 2012). 

 

Model for simulation of absorption chillers 

Modeling an absorption chiller is a difficult task because of the complex process which includes 

thermodynamic and chemical phenomena.  A few authors have worked on this issue.  For example, 

Kashiwagi & Akisawa (1999) worked on a thermodynamic model to simulate a single effect chiller and 

analyze the internal losses, and Kohlenbacha & Zieglerb (2007) worked on a dynamic model for single-

effect Li-Br/water absorption chillers to deal with and analyze the transient behavior due to changing 

conditions.  In this project, no complex simulations were done but an existing model within Trnsys was 

applied. This model basically uses data about a typical chiller performance from the manufacturers and 

assumes that all chillers behave similarly.  Detailed information about the chiller model that was used in 

this project is presented in later in this document (see §5.4.2). 

 

3.3 Operating strategies 

The operating strategy is the way the CHP/CHCP system is operated in order to achieve the objectives set 

by the owner or operator while it supplies the energy services demanded.  The operating strategy could be 
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fixed or variable for a period of time.  If the operating strategy is fixed, the system will operate the same 

way for its life time no matter what the variation on the energy demand, season, day of the week or time 

of the day may be.  

There are three options to design a system with a fixed operating mode.  The first one is to follow the 

electricity load (FEL). In this mode, the system generates electricity based on the demand and takes 

advantage of the waste heat to provide all or part of the heating or cooling demand.  A combination of the 

above model which is called a hybrid (FEL-FTL) is also possible (Chad & Mago, 2012).  The second one 

is to follow the thermal load (FEL) while producing electricity as a byproduct.  The third operating mode 

provides the base demand for either electricity or heating.  In this mode, the system is designed so that it 

provides a part of the demand while the rest of it is provided either by an external grid or by conventional 

systems.  This operating strategy can be split into two options as follows: heating base load and electricity 

base load.  In the heating base load (HBL), the system capacity is equal to or lower than the minimum 

heating demand so that it operates at full load all the time while producing electricity as a byproduct.  In 

electricity base load (EBL), the system capacity is equal to or lower than the minimum electricity demand 

so that it operates at full load and produces heat as a byproduct. Furthermore, a fourth option is the 

following cooling load (FCL).  In this case, the system is designed in such a way that the cooling demand 

is supplied by a combination of conventional vapor compression refrigeration cycle and thermally 

activated technology. 

Within the variable operating strategy, the system can be operated different ways depending on the season, 

day of the week or time of the day.  A clear example of this option is a system that operates in following 

heating demand mode during the winter season and in following electricity demand mode in the summer 

season.  Another option is a system which operates only during the peak demand hours in order to avoid 

the need to buy electricity at high prices.  The latter is called peak shaving mode. Figure 3-18 shows the 

different possible configurations of a CHP/CHCP system. 

 

Figure 3-18. Different operating strategy options for CHP/CHCP systems. 

3.4 Optimization theory 

 

Optimization theory is a mathematics discipline which is applied to the solution of problems in areas such 

economics, operations research, electronics, etc. Moreover, it has been applied recently to the analysis of 
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energy systems. Basically, it deals with the problem of finding the optimal value of an objective function 

given a domain which is defined by constraints.  

In general, an optimization problem is formulated as follows: 

Minimize 

 ( )   (Objective function)11 

Subject to 

  ( )                (inequality constraints). 

  ( )               (equality constraints). 

 

Formulating an optimization problem requires a very good understanding of the situation one wants to 

solve. Without proper understanding, it would not be possible to formulate the equations that describe the 

behavior of the phenomena being studied. Moreover, it requires specific knowledge about mathematical 

optimization theory including existing methods to solve optimization problems such as the simplex 

method. 

There are two branches of the optimization theory.  The first one is based on determinism and uses 

mathematical equations to describe a problem and mathematical methods and algorithms to solve 

optimization problems.  Two well know optimization methods which are applied to linear programming 

are the Simplex and the Branch and bound.  Based on these methods, several algorithms have been 

developed which have the ability to solve liner programming (LP) models, nonlinear programming (NLP) 

models, and mixed integer-linear programming (MILP) ones.  A second branch of optimization theory is 

based on probabilistic concepts that include evolutionary algorithms (EAs) which mimic the natural 

evolution process to find the combination of individuals (i.e., variables) that gives the best performance in 

relation to the objective function(s). 

Classical optimization techniques (e.g., linear programming) do not perform well when they are applied to 

complex problems that include solution space with discontinuities or the presence of local optimal 

solution points. Furthermore, when the problem includes nonlinear equations or integer variables, it is 

necessary to use more sophisticated algorithms which frequently make heavy demands on computing 

capacity and sometimes fail to solve the problem. In addition to that, it requires a specific skill from the 

programmer so that he/she is able to formulate the equations that describe the problem in such a way that 

they can be solved by the optimization algorithm.  

EAs are based on a method inspired by biological processes such as mutation, crossover, natural selection, 

and survival of the fittest.  It starts with an initial individual population and applies the method to generate 

a select group of individuals which have the best performance in relation to one or two objective 

functions.  One of the most interesting characteristics of this method is that it is not very demanding in 

terms of understanding the phenomena under optimization because it can be treated as a back box.  A 

model that is considered a black box is one that takes a set of input parameters and gives a number of 

outputs without any need for the user to understand how the output is calculated. 

 
Energy systems can be very complex.  Their models can include non-linear relationships, integer variables, 
and the solution space of the problem can present discontinuities. This situation makes them difficult for 
optimizing using conventional methods.  That is why EAs are very suitable for the analysis and 
optimization of energy systems.  Moreover, due to the fact that there may be no direct link between EA 
and the energy model, the optimization problem can be solved by treating the energy model as a black 

                                                   
11 A maximization problem can be treated by negating the objective function 
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box.  Another positive feature of EAS is that unlike conventional methods which give one or very few 
optimal solutions, they give a range of possible solutions.  This offers the user much more useful 
information that is valuable in the analysis or in the decision making process  (Leyland, 2002) 
 
Some important facts should be mentioned before proceeding with the application of any optimization 

tool in the analysis of any problem.  Optimization does not offer a final solution to any problem on its 

own. It is, however, a very useful tool which provides the type of information which has the highest 

probability of having an influence on the solution. The set of solutions given by the optimization tool has 

to be analyzed by the user.  It will give the user the opportunity to get a better understanding of the 

problem.  It is possible that the model could produce a strange solution which would make it evident that 

there were weak points or problems in it.  The value of the results from the optimization process depends 

on the quality of the model and on its ability to mimic the behavior of the problem under study.  The 

modeler frequently has to make reasonable assumptions because the problem is not totally understood 

due to limitations in the available data or because the computational time needs to be reduced.  The 

optimization process does not end when the optimization tool gives the results.  The user has to analyze 

the results to understand the solution proposed by the optimization tool.  Optimization is becoming one 

of the important engineering tools used today to develop energy system models and analyze them 

(Leyland, 2002). 

 

3.4.1 Multi-objective optimization and Pareto optimality 

When solving engineering problems, including energy ones, it is very common for there to be more than 

one objective to be satisfied.  Sometimes the solution desired includes two different objectives that are 

frequently in conflict with each other.  A clear example of this situation is the case of a power plant that 

should be built so that the environmental impact is minimized (i.e., high capital investment in equipment 

and technology for cleaning the flue gases is required) while, at the same time, that the utility company 

income should be maximized (i.e., this requires the lowest possible capital investment). 

The Pareto optimality concept states that having two different objective functions there is a set of possible 

solutions which lie along a border from which it is not possible to improve (increase) the value of one 

objective function (F1) without affecting (lowering) the value of the other objective function (F2) (see 

Figure 3-19). 

Some algorithms are able to solve an optimization problem with two objective functions and they give the 

user the opportunity to evaluate different possible solutions and the tradeoff with respect to two objective 

functions. 
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Figure 3-19. Pareto front explanation12. 

 

3.4.2 Tools for optimization 

Four options were considered for optimization tools for the model developed in this project as follows:  

GAMS, GENOPT, EES and QMOO. 

The first option was the General Algebraic Modeling System (GAMS), which is a high-level modeling 

system for mathematical programming and optimization. It is very well known in the solution of 

optimization problems.  Moreover, some projects to apply that to the analysis of energy systems have 

been developed.  These include Balmorel and other specific applications for CHP.  GAMS is able to use 

different solvers with the ability find solutions to different models including LP, NLP, and MILP.   

Some disadvantages to the use of GAMS are mentioned hereafter.  The process of linking GAMS to 

Trnsys is not very well known. Although GAMS is available at the Electrical Engineering Department at 

KTH, it is not at the Energy Technology Department where the work was done.  Thus, linking it to the 

model in Trnsys was not technically possible. Since the use of GAMS requires good and specific 

knowledge about mathematical optimization, if time were invested in acquiring that knowledge it would 

have caused a delay in other activities of the project.   

Secondly, the Generic Optimization Program (GenOpt) was considered and studied as a very good option 

due to the fact that TRNSYS developers and its technical support refer to it as a the optimization tool 

available for Trnsys. Moreover, a specific subprogram to link GENOP to Trnsys was developed and it is 

provided as part of the Trnsys libraries. GenOpt is freely available on internet and was developed by the 

University of California. This optimization program is able to optimize an objective function that is 

evaluated by an external simulation program such as Trnsys and other programs13”. The Figure 3-20   

shows a general description of the functioning of the interface with an external simulation program. An 

attempt was made to use this tool for this project.  Using a simple ICE model developed in Trnsys, a test 

to link GenOpt to Trnsys was done.  However, some technical difficulties appeared and due to the delay 

in obtaining help from the Trnsys technical support, this option was not considered any longer. 

 

Third, the Engineering Equation Solver (EES) was reviewed. This software includes an optimization 

module which applies a genetic optimization algorithm to solve problems which are formulated using 

EES. Taking into account the fact that a decision about using Trnsys to develop the energy model was 

made previously, the use of EES was not possible.  

                                                   
12 Source: http://en.wikipedia.org/wiki/File:Front_pareto.svg 
13 http://simulationresearch.lbl.gov/GO/index.html 
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Finally, the use of SOLARDYM, which is a tool developed using Matlab and based on the QMOO 

algorithm which was developed at University of Lausame, was reviewed. This tool has been used locally at 

KTH in optimization analysis of energy systems including the analysis of issues related to steam turbines 

in the application of concentrated solar power generation and energy consumption in buildings.  

SOLARDYM used an EA and can be coupled to the Trnsys program.  It reads its input from text files 

and writes its output to text files.  The possibility of having some local technical support made the use of 

this tool very convenient for this project.  Additionally, both Trnsys and Matlab software are available at 

the Energy Technology Department at KTH. 

 

 

Figure 3-20 Description of the interface between Trnsys and GenOpt. 
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4 The case under study: description and analysis 

The objective of this project was to test the model with a real case study. The chance to reach this 

objective depends on external factors such as accessibility to the information. Two options were 

considered in order to supply the model with data related to energy load demand (cooling, heating and 

electricity) of a specific site.  The first option was using real data related to actual demand on a site or 

industry. Some contacts were done to try to get access to real information. However, it was not possible to 

succeed. The second option was using data obtained within simulations performed by some researchers in 

KTH. Specifically data from simulations in the software CyberMart was used.  

The selected case under study was a supermarket. This case was chosen due to the fact that in a typical 

supermarket there is demand for heating, cooling, lighting, etc. electricity/other. In general in a 

supermarket, electricity is used to power electrical equipment (e.g., computers, cash registers, lighting, etc); 

heating is required to keep the indoor temperature within a comfortable range and sometimes to provide 

heat for cooking or baking (e.g., bakery products).  Moreover, electricity is used to power refrigerators to 

provide the cooling that is required for food refrigeration, food storage and air conditioning. 

The above mentioned services could be provided by a single energy source such as electricity to power 

refrigeration equipment and heaters.  If we consider the fact that most of the time, heat is ejected/expelled 

into the atmosphere when electricity is produced in centralized power plants (except hydro) and that there 

are energy losses from electricity transportation over the grid, producing energy on site for a supermarket 

could be an efficient solution and an interesting case to analyze.  

In general, supermarkets are intensive energy consumers, for example, they account approximately for 4% 

and 3% of all national energy consumption in the U.S.A and Sweden respectively.  The share of energy 

consumption in a typical supermarket in Sweden is as follows: 47% for medium (-10C°) and low 

temperature refrigeration (-30°C), 27% for lighting, 13% for ventilation equipment and climate control, 

3% for cooking, 5% for outdoor usage, and 5% for other usages. With an average energy consumption 

between 421 and 471kWh/m2- per year, supermarkets probably represent a good opportunity for energy 

savings (Arias, 2005).  

Taking into account the difficulty in getting access to detailed information related to energy consumption 

in supermarkets, it was necessary to use data obtained from simulations done in the CyberMart software 

which was specifically developed (Arias, 2005) to simulate energy consumption in supermarkets. 

The benefits from applying CHP/CHCP systems in supermarkets could be summarized as follows: 

reduction in grid energy losses due to distributed generation, reduction in fossil fuel consumption due to 

heat recovery, and reduction in electrical energy consumption due to TAT application for cooling. The 

previous benefits lead to economic benefits and GHG emission reductions. Moreover, there could also be 

emission reduction due to the substitution of chilled water, ammonia, and brine for refrigerants such as 

CFC, HCFC, and HFC. 

 

4.1 Refrigeration system in a supermarket 

Due to the fact that most of the energy (39% in the USA and 47% in Sweden) in a supermarket is 

consumed in the refrigeration systems (Arias, 2005), the main energy saving opportunity that a CHCP 

system could offer is through the application of TAT to supply all or part of the refrigeration load. 

There are several possible system configurations for refrigeration systems in supermarkets including the 

options presented in Figure 4-1.  
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Figure 4-1. Possible configuration for refrigeration systems in supermarkets. 

 

For this project, a centralized, indirect system with a cascade configuration was selected (see Figure 4-2).  

This kind of configuration could be complemented with a CHCP system.  It was assumed that an existing 

refrigeration system would be connected to a new CHCP system that includes an ICE, HRS and some 

absorption chillers.  Thus, depending on the size of the CHCP equipment, a portion of the electrical 

energy, cooling and heating would be provided by the CHCP system and the rest by the previously 

existing conventional system 

 

 

Figure 4-2. Supermarket refrigeration system in cascade configuration14
 

 

The configuration of the proposed system, which includes the new equipment that the CHCP system 

consists of, is presented in the 

Figure 4-3.  This figure shows how the CHCP components would interact with the other existing 

equipment. The CHCP system is composed of an ICE coupled to an electrical generator, the HRS 

equipment, a Li-Br absorption chiller, and a NH3-H2O chiller.  

                                                   
14 Source: (Arias, 2005) 
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The GENSET produces electrical energy using NG as a primary energy source and ejects heat that, if 

necessary, could be used to provide heating, hot water or refrigeration through TAT.  Moreover, if a 

surplus of electrical energy is available, it could be exported into the grid 

The HRS uses the waste heat from the ICE to provide hot tap water and meet the heating demand for the 

building. Depending on the ICE capacity, the HRS might be able to provide all of the heat needed for the 

supermarket without using the existing auxiliary boiler or hot water from a district heating plant. 

The Li-Br absorption chiller uses the waste heat from the ICE to produce chilled water that provides 

cooling for the AC refrigeration system.  Depending on the outdoor temperature and the season, AC 

refrigeration may not be required. 

The NH3-H2O absorption chiller uses waste heat from the ICE to cool down a stream of refrigeration 

brine that provides a cooling effect for medium temperature refrigeration for display case. This cooling 

effect is provided at a temperature level of -10°C.  

Finally, to provide cooling in the low temperature circuit (i.e., freezers, food storage) a cascade system is 

used. This system uses refrigeration brine from the NH3-H2O absorption chiller to cool the refrigerant 

fluid down in the condenser that is part of the low temperature refrigeration circuit. The cooling effect in 

this circuit is provided at a temperature level of -30°C.  Thus, it is necessary to use a secondary refrigerant 

fluid.  While low temperature refrigeration could be provided using a brine for refrigeration that could be 

cooled down directly in a NH3-H2O absorption chiller, the COP of such a system is quite low which 

makes this option unfeasible. Additionally, in a centralized system, the power required to pump the brine 

through the entire pipe circuit would be high due to the physical characteristics of the fluid and the length 

of the pipes. 

The cascade system makes it possible to lower the temperature difference between the condenser and the 

evaporator in the low temperature refrigeration system. This reduces the pressure difference between the 

evaporator and condenser in comparison with a conventional system.  A lower pressure difference leads 

to less power consumption in the compressor in a vapor compression refrigeration cycle. 
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Figure 4-3. Integrated CHCP and existing system. 

 

4.2 Description and analysis of the energy demand 

In order to get data about the energy demand of a supermarket, simulations of two hypothetical 

supermarkets were done using the Cybermart software (Arias, 2005). The first simulation was related to a 

supermarket located in Stockholm (Sweden) and was done using existing information from a study done 

previously by the Cybermart author.  

After an overview of the conditions for application of CHCP projects in Sweden, it was found that CHCP 

projects are not very favorable in Sweden because of the following situations: the natural gas price to 

electricity price ratio (α) is mostly higher than 3 (see Table 5-6), which is not favorable for the economic 

performance of a CHCP projects (see §5.5.3); the electrical energy price is relatively low due to the 

abundance of hydro and nuclear energy in the Nordic system; and the low emissions factor (41 

KgCO2/MWh) that is applied for energy production in Sweden (IEA, 2011) (see §3.1.2) which is lower 

than the emission factor applied to electricity generation from natural gas. 

The above situation led to the necessity of looking for another location to apply CHCP projects under 

different and more favorable circumstances. That is why a second simulation based on a hypothetical 

supermarket located in Madrid (Spain) was done. The new location was chosen due to the fact that in 

Spain, the ratio α is favorable for CHCP projects (see Table 5-7), the emission factor for electricity 

production in the national grid is higher (337 CO2/kWh) (IEA, 2011), and some incentives intended to 

foster cogeneration are available. However, due to the lack of information related to a real supermarket in 

Spain, it was necessary to take data originally used in the first simulation and assume that a similar 

supermarket was located in Madrid (Spain). This was done by changing the input data related to weather 

conditions. Under different weather conditions a supermarket with the same characteristics has a different 

demand for electricity, cooling and heating.  

 

New 

CHCP  
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4.2.1 Total energy demand 

The result of the simulation was a set of data that included hourly energy demand for heating, electricity 

and cooling (see Table 4-1).  The heating load consists of hot tap water and heat needed to heat up the 

building when the outdoor temperature is low (i.e., winter season). The electricity load is made up of 

electrical energy required to power the lighting equipment, electrical devices, ventilation and air 

conditioning equipment as well as the compressors, blower and pumps in the refrigeration systems. The 

cooling load includes low temperature refrigeration, medium refrigeration, and air conditioning. 

Figure 4-4 and Figure 4-5 show the hourly and monthly energy demand respectively throughout the year. 

It is possible to see the seasonal influence on the heating demand which is lower in the summer season 

than it is in winter.  Moreover, it is possible to see that the electrical energy demand is higher in summer 

than in winter; this is due to the increase in the demand for air conditioning in summer.  

 

 

Figure 4-4. Hourly energy demand. 

 

Figure 4-5 shows the cooling load divided into medium, low temperature and air conditioning.  In 

addition, it shows the electricity demand two different ways. One includes the total electricity demand and 

the other excludes the power consumed for cooling purposes. This figure makes it possible to note that 

the medium temperature cooling load accounts for most of the cooling load throughout the year and that 

it presents few variation with the seasons. Moreover, this figure shows that the demand for low 

temperature refrigeration is pretty stable throughout the year.  Furthermore, it is possible to see that the 

air conditioning load is responsible for the seasonal variation in total electricity demand. 
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Figure 4-5. Monthly energy demand. 

 

In looking at Figure 4-4, it is possible to note that there is no match between the electricity demand and 

the heating demand. The mismatch between electricity and heating demand is not favorable for CHCP 

systems since waste heat is available when electricity is generated.  As a consequence, the heat that would 

be produced if electricity were generated locally would have to be ejected into the atmosphere. However, 

that heat could be used to power TAT equipment to produce cooling. This situation opens up a possibility 

for applying CHCP systems in cases like this where there is no need for heating but there is for cooling. 

 

Table 4-1. Total energy demand per month for a Supermarket in Spain. 

Month 
Heating 

[kWh/month] 

Electricity (1) 

[kWh/month] 

Electricity 

(cooling 

excluded) 

[kWh/month] 

Cooling (2) 

Medium 

Temperature 

[kWh/month] 

Cooling Low 

Temperature 

(2) 

[kWh/month] 

Cooling 

AC (2) 

[kWh/month] 

January 76,910 529,438 277,611 244,120 43,984 - 

February 57,872 482,294 251,600 223,899 40,048 - 

March 45,293 546,140 281,216 257,804 45,208 894 

April 32,046 552,970 279,829 263,155 45,161 8,636 

May 20,145 611,558 302,659 291,606 48,618 36,883 

June 10,110 643,725 312,507 301,047 48,852 81,371 

July 8,370 700,995 336,451 319,986 51,270 123,876 

August 8,370 695,192 334,207 319,615 51,237 114,049 

September 8,796 642,246 311,934 300,859 48,800 68,589 

October 21,044 596,191 295,682 289,800 48,518 12,729 

November 48,224 530,092 272,576 250,964 44,123 271 

December 74,402 532,640 278,345 246,883 44,329 - 

Total Energy 

Demand 

[kWh/year] 

411,583 7,063,479 3,534,617 3,309,737 560,148 447,299 

(1) Electricity required to provide the cooling load in included. 

(2) Cooling load is expressed in thermal energy (not in electrical energy). 

 

4.2.2 Peak demand and average hourly demand 

In order to get an idea about the capacity required for the CHCP equipment to be able to supply the 

demand, it is necessary to analyze the peak demand for the different energy services.   
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Table 4-2 shows the values of the peak demand per month as well as the maximum demand per year.  

These values are used to define the size of the CHCP equipment.  If the system is designed to cover the 

entire demand, the capacity of the CHCP equipment has to be equal or higher than the peak demand. 

However, another option would be to design a CHCP system in such way that it provides only part of the 

energy demand and the rest would be provided by conventional systems (such as the electrical grid, vapor 

compression refrigeration systems and auxiliary boilers).  The size of the CHCP equipment that gives the 

maximum economic benefits would vary depending on a number of factors including the following: cost 

of the project, load variation, utilization factor, operation and maintenance cost, and operational strategy. 

In this project, an evolutionary optimization algorithm will be applied to find the combination of CHCP 

equipment that gives the maximum economic performance as well as the application that offers the best 

energy and environmental performance. 

 

Table 4-2. Peak energy demand for the supermarket under study. 

Month 
Heating 

[kW] 

Electricity 

[kW] (1) 

Electricity 

(cooling 

excluded) 

[kW] 

Cooling 

Medium Temp 

[kW] (2) 

Cooling Low 

Temperature 

[kW] (2) 

Cooling (2)  

AC 

[kW] 

January 340 901 491 407 65 - 

February 320 966 520 420 66 - 

March 285 1,022 547 436 68 151 

April 249 1,073 567 443 68 236 

May 190 1,118 585 458 70 324 

June 179 1,250 635 487 75 512 

July 12 1,306 650 497 77 546 

August - 1,273 640 490 76 505 

September 144 1,180 606 481 74 402 

October 263 1,080 568 474 72 232 

November 314 1,019 539 447 69 77 

December 341 924 496 430 68 - 

Max Demand 341 1,306 650 497 77 546 

(1) Electricity required to provide the cooling load in included. 

(2) Cooling load is expressed in thermal energy (not in electrical energy). 

 

When analyzing Figure 4-6, it is possible to see that there is a significant variation in the peak electricity 

demand throughout the year.  That is why, if a size of CHCP system that is able to supply the maximum 

demand is chosen, it will operate at partial load most of the time. This will lead to a low utilization factor 

and high financial costs due to the capital investment in a sub-utilized system. An alternative to the partial 

load operation is the possibility of exporting the electricity surplus. This will allow the CHCP system to 

operate at full load all the time and export electricity when there is extra. However, in order to operate the 

system efficiently, the waste heat must be properly used. Thus, if there is no demand for heating or 

cooling, it would not make any sense to produce electricity only for export.  The total efficiency may be 

lower than the efficiency of a centralized power plant and the operating cost could also be higher than 

buying electricity from the grid.  
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Figure 4-6. Peak demand. 

 

Figure 4-7 shows the average load per month as well as the average per year.  These data could be useful 

when sizing the CHCP system. However, an average is not necessarily good for defining the size of a 

system. Sizing the equipment of a CHCP system is a task in which many factors should be considered. 

 

 

Figure 4-7 Hourly average load 

 

4.2.3 Frequency analysis of the energy demand 

A more sophisticated way to decide the size of the equipment would be through a frequency analysis. This 

kind of analysis shows how frequently the load falls within a specific interval. Figure 4-8 shows that 

4887hrs (i.e., 56% of the time) per year the heating load is within an interval of 50 to 100 kWth. Moreover, 

Figure 4-9 shows that 6597hrs (i.e., 75% of the time) per year the electricity load is within an interval of 

750 to 1250 kWe. Additionally, Figure 4-10 shows that 8029hrs (i.e., 92% of the time) per year the cooling 

load is within an interval of 400 to 600 kWth. The latter analysis for the cooling load is not very useful 

when we consider the fact that the cooling is supplied by three different systems at three different 

temperature levels makes it impossible to analyze them as a whole. Thus, each cooling system has to be 

analyzed separately. 
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Figure 4-8. Heating load frequency analysis. 

 

 

Figure 4-9. Electricity load frequency analysis. 

 

 

Figure 4-10. Cooling load frequency analysis. 

 

Another useful method for analyzing the energy demand is the load duration curve. Figure 4-11 shows 

that the electricity demand is above 880kW approximately 5000hrs (57%) per year. By plotting the heating 

and cooling load that occurs simultaneously for each electricity demand point in time in the same Figure, 

it is possible to see that the heating load is very low when electricity demand is at a higher level. This 

confirms what was mentioned previously about the existing mismatch between the electricity load and the 
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heating load. The load duration curve allows us to infer that an electrical generator with a capacity of 

800kWe would operate 57% of the time at full load and the rest of the time at partial load. This figure also 

shows that the heat load is low in comparison to the electricity load.  

 

 

Figure 4-11. Load duration curve for a conventional system. 

 

 

Figure 4-12. Load duration curve for a tri-generation system. 

 

The heat to power ratio (HTP) can be used as a rule of thumb in the initial evaluation of the feasibility of 

a CHP/CHCP project. This ratio is defined as the result of the division of the heat load by the electricity 

load and is a non-dimensional number (kWth/kWe).  The ideal situation is one in which the HTP ratio is 

as close as possible to the natural HTP ratio of the power generation system so that the heat 

ejected/expelled from the prime mover is utilized to supply the heat demand. For a power generation 

system using an ICE with NG as fuel, the HTP is approximately 1.3 (see Table 4-3).  
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Table 4-3. Sample of typical HTPr for a power generation system with ICE. 

Capacity of the ICE 350 kW Recoverable heat 70% (2) 

Heat input 1000 kW Recovered heat 455 

Average efficiency 35% (1) 
 

HTP ratio 1.3 = (455kWth/350kWe) 

Electricity output 350 kWe 
Total efficiency 

80.5% = 

(455kWth+350kWe)/1000kW Heat ejected 650 kWth 

(1) Assuming a typical efficiency of 35% for a GENSET with ICE. 

(2) Assuming that 70% of the waste heat is recovered. 

 

Figure 4-13 shows the HTP ratio calculated with the data on the supermarket’s energy demand in 

which this demand is supplied through a conventional system.  The HTP ratio for the 

conventional system is very low (0.07 on average with a maximum value of 0.54) in comparison 

with the HTP ratio in Table 4-3.  However, when a tri-generation system is introduced and waste 

heat is used to power absorption chillers to supply the cooling demand, the new HTP ratio is 

higher (0.94 on average with a maximum value equal to 1.75).  In a tri-generation system, the 

excess heat is used to power absorption chillers. This creates an artificial heating demand that 

increases the value of the heat to power ratio. 

 

A value of HTP ratio which is close to the value of the natural HTP ratio of a GETSET (with 

ICE as prime mover) means that an substantial part of the waste heat can be recovered and used 

to supply the heating demand (including the artificial heating demand).  

 

 

Figure 4-13. Heat to power ratio for the conventional system and for a new proposed tri-generation system for the supermarket under 

analysis. 
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5 The model 

The variety of factors involved in a CHP/CHCP project make the task of developing models to simulate 

the energy and economic performance of those systems very complex and could be impossible to 

accomplish. That is why, in this project, a case under study was selected (see §4) and the model was 

developed for that specific application with the inclusion of some constraints mentioned hereafter. 

 

5.1 Problem definition 

Tri-generation is a well known technique. However, due to the complexity of its application, the 

promoters face difficulties when it is proposed.  The variety of factors which have to be considered when 

evaluating the feasibility of tri-generation application are delaying its implementation. Proper analysis of 

these factors by means of computational tools and optimization theory is necessary to foster tri-generation 

use.  

Knowing that developing a model could be a very complex process, it is necessary to define some limits 

and constraints. There are several factors that could make the model too complex. Some factors are: the 

variety of technology that could be used in tri-generation systems; the different energy sources which are 

available; energy policy and regulation (which could for example impose some extra cost or limitations on 

selling electricity); uncertainty in energy price variations, load variation, economic incentives and many 

others. That is why the model which is being proposed should be developed under a scenario with the 

following limitations and constrains. 

 

- Natural gas and electricity will be used as primary energy sources. 

- Internal gas combustion engines will act as prime movers.  

- Absorption chillers and electrical compression chillers will be used as technology to supply the 

cooling demand. 

- Natural gas boilers will be used as auxiliary heating sources. 

- Heating recovery systems (HRSG, heat exchangers) will be applied to use the waste heat from the 

prime mover. 

- The system can be interconnected to the electric grid and it will be possible to buy and sell electricity 

from/to the grid according to the regulations and tariffs applicable for the case study. 

- The model is specific for the case under study (i.e., supermarkets). 

- The general objective of the model will be to do optimization of the primary energy savings and the 

net present value of the project.  

- Future prices of energy sources will be treated with simple price trend projections and inflation rates.  

- Information from previous studies which has been published and is available will be used to estimate 

the capital investment and operation and maintenance cost. 

- Load variation will be considered in the model.  
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5.2 Concept of the model 

The analysis of a tri-generation project using the proposed tri-generation-optimization model was divided 

into two parts.  The first part was related to data gathering and analyzing it.  This analysis was necessary to 

adjust the model to the specific circumstances of the case under study.  The second part includes feeding 

the input data into the Trigen-Optimization model.  Then, the simulations, the optimization process, and 

post processing are done, and the results are analyzed. Figure 5-1 shows the proposed process for this 

model graphically.   

 

 

Figure 5-1. Graphical description of the optimization model. 

 

5.2.1 Data gathering and previous analysis 

The first part of the process is necessary in order to include external factors that influence the economic 

performance of a tri-generation system and analyze the energy demand. Deciding what capacity the system 

requires as well as what the operating strategy may be is based on the analysis energy demand. 

The section for the analysis of the energy demand includes a manual review of the load data in order to 

detect any possible erroneous data. Moreover, using an excel spread sheet, an analysis of the load profile 

was done in order to determine the values of the heat to power ratio, and the maximum, average and 

minimum load (see §4.2). These values are needed to define the range in the size of the equipment that 

could be included in the tri-generation system and the most suitable operational strategy.   

Knowing the range of the equipment, it is possible to come up with equations which mimic the behavior 

of the equipment within the desired range of capacity. This would avoid the problem of low precision 

resulting from the use of general equations applicable to a very wide range of capacity.  Parameters that 

define the operating strategy, the range in the size of the equipment, and its performance are input into 

the model in Trnsys.  These values are defined by the user and are fixed during the simulation. 
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The section about energy regulation explains what needs to be done to obtain information about issues 

such as the price of exported electricity, stand by fees, and other costs which could affect the economic 

performance of the project. Moreover, sometimes there are economic incentives which vary depending on 

the size of the power plant as well as on the technology and fuel used in the project.   

The section for energy price includes a review of the prices of NG and Electricity. The prices may vary 

depending on the consumption level, season, day of the week and time of the day. Thus, it is necessary to 

put that situation into equations and code those in a Matlab program.  

In the efficiency reference value section, values which are used to compare the performance of the tri-

generation system with a conventional system are input into Matlab.  Additionally, reference values for the 

GHG emissions are used to compare the emissions from the tri-generation system with the emissions that 

would have occurred if energy had been bought from the grid.  

5.2.2 Trigeneration-Optimization model 

At the beginning of a simulation, values for the size of the equipment are chosen randomly by the 

evolutionary optimization algorithm (EOA) from the range defined by the user.  Those values are used by 

the program in Matlab to calculate some parameters which are written in a text file that is given to the 

model in Trnsys as input.  Next, when Matlab finishes the initial routine, it orders Trnsys to start the 

simulation.  Trnsys reads the input file(s) which includes the hourly energy demand, the size of the 

equipment and the parameters which define the performance of the equipment and other data needed.  

Trnsys run the simulation for one year with time steps of one hour.   

When Trnsys is running the simulation, it calculates the ICE fuel consumption for each point of operation 

using the available performance data.  It also calculates a number of values including the electrical energy 

produced by the GENSET, the electrical energy bought and exported to the grid, the thermal energy 

recovered from the engine, the fuel consumed in the auxiliary boiler if its operation is required to supply 

the heating demand, and the part of the cooling demand that is supplied by the absorption chillers. The 

data is saved to a text file that is given as input data to the program in Matlab at the end of the simulation. 

Once Trnsys has finished the simulation, Matlab reads a status variable which indicates the end of a 

simulation. Then, the Matlab program starts a routine to read the text files which contain the output data 

from Trnsys and use that to calculate the primary energy savings, the emission savings, and the operating 

cost for one year. Other sub programs calculate other values for the project life such as the total primary 

energy savings, the total emission reduction, the net present value, and the payback period. The results are 

saved in a file and a point representing the results for a specific combination of equipment is marked on 

the Pareto front figure. 

When the Matlab program finishes the calculation routines, the optimization algorithm follows the 

sequence to generate a new random combination for the equipment size and a new simulation in Trnsys 

begins. This sequence is followed until the number of initial random populations is reached.  Next, the 

optimization algorithm uses evolutionary criteria to select the individuals with the best performance and to 

generate a new generation of individuals (i.e., combinations of equipment size) to continue with more 

simulations.  The optimization routine is finished when the number of generations reaches the values set 

by the user.  At this point in time, the Pareto front figures should show the convergence of the newest and 

best fitting points to the Pareto front. 

5.2.3 Description of the interface Matlab-Trnsys. 

The interaction between Matlab and Trnsys occurs as follows.  At the very beginning of the simulations, 

Matlab does some calculations based on the parameter input by the user, writes the results in text files and 

writes a command at the prompt to order Trnsys to start a simulation.  Due to the command at the 
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prompt, Trnsys software starts and reads data written to text files by Matlab.  Next, Trnsys runs the 

simulation and writes data to text files which are accessed later by Matlab.  At the end of each simulation, 

Trnsys changes the value of a variable that tells Matlab that a simulation is over.  Then, Matlab reads data 

written to text files by Trnsys, does some calculations, saves the results, and uses the multi-objective 

optimization evolutionary algorithm to proceed with the optimization process. 

 

5.3 Description of the model in TRNSYS 

The model for the CHCP system was developed using the Trnsys software and the TESS15 library. Trnsys 

is based on the FORTRAN programming language. This is a tool for simulating the behavior of transient 

systems which focuses on modeling the performance of thermal and electrical energy systems. 

In Trnsys, a model is made of components which are separate sub programs that imitate the behavior of 

equipment, parts of equipment or processes. These components are called types and are identified by 

numbers. Each component calculates several output variables using its internal program and based on the 

given parameters and input variables. The parameters are fixed during the simulation and have to be 

entered by the user at the beginning of the simulation. The input variables are allowed to vary during the 

simulation and they can be the output variables produced by other components.  By linking the output 

variables of a component to the input variables of one or several other components, multiple interactions 

and dependencies can be created among the components that comprise a model.  

It is important to clarify that the simulations made in Trnsys are not really transient simulations.  They are 

a sequence of quasi static states because all the variables are assumed to be constant within time steps that 

are defined by the user. For the simulation of energy systems, the time steps can be a few seconds or 

hours and the length of the simulation can be months or years. In this project, the time step was chosen to 

be one hour and the length of the simulation one year. This means that all the variables are assumed to be 

constant within an hour and that they are calculated hourly based on the variation of the hourly energy 

demand data that is the input to the model.   

 

5.4 Description of the components in the model 

The TESS library contains components for simulation of cogeneration and tri-generations systems. The 

main components used in this model were: type-907 ICEs, type-67 absorption chillers (for both NH3-

H2O and Li-Br-H2O), and type-637 heat recovery steam generators.  Other auxiliary components were 

also used including: type-58 steam properties, type-65 graphic plotters, type-25 printer output files, type-

24 quantity integrators, and type-09 data readers. Figure 5-2 presents the graphic interface of the model built 

in Trnsys. This figure shows only the main components. There are a number of other auxiliary 

components that are hidden.  

This section contains general explanations about the employed Trnsys components employed, a 

description of the data that was necessary for their use as well as assumptions made.  

                                                   
15 Thermal Energy System Specialist 
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Figure 5-2. Image of the model graphical interface in TRNSYS. 

 

5.4.1 Internal gas combustion engine and generator 

In order to simulate the GENSET, the model should imitate the following situations: the fact that, in 

general, bigger engines are more efficient than small engines, the efficiency of an ICE varies based on the 

load (i.e., the lower the load, the lower the efficiency is for a specific engine), and the variation in the share 

of heat ejected through the different ICE systems based on the load. 

 

Variation of ICE efficiency as a function of the capacity  

In order to see if it is possible to formulate a general mathematical equation to express the average 

efficiency of an ICE as a function of the capacity, data from three different manufacturers was reviewed 

and the results are presented in Figure 5-3. Among other factors, the efficiency depends on the engine 

characteristics including: rotational speed, compression ratio, and type of air supply system 

(turbocharged/natural-aspired), etc.  

 

 

Figure 5-3. Mechanical efficiency for different engines as a function of the capacity. 
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It is not possible to obtain a mathematical equation to express the efficiency as a function of only the size 

of an engine because there are many other factors that intervene. However, in order to obtain a general 

equation that could be used in the model, data from engines with the same features with capacities within 

a range of 25-1200kw were used to formulate equation [4]. This equation is a hypothetical and very general 

approximation.  Nevertheless, it is necessary to imitate the effect that the size of the engines has on the 

efficiency (see Figure 5-4). 

 

 

Figure 5-4. Hypothetical behavior of the efficiency as a function of the engine capacity for engines with capacities between 

25 and 1200kW. 

 

                   (      )            [4] 

Where: 

         is the nominal efficiency of the ICE and        is the capacity of the ICE in kW. 

 

Variation of the efficiency at partial load operation 

Once the efficiency has been expressed as a function of the ICE capacity, it is necessary to formulate a 

mathematical equation that describes how the efficiency of a specific engine changes based on the load.  

The mathematical equation needed to simulate the effect of load variation on the efficiency can be 

formulated by normalizing the efficiency. This is done by dividing the efficiency at partial load by the 

nominal efficiency. The value of the efficiency at partial load operation is a fraction of the efficiency a full 

load which is normally the highest possible efficiency value. Assuming that all ICEs behave the same way, 

a general equation could be used to express the efficiency ratio as a function of the load fraction. An 

equation proposed by Sanaye & Aghaei, (2007) which applies for turbocharged gas internal combustion 

engines was used and it is presented hereafter (see Figure 5-5 and Equation [5]). 
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Figure 5-5. Efficiency ratio vs. partial load factor for an ICE. 

 

       
       

        
       (            )        (           )      [5] 

Where: 

   ( ) is the partial load fraction at which the engine is operating at time t.      ( )  
    ( )

      
 

       ( ) is the thermal efficiency at partial load at time t. 

The thermal efficiency of a specific engine operating at partial load         can be expressed as a function 

of the nominal efficiency          , which was calculated in equation [4] and the partial load efficiency 

ratio as follows.  

                               [6] 

Combining equations [5] and [6] 

                   (     
(            )        (           ))      [7] 

 

With the assumptions above, it is possible to calculate an approximate value of the efficiency of any ICE 

with a capacity between 25-1200kW operating at partial load. The only data needed is the capacity of the 

engine and the load at which it operates. This is a general assumption that allows the model to simulate 

the behavior of any ICE operating at a variable load. Thus, the model has the ability to simulate the effect 

of partial load operation on the efficiency of any ICE within the limitations imposed by the assumptions 

made before. 

 

Share of heat rejected from an ICE at partial load operation 

When an ICE is operated at partial load, the heat ejected increases due to the lower efficiency. Thus, the 

total heat ejected could be expressed as the difference between the fuel input and the mechanical energy 

output. Moreover, when this relationship is normalized, it can be expressed as proposed in equation [8]. 

                                               [8] 

 

Dividing the equation by the fuel input 

  
         

         
 
                     

         
                  [9] 

Solving for    

                  [10] 

Where: 

y = 1.07^(-0.05736   PLf) - 1.259^(-5.5367  Plf) 
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   is the heat ejected expressed as a fraction of the fuel input and          is the efficiency of the ICE 

(including partial load operation conditions). 

 

In general, the share of heat that is ejected varies for ICEs when they operate at partial load. For example, 

the heat ejected to the cooling jacket water system expressed as fraction of the total heat ejected is higher 

when an engine operates at a low load regimen (see Figure 5-6). To simulate the behavior of an ICE in 

regards to heat ejected at partial load operation, it is necessary know what fraction of the total waste heat 

is ejected into each system. Thus, data to describe the share of waste heat at different load levels were 

obtained from the curves in Figure 3-8 (see Table 5-1 and Table 5-2). The same date is presented 

graphically in Figure 5-6. This data was used to develop the ICE model for the simulation in Trnsys. This 

was necessary due to the fact that waste heat is ejected at different temperature levels so any variation in 

the share will affect the amount of heat that can be recovered in the HRS. 

 

Table 5-1. Share of heat ejected from an ICE at partial load operation expressed as a fraction of the fuel input. 

Fraction of 

Full load 

Mechanical 

Efficiency 

Heat rejected [fraction of fuel input] 

Exhaust 

gases 

Jacket 

water 

cooling 

Oil 

Cooling 
Radiated 

Inlet Air 

Cooling 

Total heat rejected 

[fraction of fuel in] 

0.1 0.14 0.299 0.34 0.088 0.073 0.06 0.86 

0.2 0.21 0.290 0.30 0.070 0.070 0.06 0.79 

0.3 0.24 0.284 0.28 0.059 0.069 0.06 0.76 

0.4 0.27 0.278 0.27 0.051 0.068 0.07 0.73 

0.5 0.29 0.274 0.25 0.045 0.067 0.07 0.71 

0.6 0.31 0.272 0.24 0.041 0.068 0.07 0.69 

0.7 0.32 0.271 0.23 0.037 0.069 0.07 0.68 

0.8 0.34 0.272 0.23 0.033 0.072 0.06 0.66 

0.9 0.35 0.274 0.22 0.030 0.075 0.05 0.65 

1 0.36 0.277 0.21 0.027 0.079 0.05 0.64 

 

Table 5-2. Share of heat ejected from an ICE at partial load operation expressed as a fraction of total waste heat 

Fraction of 

Full load 

Heat rejected [fraction of total heat rejected] 

Jacket 

water 

cooling 

Oil 

Cooling 

Exhaust 

gases 

Inlet Air 

Cooling 
Radiated 

Total heat 

rejected 

0.10 0.40 0.10 0.35 0.07 0.09 1.00 

0.20 0.38 0.09 0.37 0.07 0.09 1.00 

0.30 0.37 0.08 0.37 0.08 0.09 1.00 

0.40 0.36 0.07 0.38 0.09 0.09 1.00 

0.50 0.36 0.06 0.39 0.10 0.10 1.00 

0.60 0.35 0.06 0.39 0.10 0.10 1.00 

0.70 0.35 0.05 0.40 0.10 0.10 1.00 

0.80 0.34 0.05 0.41 0.09 0.11 1.00 

0.90 0.34 0.05 0.42 0.08 0.11 1.00 

1.00 0.33 0.04 0.43 0.07 0.12 1.00 
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Figure 5-6. Share of heat ejected from an ICE operating at partial load. 

 

Description of the ICE component in TRNSYS 

To simulate the ICE in Trnsys, Type-907 was used. This component includes the electrical generator. It 

requires running several input parameters including the following: nominal capacity, specific heat for the 

cooling fluids, and exhaust flow gases at nominal power output. Moreover, it requires several input 

variables such as: flow of cooling fluids thought the different systems, inlet temperatures of the cooling 

streams, and desired power output. The latter is the power that is demanded from the engine to produce 

electricity. Additionally, it is necessary to provide a table with normalized data for efficiency and heat 

ejected at different load levels. 

This model (Type-907) is able to simulate any engine if its efficiency curve, flow of exhaust gases, and 

share of heat ejected is known.  

In this project, in order to simulate different engines within a capacity range of 25-1200kW, it was 

necessary to simplify the model by assuming that there was only one input parameter, i.e., the engine 

capacity. The other parameters and input variables are calculated in Matlab by including several equations 

that calculate them as functions of the capacity of the chosen engine. Other data such as air inlet 

temperature and flow of the cooling streams [Kg/hr-kW] can be calculated using average data from other 

engines with similar features (i.e., compression ratio, turbocharged air injection, rotational speed) In the 

case of cooling flow rate, it can be assumed that the temperature increase in the fluid is the same for all 

engines. Thus, the cooling flow rate depends on the system capacity and heat ejected from the engine. 

Those values are calculated in Matlab and then transferred to Trnsys as input variables or parameters at 

the beginning of the simulation. Parameters, input variables, and output variables required by this 

component are shown in Appendix B. 

Data for efficiency and heat ejected from a specific engine for different load levels is organized in a table 

that is read by Trnsys during the simulation. The data on this table is calculated only once after the 

optimization tool chooses the size of the engine. Then, the data is saved in a text file that is read by 

Trnsys. Next, the data is used to do linear interpolations to calculate the efficiency and the share of heat 

ejected for each time step during the simulation. An example of the performance input data table is 

presented in the Appendix A. 
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5.4.2 Absorption chiller models 

Two types of absorption chillers were included in this project. Water-Li-Br chillers for cooling in air 

conditioning and Ammonia-Water chillers for cooling in refrigeration at medium temperature (-10°C). 

Water/Lithium-Bromide absorption chillers model 

For this component, the existing Type-679 was used.  This program requires the user to enter some 

parameters and input variables.  Some of these parameters and input variables are fixed values (see 

Appendix D).  The other ones were entered as equations to calculate all the parameters and input variables 

as a function of only one parameter, which is the capacity (size) of the selected chiller.  

A group of data which describes the behavior of a typical chiller is obtained from performance curves 

published by manufacturers.  The data group is made up of data sets.  Each set is composed of one 

variable for each parameter considered such as input temperature of the heating media, input temperature 

of the cooling fluid, outlet temperature of the chilled water, heat input required, cooling capacity, and 

COP for each operational point.  An example of the data table is presented in Appendix F.  The model 

used in this case corresponds to a steam powered chiller.  The temperature of the heating fluid is not 

needed.  Instead, the pressure of the steam supplied to the chiller is required based on the assumption that 

the steam is at saturation conditions. Thus, a second small table is necessary.  This table should contain 

information about the range of pressures at which the steam can be supplied to the chiller and the 

corresponding saturation temperature (see Appendix G). The two tables with the data are organized in a 

specific order and saved in text files so that Trnsys is able to read and access the data when the simulation 

is running.  The data in the table is expressed as fractions of the design conditions such as capacity and 

required heat input.  This makes the data applicable for any size of chiller if it is assumed that they behave 

similarly (i.e., the performance curves have the same shape though they have different values).  

In reality, even when the chillers are of the same type (e.g., simple effect), they work differently depending 

on the manufacturer and the technology.  However, in this project, due to the difficulty in obtaining 

performance curves with enough information to build the needed tables, it was assumed that all chillers 

behave similarly.  An existing set of data that contains real data from a TRANE absorption chillier was 

used.  This data table was provided by the Trnsys representative within the cogeneration library developed 

by TESS.  The data in the table was normalized so that it is applicable for any size of chiller if their 

performance is similar to curves presented in §3.2.2. 

This model contains a program coded in Fortran to read the input parameters and input variables, to do 

some calculation, and do linear interpolations using the data in the input data tables to estimate the value 

of the output at the current operation point. 

In order to make the model able to simulate chillers of different sizes based on limited input data, it was 

necessary, just as it was with the engine model, to generate several equations to calculate some of the 

parameters and input variables as functions of the size of the selected chiller.  For example, the chilled 

water flow is calculated with a simple heat transfer equation    ̇         and it assumes that the 

specific heat ratio (Cp) and the change in the chilled water temperature (  ) is constant. Thus, the chilled 

water mass flow can be expressed as a function of the cooling capacity (Q). A second example is the 

chiller auxiliary equipment (i.e., pump and fans) power need which was calculated as a percentage of the 

capacity (                        ). Other parameters and variables including cooling fluid 

temperature increase and fluid properties of the chilled water or brine are assumed to be constant and 

independent of the size of the chillers.  To see details related to input parameters and input variables see 

Appendix D. 
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Ammonia/Water absorption chillers model 

For the model to imitate the ammonia/water chiller behavior, the same program (Type-679) was used.  

This was possible due to the fact that apart from the difference in the working fluid, the operating 

principle of ammonia/water and water/Li-Br chillers is similar.  

Required input data tables were created with data obtained from performance curves provided by a 

manufacturer (see Figure 3-15 and Figure 3-16) and they are presented in two tables (see Appendix H and 

Appendix I).  Like Water/Li-Br chiller described in the previous section, the tables were saved in text files 

so that TRNSYS would be able to access them.  The parameter and input variables used in this model are 

presented in Appendix E.  More information about ammonia water chillers from this manufacturer is 

shown in Appendix K. 

 

5.5 Energy price and cost 

5.5.1 Electricity price 

The price of electricity varies according to the electricity market and local regulation.  The price depends 

on several factors including the following: final use, consumption level, voltage level at which it is 

supplied, time of consumption and cost of fuel. Furthermore, there are other factors that affect the price, 

for example: specific taxes that are imposed on specific technologies or energy sources, subsidies that are 

paid to the electricity producers that use specific technologies or RES, and the cost of operating the 

transmission system and market operation. All these factors are to be analyzed when evaluating the 

economic feasibility of a CHP/CHCP project. However, it is not an easy task due to the complexity of the 

electricity market and regulation in some countries. It is necessary to understand the local energy 

regulation well in order to be able to make an estimate of the energy cost or the cost savings when the 

energy is produced on site that is as precise as possible.  

In Spain, in order to cover the costs from operating the transmission system, the energy market operation 

and the cost of the regulatory institutions, some fees are included in the electricity price. Thus, the final 

price of electricity is defined by the sum of the cost of the energy itself plus the cost of transportation, 

distribution and commercialization. Other costs related to the diversification of energy matrix (i.e. extra 

cost due to renewable energy and special scheme for fostering distributed generation and cogeneration) 

and energy security (i.e. stock of nuclear fuel) are also included. Moreover, taking into account the fact 

that the losses are bigger when the energy is transported at a lower voltage level within the distribution 

grid, there are different prices based on the voltage at which the energy is acquired. The electricity price 

includes two parts: one part for the energy consumed and the other part for the maximum power demand 

(power capacity to supply the peak demand). The latter is intended to include the cost that the whole 

system incurs when ensuring that enough capacity is available to provide for the peak demand whenever it 

occurs (Ministery of Economy of Spain, 2001).  

 

Table 5-3 shows the general structure of the electricity prices in Spain. The price varies according to the 

voltage level, the contracted capacity which defines the capacity fee, the energy fee that varies depending 

on the period in which the energy is consumed (hour of the day, day of the week and season), the cost of 

the active energy that is related to the market behavior, and the cost of the reactive energy. Some taxes 

and specific fees imposed to cover the system operating costs and some specific fees related to energy 

security as well as a fee to cover the deficit in the market operation are included. In general, the higher the 

consumption is the better the chance for the consumer to get a better price from utility companies. It is 
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not easy to find information related to the electricity prices paid by the consumers on the free market.  

Thus the average price on the spot market was used to estimate the total cost of electricity. 

 

Table 5-3. General electricity tariff structure in Spain 2011 (Ministry of Industry, Turism and Trade of Spain, 2011). 

Customer /  

Consumer Type  
 2.0A   2.0DHA   2.1A  

2.1DH

A 
 3.0A  2.0DHS   2.1DHS   3.1A  6.1 

 Voltage Level  [kV]  < 1  < 1  < 1     < 1     < 1   < 1     < 1    > 1   1 - 36  

 Peak demand (hired  capacity)  

[kW]  

                   

10    

                    

10    
 10 -15  10-15  < 10 10   10 - 15   < 15 >15 

 Hourly price differentiation?   no   yes   no   yes   yes   yes   yes   yes   yes  

 Capacity fee 

[€/kW-y]   

Period 1 16.6331 16.6331 33.7684 33.7684 14.9785 16.6331 33.7684 24.4930 16.9259 

Period 2 
    

8.9871 
  

15.1042 8.4703 

Period 3 
    

5.9914 
  

3.4636 6.1989 

Period 4 
        

6.1989 

Period 5 
        

6.1989 

Period 6 
        

2.8283 

 Active energy 

fee 

[€/kWh]  

Period 1 0.0637 0.0812 0.0599 0.0779 0.0649 0.0823 0.0779 0.0415 0.0725 

Period 2 
 

0.0099 
 

0.0138 0.0435 0.0126 0.0186 0.0370 0.0541 

Period 3 
    

0.0161 0.0063 0.0069 0.0226 0.0288 

Period 4 
        

0.0144 

Period 5 
        

0.0093 

Period 6 
        

0.0058 

 Active energy cost 

[€/kWh]  
0.0589 (Average electricity price in liberalized market 2011)16 

 Reactive energy cost 

[€/kVArh]  

0.0416 (0.8 = cos ф < 0.95) 

0.0623 (cos  ф < 0.80)  

 VAT  18% 

 Electricity Tax  5% 

 Fee for national energy 

commission (NEC) 
 0.185% (to be imposed on the energy fee)  

 Fee for transmission system 

operator (TSO) 
 0.302%  (to be imposed on the energy fee)  

 Energy security fee 

 (nuclear fuel stock)  
 0.396% (to be imposed on the energy fee)  

 Fee for electricity market  deficit  2.379%  (to be imposed on the energy fee)  

 

In order to obtain a relationship between the electricity price, the level of consumption and the power 

capacity an electricity price simulator was used (National Energy Commission of Spain, 2011). This tool is 

available in internet and it is able to calculate the electricity price for systems with capacity up to 450 kW. 

Using the electricity price simulator, the average electricity price for a system with 450kWe of capacity was 

calculated and the results were: 190.67€/MWh before taxes and 225 €/MWh including taxes. Due to the 

fact that the price simulator is not able to calculate the price for systems with capacity bigger that 450kW, 

data from Table 5-4 was used to calculate the price of electricity for a system with 750kW of capacity (see 

results in Table 5-4). The value of 750kW was chosen arbitrary in order to have a second point that will 

allow us to have relation between the capacity of the system and the electricity price. 

  

Table 5-4. Electricity price estimation. 

Contracted Capacity [kW] 750 

Energy demand [kWh/y] 6,570,000 (*) 

COST 
 

Capacity Fee [€/y] 12,694 

                                                   
16 Average electricity price in the free market in 2011. http://www.omie.es/files/flash/ResultadosMercado.swf 
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Contracted Capacity [kW] 750 

Energy Fee [€/y] 476,036 

Energy cost [€/y] 394,200 

Reactive energy cost [€/y] 27,301 (**) 

Sub Total 910,231 

VAT 163,842 

Energy Tax 45,512 

Fee National Energy Commission [€/y] 810 

Fee for System Operator [€/y] 1,323 

Fee for Nuclear fuel stock [€/y] 1,885 

Fee to cover deficit [€/y] 11,325 

TOTAL [€/y] 1,132,795 

Price [€/MWh] 173 

 The fees for NEC, SO and energy security are included in the energy price for the 450kW. 

(*)  Assuming that the demand is the same and equal to the capacity along the year. 

(**) Assuming that reactive energy consumption is 10% of active energy. 

 
 

Based on the previous results, it was assumed that the electricity price, for customers with contracted 

capacity higher than 450kW and interconnected to a grid voltage level higher than 1kV, would be between 

173 and 225/MWh.  The previous assumption was necessary due to the lack of information about the 

final price charged to the industrial sector in the free (i.e., deregulated) market.  Furthermore, by using the 

assumed price range (173 and 225€/MWh), the natural gas to electricity price ratio for different 

consumption levels was calculated and the results are presented in Table 5-7.  

 

Electricity price variation 

The electricity price can vary during the day (see Figure 5-7 and Figure 5-8), this situation could, 

depending on the type of energy supply contract, affect the total cost of the energy. Some type of 

contracts considers the actual price of electricity in the market when calculating the price of the supplied 

energy. There is, however, other kind of energy supply contracts in which the utility company take the risk 

of price variation and the customers is offered a fix tariff during a period of time, this kind of agreements 

are normally reached with higher electricity prices.   

By analyzing the energy demand curve of a site, it is possible to see when most of the electricity is 

consumed.  Based on that it should be possible to choose the size of a cogeneration system and set up an 

operating strategy that would avoid or limit the purchase of electricity from the grid at the time when the 

price is high.  The price of energy is normally higher during the peak hours, which in general occurs at 

night in Spain, than it is in low demand hours (Operador del Mercado Ibérico de Energia, 2011).  

 

Figure 5-7. Hourly electricity price in the spot market in a typical summer day in Spain. 
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Figure 5-8. Hourly electricity price in the spot market in a typical winter day in Spain17. 

 

The electricity price can also vary during the year depending on several factors such as seasonal effect, 

temperature and weather. In Spain, for example, the price tends to be higher in summer and autumn than 

it is in winter and spring (see Figure 5-9). This could make it more profitable to produce electricity in 

summertime than in wintertime. However, every country or area is different and each case has to be 

analyzed independently. 

 

 

Figure 5-9. Average electricity price per month in Spain 18. 

 

5.5.2 Natural gas price 

The price of natural gas is composed of the cost of the fuel itself plus a set of fees charged to cover the 

cost of storage, transportation, re-gasification, and commercialization.  The way the price of natural gas is 

calculated varies from country to country and, sometimes, it varies among regions within the same 

country.  Moreover, the price of natural gas varies based on its use and consumption level.  Some 

countries arrange a lower price for industrial use in order to promote industry by lowering the energy cost.  

In other countries, the price for residential use is lower.  In general, the higher the consumption, the lower 

the price is. 

In Sweden, for example, the price varies according to the consumption level. It is lower for high 

consumption levels than it is for low consumption levels (see Table 5-6). Moreover, the price is lower for 

industrial use than it is for others.  

                                                   
17 http://www.omie.es/files/flash/ResultadosMercado.swf 
18 http://www.omie.es/files/flash/ResultadosMercado.swf 
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In Spain, the price of natural gas is defined by the cost of the fuel on the international market plus a set of 

fees such as the cost of re-gasification and the cost of using the national gas pipe lines for transportation.  

In addition, some taxes are imposed on the fuel. 

In the case of Spain, due to the difficulty in getting access to information related to the current NG price, 

the price was estimated using data from 2007 and assuming that the fees for transportation, storage and 

commercialization remained constant from 2007 to 2011 (for details see §5.5.4). The values presented in  

Table 5-5 were used to define the equation [11] in §5.5.4 that gives the NG price for different 

consumption levels. The second column in the table contains the final price for consumers for different 

levels of consumption in 2007 according to National Energy Council of Spain (2007). In order to estimate 

the cost of the transportation and commercialization of NG, the average cost of fuel in 2007 was 

subtracted from the final price of NG in 2007.  This gives the average cost of transportation and 

commercialization fees (column four) for different consumption levels in 2007.  Then, to calculate the 

final price of NG for the year 2011, it was assumed that the transportation and commercialization cost 

remained constant until 2011, and that the average cost of fuel in 2011 was 22.974 €/MWh (National 

Energy Commission of Spain, 2011). Finally, the total price (before taxes) for 2011 was calculated as the 

sum of the fourth (average fuel price in 2011) and fifth columns (transportation and commercialization 

cost) of  

Table 5-5. 

 

Table 5-5. Price of natural gas in Spain for 2007 and 2011. 

Level of 

Consumption 

[GWh/y] 

Final Price 

[€/MWh] 

(2007) 

Cost of Fuel 

[€/MWh] 

(2007) 

Estimated cost for 

transportation and 

commercialization 

[€/MWh] (2007)19 

Cost of 

Fuel 

[€/MWh] 

(2011)20 

Final Price 

[€/MWh] 

(2011) 

Final Price 

[€/MWh] 

(2011) 

 + taxes 

(17%VAT) 

0.3 30 

19.75 

10.25 

27.088 

37.338 43.69 

0.5 27.7 7.95 35.038 40.99 

0.8 26.3 6.55 33.638 39.36 

1 26 6.25 33.338 39.01 

2 25.2 5.45 32.538 38.07 

3.3 24.8 5.05 32.138 37.60 

5 24.7 4.95 32.038 37.48 

17 24.4 4.65 31.738 37.13 

30 24.2 4.45 31.538 36.90 

 

5.5.3 Natural gas to electricity price ratio 

The ratio between the price of natural gas and electricity is an important factor that has to be taken into 

account when analyzing the feasibility of cogeneration or tri-generation projects. In general, the lower the 

ratio, the better the economic performance of a CHP/CHCP project will be.  According to Tassou (2007), 

in order for a tri-generation project to be feasible in the UK, this ratio should be lower than 0.3.  This 

could be used as a rule of thumb during the prescreening of CHP/CHCP projects.  However, the 

feasibility of these projects depends on many factors such as the cost of the technology, materials, and 

labor, which can vary from country to country.  Moreover, the feasibility of a CHP/CHCP project also 

depends on the energy regulation as well as the economic incentives and other energy policy instruments 

which are intended to encourage these projects. 

 

                                                   
19 Cost for transportation, storage and commercialization is assumed to be constant from 2007 to 2011. 
20 Price of NG in June 2011 according to National Energy Commission of Spain. 
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In some countries, due to the fact that the market is deregulated for high consumption levels of electricity, 

it is not easy to find information related to the price that consumers pay for electricity.  Thus, is it not 

possible to get a clear idea about what the natural gas price to electricity price ratio is. The Table 5-6 

presents data related to this ratio in Sweden where statistical information is very accessible (SCB Statistics 

Sweden, 2011). In Sweden, the natural gas to electricity price ratio is not favorable for CHP/CHCP 

projects mainly due to high price of natural gas.  In addition to that, the production of electricity in a 

CHP/CHCP power plant using natural gas as fuel will produce more CO2 emissions per KWh on average 

than the average emissions in the national electrical system, which are relatively low due to the high 

proportion of electricity that is produced through hydro and nuclear power. These two situations make it 

difficult to apply CHP/CHCP systems using natural gas as energy source in Sweden.  In Spain, the 

situation is different because natural gas is commonly used in electricity production. In addition, the share 

of combustible fuels in electricity production for 2010 was 46% and the average CO2 emissions per KWh 

of electricity and heat production is relatively high (IEA, 2011) (337 KgCo2/MWh in 2009) in comparison 

to other countries such as Sweden (41 KgCo2/MWh in 2009).  Moreover, the natural gas to electricity 

price ratio is lower (see Table 5-7) than it is in other counties (i.e Sweden). 

 

Table 5-6. Natural gas to electricity price ratio in Sweden21. 

Standard consumption band of Electricity in 

Industry  

  

 Standard consumption band of Natural Gas in 

Industry  

Standard consumption 

band 

Annual consumption 

[MWh] 

Standard consumption 

band 

Annual consumption 

[MWh] 

 IA   < 20   I1     < 300  

 IB   20 - < 500   I2   300 - < 3 000  

 IC   500 - < 2 000   I3   3 000 - < 30 000  

 ID   2 000 - < 20 000   I4   30 000 - 300 000  

 IE   20 000 - < 70 000   I5   300 000 - <1 100 000  

 IF   70 000 - < 150 000      

 

  

 GAS [€/KWh] (27% VAT included)  

           0.083         0.074                0.064         0.062         0.055     

 I1   I2   I3   I4   I5  

 ELECTRICITY     

[€/KWh] 

(27% VAT included)  

         0.202      IA             0.410         0.368                0.319         0.306         0.271     

         0.126      IB             0.656         0.589                0.511         0.489         0.433     

         0.112      IC             0.738         0.663                0.575         0.550         0.488     

         0.098      ID             0.843         0.757                0.657         0.629         0.557     

         0.090      IE             0.922         0.828                0.719         0.688         0.609     

         0.084      IF             0.983         0.883                0.767         0.733         0.650     

 

It is not easy to get information about the prices of electricity on the free market (deregulated market) in 

Spain.  However, by making some reasonable assumptions, the electricity price was estimated (see §5.5.1) 

and the ratio α was calculated (see Table 5-7). The results show that the ratio α is favorable for 

CHP/CHCP projects in Spain 

 

The NG to electricity price ratio in Spain (see Table 5-7)  was estimated using the information about 

electricity prices registered in Table 5-3 and making the following assumptions: i) for the case under study, 

the connection to the gird is done at a voltage level higher than 1kV;  ii) the price is calculated in 

accordance with the conditions for customer group 6.1 (see price 6.1 in Table 5-3); iii) the average price 

                                                   
21 According to the average prices for the period from January to June 2011 in Sweden. 
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for electricity on the spot market for the year 2011 was 58.9222 €/MWh and it is assumed to be constant 

throughout the year; iv) the higher the consumption, the lower the price is. 

Table 5-7. Natural gas to electricity price ratio in Spain. 

 

Natural gas to electricity 

price ratio 

 

GAS consumption level [MWh/y] 

< 300 300 - < 3 000 3 000 - < 30 000 > 30 000 

GAS [€/KWh] (VAT included) 

0.0437 0.0381 0.0375 0.0369 
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)      0,2250    0,194 0,169 0,167 0,164 

7      0,2120    0,206 0,180 0,177 0,174 

10      0,1990    0,220 0,191 0,188 0,185 

13      0,1860    0,235 0,205 0,202 0,198 

16      0,1730    0,253 0,220 0,217 0,213 

 

According to the results of NG to electricity price ratio (see Table 5-7 and Table 5-6) and applying the 

Tassou (2007) rule of thumb, it is possible to conclude that: on one hand, there is a favorable situation for 

the development of CHP and CHCP projects using NG as fuel in Spain and, on the other hand, the same 

situation is not favorable in Sweden.  

 

5.5.4 Description of energy price and energy cost estimation  

 Price and total cost of natural gas 

 

In order to include the effect of the differential price of natural gas (i.e. the lower the consume 

the higher the price is), a mathematical relation to calculate the price of natural gas according to 

the consumption level was included in the model (see equation [11]). This equation was derived 

from the NG prices registered in the Table 5-5 (columns 1 and 7). 

  

              
           [11] 

    is the demand of natural gas in GWh per year and     stands for the price of natural gas in 

€/MWh23.  

 

 

Figure 5-10. Estimated price of natural gas in Spain as function of consumption level. 

                                                   
22 http://www.omie.es/files/flash/ResultadosMercado.swf 
23 For     lower that 0.3GWh/y  it was assumed that the price is constant (43.69 €/MWh before taxes). 
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Even though the real price of NG is based on intervals of consumption within which the price is 

constant, the previous equation offers a good way to simulate the effect of the price and 

consumption variation on economic performance. The total cost of NG per year is calculated 

assuming that the NG price is constant for a period of one year (equation [12]). 

                [12] 

 

 Price and total cost of electricity 

 

The regulation scheme and electricity market in some countries is very complex, and it is 

necessary to understand the local rules well in order to estimate the energy cost or the cost 

savings accurately when the energy is produced on site.  

When the energy regulation in a country or region is well understood, it is possible to develop a 

model for calculating the total cost of electrical energy consumed at a specific site based on its 

energy demand curve over the course of the year.  Taking into account the fact that energy 

regulation could include many factors, such a model could be very complex.  However, a model 

like that could be part of a good feasibility analysis tool for CHP/CHCP projects and useful for 

maximizing their economic performance by means of minimizing the cost of electrical energy.  In 

this project, due to the time constraint, no complex model for electricity cost calculation was 

developed.  However, electricity prices were estimated based on the information presented in 

Table 5-3 and it was assumed that the price would be lower for high consumption levels. The 

later assumption could be close to reality since customers with high energy consumption levels 

are normally able to negotiate energy supply contracts with lower energy prices with the utility 

companies than costumers with low energy consumption levels are. 

The price of the electricity is established using the price range defined in §5.5.1 (0.173-

0.225/KWh) and assuming that the price decreases linearly with the increase in the consumption 

until it reaches the minimum price. The relation is described in equation [13] which was derived 

from the data in Table 5-7.  Additionally, “IF” functions were used in the Matlab code to set up 

constant values equal to 0.225€/MWh and 0.173€/MWh when the consumption is lower or 

higher than the values within the range. 

                           [13] 

 

 

Figure 5-11. Estimated electricity price in Spain as function of the consumption level. 
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The total cost of electricity per year is calculated on the assumption that the electricity price is 

constant for a period of one year (equation [14] ). 

                [14] 

 

 Economical incentives 

In order to promote renewable energy and energy efficiency in Spain, specific incentives for 

electricity production from renewable energy sources and cogeneration were implemented 

(Ministry of Industry, Turism and Trade of Spain, 2007)).  In the specific case of CHP/CHCP 

power plants, the surplus of electricity can be sold to energy distribution companies or by 

participating in the market.  This situation allows the owners of CHP/CHP projects to earn extra 

income when they have a surplus of electricity.  In 2011, the average price paid in Spain for the 

electricity produced in CHP/CHCP was 106.22 €/MWh when it was sold through distribution 

companies and 83.93 €/MWh when sold directly on the market (National Energy Commission of 

Spain, 2011). 

 A special plan that was intended to encourage small projects was established in Spain.  The price 

that the CHP/CHCP owner received for the electricity sold was higher for small projects than it 

was for big power plants (see Table 5-8) (Ministry of Industry, Turism and Trade of Spain, 2011). 

This special scheme was included in the model by introducing a piecewise function into the 

program code in Matlab using the IF-ELSE function.  This, the piecewise function, chooses the 

price paid for the electricity that is exported into the grid based on the capacity of the generator in 

the CHP/CHCP system.  This will allow the model to simulate the effect of the higher price paid 

for the electricity produced in a small system on the maximization of the economic performance 

of a CHP/CHCP project. 

 

Table 5-8. Tariff and premium for electricity produced in CHP/CHCP systems (2011 and 2012). 

Capacity of 

CHP  

 [MW] 

Tariff 

(2011) 

[€/ MWh] 

Premium 

(2011) 

 [€/ MWh] 

Total  

(2011) 

[€/ MWh] 

Tariff  

(2012) 

[€/ MWh] 

Premium 

(2012) 

 [€/ MWh] 

Total 

 (2012) 

[€/ MWh] 

Increase 

% 

Cap ≤ 0.5 163.436    163.436 166.694  166.694 1.9 

0.5 < Cap ≤ 1 134.113  134.113 136.787  166.694 1.9 

1 < Cap ≤ 10 108.303 45.348 153.651 110.864 46.420 157.284 2.3 

10 < Cap ≤ 25 103.113 37.527 140.64 105.615 38.437 144.052 2.3 

25 < Cap ≤ 50 98.412 33.607 132.019 100.0893 34.454 134.5433 1.8 

Source: (Ministry of Industry, Turism and Trade of Spain, 2011) 

 

 

 Income due to carbon credits 

Due to the CO2 emission reduction, CHP/CHCP projects could obtain an income by selling certified 

emission reductions (CERs).  The EU established the Emission Trading System (ETS) in 2005.  The 

price of CERs has fluctuated between USD 10 and 40/tCO2 (OECD, 2010).  For the economic 

evaluation in the model, OECD assumption (2010) that CERs are sold for €22/tCO2 (aprox. USD 

30/tCO2) was used.  The income from the emission reductions is calculated using equation [15]. 

      
   

    
⁄              [15] 
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5.6 Initial investment 

5.6.1 Prime mover (ICE) and HRS initial investment estimation 

To calculate the initial investment of a CHCP/CHCP plant, it is necessary to consider the following cost 

components: prime mover (ICE, GT, micro-turbine), HRS components, TAT equipment, interconnection 

electrical equipment, labor and material, project construction and management, engineering studies and 

design, project contingency and project financing.  Data related to CHP plant cost published by U.S EPA 

(2008) was used to calculate the initial investment as a function of the power capacity. Due to the fact that 

the data used was given in 2007 US$/kW  (see Table 5-9). It was necessary to index the cost data by using 

inflation rates (see  

 

 

 

 

 

 

 

 

Table 5-10) for the period between 2007 to 2011 to update the cost data for the year 2011.  Lastly, an 

exchange rate equal to 0.7296€ per US dollar was applied to get the final data in euros per kW [€/kW] 

(Table 5-11).  

Table 5-9. CHP project cost [2007 US$/KW] 

 

 

 

 

 

 

 

 

 

Table 5-10. Consumer price index in USA (2007-2011) 

Year 

Consumer Price Index 

(for all items less food and energy)  

% Change - Year to Year  

2007 2.44% 

2008 1.76% 

2009 1.82% 

2010 0.80% 

2011-Sept 1.97% 

 

Table 5-11. CHP project cost [Sept 2011 US$/KW] 

Cost Component  

 Capacity  [KW]  

100     500    1,000    3,000  5,000    

 Cost [2007 US$/KW]  

 Gen Set Package   1,000    880   760 520  590 

 Heat Recovery System  310 240  190 80    50 

 Interconnection/Elect. Equipment    260   60 40 30 20 

 Total Equipment cost  1,570    1,180 990 630    660    

 Labor and Materials      340    300    250 240    250    

 TOTAL  1,910    1,480     1,240    870    910    

 Project and Construction management     200    180     150    90    70 

 Engineering and Fees    200     180      150    90    70 

 Project Contingency     70      60     50    30 30 

 Project construction financing     30      40    50      50    50 

 TOTAL plant cost     2,410     1,940     1,640      1,130    1,130 

Cost Component   Capacity  [KW]  
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Figure 5-12. CHP/CHCP equipment investment cost 

 

                          [16] 

where: 

     is the capacity of the selected prime mover and it is given in kW. 

 

5.6.2 TAT equipment initial investment estimate 

As is the case with other technology, for absorption chillers the bigger the equipment, the lower the 

specific cost [€/kW] is.  This is an effect of the economy of scale that applies to many types of equipment.  

In order to estimate the cost of absorption chillers and to get a mathematical expression for the total 

equipment cost as a function of the size of the chillers (capacity in kW), a figure from Kavvadias and 

Maroulis (2010) was used (see Figure 5-13) and the following mathematical expression was obtained (see 

equation [17]). 

                         
(      )     [17] 

 

CCHP = 4986.1 Cap^(-0.206) 
R² = 0.984 

0

1.000
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Capacity [KW] 

CHP/CHC Project Cost  

Cost [Sept-2011 €/KW] 

100     500    1,000    3,000  5,000    

  Cost [Sept 2011 €/KW] 

 Gen Set Package   796  701     605     414     470    

 Heat Recovery System   247     191     151     64     40    

 Interconnection/Elect. Equipment    207     48     32     24     16    

 Total Equipment cost   1,250     939     788     502     525    

 Labor and Materials    271     239     199     191     199    

Sub Total  1,520     1,178     987     693     724    

 Project and Construction management    159     143     119     72     56    

 Engineering and Fees   159     143     119     72     56    

 Project Contingency   56     48     40     24     24    

 Project construction financing   24     32     40     40     40    

 TOTAL plant cost   1,918     1,544     1,306     900     900    
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Figure 5-13. Typical cost curve of an internal combustion engines and for absorption chillers24. 

 

The cost added to the absorption chiller equipment by installation, construction, and labor, material, 

engineering, and other related costs were assumed to be included in the cost of the CHP system as was 

described before in this section. In addition to that, due to the difficulty in finding information related to 

the cost of H2O-NH3 absorption chillers, it was necessary to assume that the cost of that kind of chiller is 

similar to the cost of LBr-H2O absorption chillers. Thus, the same mathematical relationship (equation 

[17]) was applied to both water-ammonia and Lithium-bromide absorption chillers.  

 

5.7 Operating and maintenance cost 

5.7.1 ICE O&M cost 

The prime mover is the main component of a CHP/CHCP plant and also the component with the 

highest maintenance and operational cost.  In order to estimate the ICE maintenance cost and express it 

as a function of the ICE capacity, data from a CHP report (U.S EPA, 2008) was used.  Also as was 

explained in §5.6, the data was originally given in 2007 US$.  Thus, it was necessary to index it and to 

convert it into the value of euro currency in September 2011. 

 

Table 5-12. ICE operation and maintenance cost (no fuel included) 

 

The mathematical expression presented in equation [18] was obtained by using the data presented in Table 

5-12.  It gives the estimated ICE O&M variable cost as a function of the size of the engine.  This equation 

is used in the model to calculate the ICE O&M variable cost without including the fuel.  Figure 5-14 

                                                   
24 Source: (Kavvadias & Maroulis, 2010) 

CAP 

[KW] 

Variable Cost 

(service contract)  

[US$/KWh] 

2007 

Variable Cost 

(consumables) 

[US$/KWh]  

2007 

Fixed  Cost 

[US$/KW-y] 

2007 

Fixed Cost 

[US$/KWh-y] 

2007 

@8000hrs/y 

Fixed  

Cost 

[€/KW-y] 

Sep/2011 

Total O&M 

Variable Cost 

[€/KWh] 

2007 

Total O&M 

variable cost 

[€/KWh] 

Sep/2011 

100 0.02000 0.00015 15.00000 0.0019 11.94 0.02205 0.01755 

300 0.01500 0.00015 7.00000 0.0009 5.57 0.01605 0.01278 

800 0.01200 0.00015 5.00000 0.0006 3.98 0.01275 0.01015 

3000 0.01000 0.00015 2.00000 0.0003 1.59 0.01045 0.00832 

5000 0.00900 0.00015 1.50000 0.0002 1.19 0.00935 0.00744 
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shows that the smaller the ICE is, the higher the specific O&M variable cost is in terms of [€/kW per 

kWh-y].  

                     
(      )     [18] 

 

 

Figure 5-14. ICE operation and Maintenance cost (no fuel included). 

 

The part of the maintenance cost which does not depend on the operating hours of the ICE is expressed 

by a second mathematical equation [19].              is given in €/kW per year.  Both the fixed and 

variable cost are expressed as functions of the ICE capacity and were included in the model. 

 

                      
(      )     [19] 

 

 

Figure 5-15. Fixed component cost of operating and maintenance for ICE as a function of the capacity. 

 

The total ICE O&M cost can be expressed by equation [20] which includes both the fixed and variable 

components. The first component corresponds to the fixed cost which depends only on the size of the 

prime mover, in this case, an ICE. The second component depends on both the size of the prime mover 

and the amount of energy      produced per year expressed in [kWh/y]. 

                 
(      )           (      )             [20] 
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5.7.2 TAT equipment O&M cost 

Due to the fact that static equipment is less demanding in regards to maintenance activities, its 

maintenance cost is considerably lower than it is for rotating equipment such as ICE and GT.  That is why 

it was assumed that the maintenance cost for TAT and HRS equipment would be approximately 10% of 

the O&M cost for the prime mover (ICE in this case). The maintenance cost of the other static equipment 

was not included.  Like the maintenance cost of the prime mover, there is one part which is variable and 

depends on the operating hours or energy produced (cooling or heating) and another part that is fixed and 

only depends on the size of the equipment (i.e., capacity of the absorption chiller).  Equation [21] gives the 

specific maintenance cost of the absorption chiller in €/kWh while equation [22] gives the specific 

maintenance cost in €/kW per year. 

                           
(      )     [21] 

                              
(      )     [22] 

 

Combining equations [21] and [22], it is possible to express the total maintenance cost for the absorption 

chiller using only one equation (see equation [23]). 

                     
(      )               (      )               [23] 

Where        is the cooling production of the chiller. 

 

5.8 Optimization process 

 

5.8.1 Optimization variables 

The optimization variables are numeric values that represent some features of the tri-generation system. 

The values of those variables are changed during the optimization process in order to achieve the 

maximum or minimum value of the objective function(s). In this project, the optimization variables were 

the size of the equipment as follows: the size of the ICE, the size of the NH3-Water absorption chiller 

and the size of the Water-Li-Br absorption chiller. 

5.8.2 Objective function 

Taking into account the fact that this project was evaluated using multi-objective optimization, two 

objective functions were considered. The first one was the relative primary energy savings (RPES) as in 

equation [1] and the second optimization function was the net present value of the project (NPV). 

There a tradeoff between the two objective functions as follows.  On one hand, if the system were 

designed in such way that the RPES would be maximized, the cost of the equipment would have been too 

high.  Thus the NPV of the project could be very low or even negative.  On the other hand, if the system 

were designed so that the NPV would be maximized, important opportunities for saving energy and 

lowering the GHG emission would have not been exploited.  That is why it is necessary to look at the 

problem from two different perspectives, using Pareto diagrams to analyze it. Thus, the user or decision 

maker could evaluate different options, the tradeoff between the two objectives, and decide what the most 

suitable option is. 
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Relative primary energy savings 

The first objective function is the RPES, which is the fuel saved due to the operation of the tri-generation 

system in comparison to the fuel that would have been consumed if the supermarket were supplied with 

energy produced in conventional systems.  Equation [1] is considered to be the correct way to calculate 

the RPES since it includes terms to evaluate the difference between the absorption chillers and the 

conventional electrical vapor compression chillers use of primary energy consumption to produce cooling. 

The above mentioned equation is not used, however, by official institutions in Spain when they evaluate 

the savings from tri-generation systems.  Another method to calculate the energy savings and to define 

whether a CHCP project qualifies as a high efficiency cogeneration power plant was defined by the 

European commission (European Parliament, 2004).  This method is also used to decide if a CHP system 

can qualify for the benefits and incentives according to the existing regulation (see Equation [24]).   

          [
 

(
 
     

      
 

 
      

       
)

⁄  ]      [24] 

 

 

Where: 

    h    is the primary energy saving due to the use of a CHCP 

system. 

 
      

  is the efficiency for heat production of the CHCP system  

defined as annual useful heat output divided by the fuel 
input used to produce the sum of useful heat output and 
electricity from cogeneration [%]. 

 
     

  
     

  is the reference efficiency value for separate heat production 

in conventional systems [%]. 

 
       

  is the electrical efficiency of the cogeneration production 

defined as annual electricity from cogeneration divided by 
the fuel input used to produce the sum of useful heat output 
and electricity from cogeneration. 

  
      

  
     

 is the reference efficiency value for separate electricity 

production in conventional systems. 

 

In order to make equations [1] and [24] comparable, the heat and electricity production efficiencies in the 

equation [24] were expressed as the useful heat divided by the fuel input and the electricity produced 

divided by the fuel input respectively as follows: 
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Where: 
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          is for the total fuel consumed by the CHCP system during 

the period evaluated.  

        is the total amount of electricity produced in the CHCP. 

              is the total useful heat. 

 

In this methodology, the useful heat (       )  is defined as follows: “useful heat shall mean heat produced in a 

cogeneration process to satisfy an economically justifiable demand for heat or cooling” (European Parliament, 2004). This 

means that the heat used to power absorption chillers is included and considered useful heat. Thus, 

equation [25] is another option to evaluate the RPES and it can applied in the evaluation of tri-generation 

systems. 

 

In order to evaluate the differences in the results of the optimization from using the two different 

concepts to evaluate the RPES, two separate simulations where done. Each one used a different objective 

function to evaluate the RPES. The first simulation used equation [1] and a second simulation used 

equation [25]. Both simulations, however, used the NPV as the second objective function for the multi-

objective optimization process (to see the results and its differences see §6). 

 

 

Net Present value 

The economic performance of the CHCP project can be evaluated by means of different economic 

indicators such as payback period and net present value (NPV). In this case, it was evaluated using the 

NPV as formulated in Equation [26] hereafter.  

                   ∑ (               ) 
        [26] 

Where: 

         is the net present value of the CHCP project.  

      is the total initial investment. 

      is the present worth factor for the year j. The project is 

evaluated for a period of           .  

     is the saving per year as result of the local energy 

production. 

    is the income from exported electricity 

         is the operating cost including the fuel cost, operating and 

maintenance cost, as well as electricity purchased form he 

grid. 
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6 Results and analysis 

 

Two different simulations including the optimization process were done.  The first one used equation [1] 

to calculate the RPES and the second simulation used equation [25].  For the second case the RPES were 

calculated in accordance with the directives given by the European Commission that were illustrated in 

§5.8.2. The second simulation was done to see what effect employing different means or concepts to 

evaluate the PES would have on its results and consequently on the NPV of a CHCP project.  Both 

simulations were done including parameters to mimic the situation for energy regulation and price in 

Spain.  

The results from the simulations show that the points clearly converged with a Pareto front (see Figure 

6-1.a, and Figure 6-2.a).  Each point in those figures represents a combination of size of equipment.  The 

points in blue are individuals (i.e., equipment combinations) that belong to the more recent generations.  

Individuals belonging to the newer generation are the ones which offer the best performance in relation to 

the objective function(s).  The optimization algorithm was allowed to run until enough individuals were 

generated to form a Pareto front. For the first simulation 1700 individuals were generated and 700 for the 

second one.  The time need by TRNSYS to run a simulation of the tri-generation system for one year was, 

on average, twenty seconds.  The total time for the simulations and optimization process was about six 

hours for the first simulation, and three for second one. The size of the population and the number of 

generations set for each simulation were different. Thus the time required for the simulations vary as 

mentioned above. In this project, the number of generations and the size of the population were chosen 

arbitrary. However, the user could set the number so that a clear convergence is observed in the Pareto 

from diagram.  

The Pareto front diagrams are presented in Figure 6-1b, and Figure 6-2b.  The points in these figures 

represent a set of points selected from the points in the convergence figures.  These figures are made of 

some of the points which lie on the Pareto front line in the convergence figures and that offer the best 

tradeoff between the two objective functions.  The other points in Figure 6-1.a, and Figure 6-2.a that are 

located beyond the Pareto front line are individuals (see Pareto front explanation Figure 3-19), which 

presented low performance, that were generated by the evolutionary algorithm during the optimization 

process.  Although those points are not in the solution, they were useful for finding it since they allowed 

the optimization algorithm to find the region within the solution space that offered better performance.  

 

6.1 Algorithm convergence and Pareto fronts 

Figure 6-1.a, shows the result from the first simulation, on one hand, that there are combinations of 

individuals that offer very good performance in terms of NPV.  For some points, the NPV is higher than 

four million euro.  Those equipment combinations, however, do not offer any PES.  On the contrary, they 

give a negative value for the PES which means that more fuel is consumed than the fuel consumed in 

conventional systems to supply the same energy.  On the other hand, there are some equipment 

combinations which offer a positive value of PES (between 0% and 5%) with a relatively low value of 

NPV. They give, however, some profit (approximately between 1 and 1.4 million euro). 

Taking into account the fact that the European Commission considered CHP and CHCP systems with 

nominal capacities below 1000kWe to qualify as high efficiency systems if they provide some primary 

energy savings (i.e., PES>0), the CHCP systems represented by the points in the region mentioned above 

can apply for the benefits offered by the energy regulation in Spain and most probably they could apply 

for it in other European countries.  
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The results show that the majority of the equipment combinations give a low performance in terms of 

PES but they give positive and sometimes very high NPV.  This also illustrates the importance of having a 

process to verify that CHCP systems get some PES in order to get benefits.  Without any verification 

process, a CHCP project could produce very good economic results without giving any primary energy 

savings. 

 

 

Figure 6-1. Algorithm convergence and Pareto front – first simulation.  

 

For the second simulation, due to the time constraint a lower number of individuals and generation were 

chosen. However, it is possible observe the formation of the Pareto front (see Figure 6-2.a). On one hand, 

it is possible to note that there are some individuals which offer very good values of RPES (i.e., between 

23% and 27%) but their performance on NPV is negative. On the other hand, there are individuals which 

offer lower values of RPES but still good enough (i.e., between 15% and 20%) with good performance 

with respect to the NPV (i.e., values for NPV between one and 1.8 million Euro). 

The notable differences in the results obtained for this simulation in comparison with the other simulation 

are because of the use of a different relationship (equation [25] to calculate the RPES as mentioned in 

§5.8.2. This situation illustrates clearly the effect of the use of different concepts to evaluate the 
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performance of CHCP projects. In general, if the CHCP systems are evaluated with this equation, the 

performance with respect to the RPES and NPV will be higher. However, the results of the RPES are not 

precise because of the omission of the efficiency of the absorption chillers in their calculations. This leads 

to the conclusion that evaluating the performance of CHCP project using this relationship will cause an 

overestimation of the RPES and as a consequence the NPV will be higher. 

 

 

Figure 6-2. Algorithm convergence and Pareto front - second simulation 

 

6.2 Possible equipment size combinations 

After the general analysis of the algorithm convergence and the results with reference to the objective 

functions, the next step was to study what the equipment size combinations are which were chosen by the 

MOEA and that give best performance. 

In order to achieve the highest efficiency possible from a CHCP system, the relationship between the size 

of a prime mover (i.e., ICE in this case) and the absorption chiller is a factor that has to be considered 

when deciding on the size of the equipment. The size of the equipment should be selected to ensure that 

all the waste heat ejected from the prime mover is used/recovered. In the case of absorption chillers that 

use exhaust gases as a heat source either directly or indirectly the chiller capacity is defined by the heat 
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available which, in the case of ICE, is approximately 35% of the total heat ejected. Table 6-1 presents the 

suggested ratios between the size of absorption chillers and a prime mover (i.e., ICE).  These ratios were 

calculated using average efficiency values which can vary. However, ratios of 0.32 for water/ammonia 

chillers and 0.47 for Li-Br/Water chillers offer a good approximation. They can be used as a rule of 

thumb. The ratio can be lower when the cooling demand is low and only a part of the waste heat is 

recovered.   Using values higher that the ones mentioned above is not recommended at all because, in that 

case, there will not be enough heat to power the chillers. For this project in which two chillers are 

connected to a prime mover, the ratio can be lower when the heat is split into two streams so that two 

chillers are operated at the same time.  Another option is to operate one chiller for a period of time and 

the other for the rest of the time. In this project, all possible combinations were considered and the 

MOEA selected the combinations that gave the best performance in terms of NPV and RPES for the 

project life cycle.   

 

Table 6-1. Relationship between absorption chillers and prime mover capacity25 

GenSet (ICE) nominal capacity 100  kWe  

Average electrical efficiency 35% 

 Fuel Input 286  kWth  

Total waste heat 186  kWth  

Heat ejected in exhaust gases 35% 

 Heat in exhaust gases 65  kWth  

Recoverable heat from exhaust gases 90% 

 Recoverable heat from exhaust gases 58.5  kWth  

   Average COP for an NH3 Abs chiller 0.55 

 NH3 Abs. chiller Cooling CAP 32  kWth  

Recommended ratio NH3 Ab.s Chiller to ICE Capacity 0.32 

    Average COP for an Li-Br Abs chiller 0.80 

 Li-Br Abs. chiller cooling CAP 47  kWth  

Recommended ratio Li-Br Abs. chiller to ICE capacity 0.47 

  

Results from the two simulations were analyzed and a set of twenty points (i.e., possible equipment 

combinations) that give positive RPES values as well as positive NPV values were selected. By using a 

kind of polar diagram, Figure 6-3 and Figure 6-6 show twenty possible equipment size combinations.  

Each possible equipment combination is represented on a radial line. The combinations are organized in 

descending order of RPES values. The first combinations in the polar diagrams are the ones with highest 

RPES. Table 6-2 and Table 6-3 contain data for the twenty combinations chosen for the first and second 

simulation respectively.  

It is important to clarify that the RPES are calculated based on the ratio between the fuel consumed by the 

CHCP system and the fuel that would have been consumed by the conventional system to produce the 

same amount of energy.  The RPES from small systems with equipment combinations such as the ones in 

Figure 6-6 can be up to 23%.  This does not mean that 23% of the primary energy consumed in the 

supermarket is saved.  The savings are relative to the capacity of the CHCP system. The CHCP systems 

will supply only one part of the energy demand. The rest of the energy will be provided by conventional 

systems without any energy saving. 

 

 

 

                                                   
25 Example of recommended ratio chiller to ICE capacity for a 100 kWe ICE. 
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Figure 6-3. Equipment size combination – results from the first simulation 

 

The results from the first simulation showed that very few equipment combinations offer positive RPES 

values.  The ones which give some RPES are combinations which include ICE with capacities between 

240 kWe and 340 kWe.  These combinations include both NH3 and Li-Br absorption chillers.  As was 

expected, the ratio between the size of the NH3 chiller and the ICE is around 0.35 based on the concept 

presented above.  Moreover, Li-Br absorption chillers for air conditioning are also included. The ratio Li-

Br-Chiller to ICE capacity is between 0.12 and 0.43.  

 

Table 6-2. Data resulting from first simulation – using equation [1] to calculate RPES. 

Equipment 

Combination 

Option 

GenSet 

(ICE) 

[kWe] 

NH3 Abs 

Chiller 

[kWth] 

Li-Br Abs 

Chiller 

[kWth] 

Ratio NH3 

Abs.Ch/ICE 

Ratio Li-Br 

Abs.Ch/ICE 

NPV 

[kEUR] 

Energy 

Savings 

[%] 

1 241 82 104 0.34 0.43 1,005 5.00 

2 245 87 51 0.36 0.21 1,070 4.25 

3 251 89 56 0.35 0.22 1,085 3.89 

4 260 92 59 0.35 0.23 1,113 3.38 

5 264 93 55 0.35 0.21 1,135 3.22 

6 270 95 35 0.35 0.13 1,183 2.90 

7 276 98 38 0.36 0.14 1,195 2.42 

8 278 99 38 0.36 0.14 1,200 2.26 

9 282 100 50 0.35 0.18 1,201 2.12 

10 291 103 39 0.35 0.13 1,248 1.70 

11 305 107 45 0.35 0.15 1,296 1.19 

12 321 110 93 0.34 0.29 1,311 0.90 

13 310 110 36 0.35 0.12 1,319 0.78 

14 312 111 38 0.36 0.12 1,322 0.64 

15 316 112 40 0.35 0.13 1,336 0.54 

16 325 114 56 0.35 0.17 1,355 0.34 

17 324 114 50 0.35 0.15 1,357 0.33 

18 332 115 69 0.35 0.21 1,374 0.28 

19 334 116 73 0.35 0.22 1,375 0.15 

20 337 117 67 0.35 0.20 1,393 0.05 

 

On one hand, it should be noted that the highest values for RPES were obtained with an ICE of 241 kWe 

and the RPES value decreases with an increase in the ICE capacity(see Figure 6-4). On the other hand, the 
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NPV increases with the increase in the capacity of the ICE (Figure 6-5). Equipment combinations which 

offer low RPES give higher NPV values in comparison with other options with higher RPES values. This 

is because onsite electricity production costs less than electricity purchased from the grid.  This situation 

leads to economic savings due to the fact that less electricity is bought from the grid. Electricity is 

generated locally using NG that has a lower price than electricity per unit of energy.  However, the cost of 

the electricity produced locally also depends on the efficiency of the CHCP system and that depends on 

the use of the waste heat.  Bigger CHCP systems have lower total efficiency due to the fact that only a 

fraction of the waste heat is recovered for heating or cooling production.  Figure 6-4 and Figure 6-5 show 

the trade-off between NPV and RPES with change in prime mover (ICE) capacity.  

 

 

Figure 6-4. RPES as a function of the ICE capacity - First simulation 

 

 

Figure 6-5. NPV as a function of de ICE capacity – First simulation. 

 

In the case of the second simulation in which equation [25] was used to evaluate the RPES, different 

results were obtained. Figure 6-6 shows the possible combination of equipment that offers NPV values 

between 522 thousand and 1.826 million euros and RPES values between 15% and 22%. Now, the 

equipment combination resulting from this simulation is different from the result in the first one. In this 

case, the size of the ICEs and the NH3 chillers is bigger. Additionally, Li-Br chillers are not included in 

the solution. The size for the ICEs varies between 380 kWe and 600 kWe and the size of the NH3 

absorption chillers is between 200 kWth and 250 kWth.  The resulting data from the second simulation are 

presented in Table 6-3.  
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The ratio between chiller and ICE capacity is larger in this case than it was for the first simulation. For the 

equipment combinations which give higher RPES values, the ratio is between 0.6 and 0.5.  These values 

are higher than the recommended value (i.e., 0.35) mentioned above. It would not be economical nor 

efficient to use these chillers because not enough waste heat is available from the engine.  These 

equipment combinations were possible due to the fact that the model in TRNSYS included the use of 

auxiliary burners (using NG) in the HRSG when there was not enough heat in the exhaust gases from the 

ICE to produce the steam required to power the absorption chillers. The only difference between the first 

and the second simulation is the use of a different equations to calculate the RPES (i.e., equation [1] and 

equation [25]).  This led us to conclude that the selection of the equipment combination was affected by 

the use of a different method of calculating the RPES. 

 

 

Figure 6-6. Equipment size combination - results from second simulation. 
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Table 6-3. Data resulting from second simulation – using equation (25) to calculate RPES. 

Equipment 

Combination 

Option # 

GenSet 

(ICE) 

[kWe] 

NH3 Abs 

Chiller 

[kWth] 

Li-Br Abs 

Chiller 

[kWth] 

Ratio NH3/ 

Abs. Ch/ICE 

Ratio Li-Br 

Abs. Ch/ICE 

NPV 

 [1000 EUR] 

Energy 

Savings 

 [%] 

1 380 250 1 0.66 0.00 522 22 

2 384 248 10 0.65 0.03 536 22 

3 381 236 6 0.62 0.02 603 21 

4 406 250 1 0.62 0.00 668 21 

5 414 250 1 0.60 0.00 713 21 

6 431 250 6 0.58 0.01 794 21 

7 451 250 1 0.55 0.00 918 21 

8 462 250 11 0.54 0.02 951 20 

9 479 250 3 0.52 0.01 1,050 20 

10 495 249 9 0.50 0.02 1,115 20 

11 507 250 1 0.49 0.00 1,177 20 

12 523 250 10 0.48 0.02 1,216 19 

13 524 250 4 0.48 0.01 1,232 19 

14 536 250 1 0.47 0.00 1,285 19 

15 558 250 4 0.45 0.01 1,351 19 

16 590 250 1 0.42 0.00 1,458 18 

17 588 237 2 0.40 0.00 1,544 18 

18 600 232 1 0.39 0.00 1,618 17 

19 600 212 1 0.35 0.00 1,761 16 

20 600 197 1 0.33 0.00 1,826 15 

 

Figure 6-7 and Figure 6-8 show the tradeoff between the NPV and RPES when there is a change in the 

ICE capacity.  Like the results obtained from the first simulation, the NPV increases with an increase in 

the ICE capacity while the RPES decreases with an increase in the ICE capacity. 

 

 

Figure 6-7. RPES as a function of the ICE Capacity - Second simulation. 
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Figure 6-8. NPV as a function of the ICE capacity – Second simulation. 

 

Table 6-4 shows a comparison between the level of energy demand and capacity of the equipment which 

was selected from the possible combinations.  For the size of the prime movers, it was noted that the 

capacity of the selected ICEs was larger than the minimum demand but smaller than the average demand 

for electricity (excluding electricity for cooling).  When cooling is included in the electricity demand, the 

size of the suggested ICE is smaller than the minimum load according to the results from the first 

simulation and larger than that according to the results from the second simulation. In all cases, the size of 

the ICEs is smaller than the maximum demand but, at the same time, it is close, in some cases, to the 

average electricity demand. 

Looking at the sizes of the NH3 absorption chillers, the results from the first simulation produced sizes 

smaller than the minimum load while the second simulation gave values bigger than that and, for some 

cases, values close to the average cooling demand.  The chiller sizes suggested in the results from the 

second simulation are about double the size of the ones suggested in the first simulation.  It is important 

to mention that if chillers larger than the minimum load are used, they will operate at partial load part of 

the time. 

Table 6-4. Comparison between the suggested equipment capacity and energy demand 

Hourly electricity demand [kWe] (cooling excluded) 
Min Average Max 

170 404 650 

Hourly electricity demand for conventional system [kWe] 354 806 1306 

Selected GenSet (ICE) – range of capacity [kWe] (1st simulation) 240-340 

Selected GenSet (ICE) - range of capacity [kWe] (2nd Simulation) 380-600 

 

Hourly cooling medium temp demand [kWth] 
Min Average Max 

120 378 497 

Selected NH3 abs. Ch. - range of capacity [kWth] (1st simulation) 80-120 

Selected NH3 abs. Ch. - range of capacity [kWth] (2nd simulation) 200-250 

 

Hourly cooling AC demand [kWth] 
Min Average Max 

0 51 546 

Selected Li-Br abs. Ch. - range of capacity [kWth] (1st simulation) 35-100 

Selected Li-Br. Ch. - range of capacity [kWth] (2nd simulation) 0-10 

 

Hourly heating demand [kWth] 
Min Average Max 

0 47 340 

Low temp heat recovered from ICE [kWth] (1st simulation) 35-104 

Low temp heat recovered from ICE [kWth] (2nd simulation) 0-10 
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For the Li-Br/Water chillers, the results from the first simulation gave sizes between 35 and 104kWth 

while the second simulation gave very small ones or in many cases gave the minimum possible value.  This 

is because the optimal values for NPV and RPES are obtained in the absence of this kind of chillers.  This 

means that all the waste heat is used in powering NH3 chillers to produce cooling for medium 

temperature refrigeration while the cooling for AC is produced by means of conventional chillers.  

 

6.3 Summary 

The results from this study show that for the case under study there are several possible equipment size 

combinations which yield positive values for RPES as well as for NPV. Twenty points (i.e., equipment 

combinations) among those on the Pareto front line were selected (see Table 6-2).  Those points offer the 

best performance in relation with the two objective functions. On one hand, a CHCP system with good 

performance in NPV is not desirable if it does not provide any RPES.  On the other hand, a CHCP 

system that gives high value for RPES may be not economically feasible. From the environmental point of 

view the best options would be those that give high values for RPES. However, those equipment 

combinations give low NPV. Due to the fact that there is trade-off between NPV and RPES, it is up to 

the designer or project developer to decide which combination is used according to the goals of the 

CHCP project owner. 

Although the existing energy regulation in Spain and Europe consider the equation [25] as the official way 

to calculate the RPES, the results from this master thesis showed that using equation [1] is more precise. 

The later equation should be applied for the calculation of RPES in CHCP systems that include 

absorption chillers or other thermal activated technologies. The results from the second simulation in 

which equation [25] was used are presented only for reference and in order to compare those with the 

results from first simulation in which equation [1] was used. Results from the first simulation are 

considered more precise.  

Taking into account the fact that most of the project developers expect a CHCP project to be 

economically feasible, a good equipment combination is one that gives the maximum possible value for 

NPV while giving a positive value for RPES. However, due to the trade-off between NPV and RPES, the 

equipment combinations which give high values of NPV give at the same time low values for RPES (see 

Figure 6-1b). Choosing an equipment combination that give a low value for RPES is risky because a 

reduction in the energy demand could lead to a reduction in the value for RPES. Thus, the new value for 

RPES could be lower or even negative if the initial value for it is close to cero. This situation is not 

desirable. That is why it is advisable to select an equipment combination that gives value of 5% for RPES 

or higher. By doing this the CHCP system would be able to give a positive value for RPES with some 

variation of the energy demand. A good decision for the specific case under study would be to use the 

option #1 from Table 6-2 which give a value of 5% for RPES and approximately one million euro for 

NPV in a life cycle of twenty years. The capacity of the equipment is lower than the minimum energy 

demand thus the CHCP system would be able to give positive values for RPES even if the energy demand 

decreases on time.  

Different equipment combinations could be chosen that give higher values for NPV but give lower values 

for RPES. However, the project developer have to be careful because it could happen that once the 

system is in operation the RPES become lower than the minimum acceptable by the regulation or even 

negative due to change in energy demand. A multi-objective optimization analysis does not provide a 

unique solution but a set of possible solutions with a trade-of between the objectives. The solution for the 

case under study is a set of twenty possible equipment combinations. The project developer decides which 

option is used. 
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7 Conclusions and future work 

In this master thesis project, a CHCP optimization model was developed and applied to a specific study 

case.  The model can be used to simulate and analyze other study cases if they are similar to the case 

studied in terms of temperature levels for heating and cooling and if energy demand is within the capacity 

range of the equipment considered in the equations included in the model. Energy prices and hourly 

energy demand (i.e., electricity, heating and cooling) data will be needed to simulate other CHCP systems.  

This project did not provide definitive conclusions but it offered the possibility of improving our 

understanding of CHCP systems as well as the existing potential of using simulation and optimization 

tools to analyze these kinds of systems. 

With the limitations and constraints which were necessary to keep the project within a reasonable level of 

complexity, the project produced some results which made it possible to see the effect of different factors 

on the performance of CHCP systems. This project could be the starting point for more complex and 

complete studies. 

7.1 General conclusions 

Although some research has been done on the use of simulation and optimization theory in the analysis of 

CHP/CHCP systems, more research is needed in order to increase our understanding of the problems 

and to exploit the potential of optimization as an aid to overcome the existing barriers before this 

technology can be applied more broadly. Specifically, there is a need for feasibility tools which include as 

many factors as possible and use optimization processes in the analysis. Very few studies related to the use 

of EA and GA in designing and equipment sizing for trigeneration and polygeneration systems were 

found. Some authors of those studies are: Pelet & Leyland (2005), Kavvadias & Maroulis (2010) and Wang 

& Jing (2010). These studies focused in the use of mathematical programming including multiobjetive 

optimization are more commonly done and several were found (see §2.1.4). 

With the aid of simulation tools, it is possible to speed up the design of CHCP systems and the decision 

making process. Optimization evolutionary algorithms are a very useful tool for increasing understanding 

and analyzing energy systems. Although modeling and simulating are time consuming activities, using 

them in the decision making and designing processes can cause different outcomes in comparison with 

conventional feasibility analysis. For example, the sizing of equipment is normally limited to some well 

know alternatives including base load, peak shaving, and thermal load following. However, using models 

and MOEA the resulting size of the equipment can be a mix of the above or any other equipment size 

combination that produce the best performance in terms of desired objective function(s).  

The use of these kinds of tools could help in the deployment of tri-generation. Moreover, they can be 

useful in an analysis of the effectiveness of incentives and energy regulation in fostering this technique. 

Taking into account the fact that the lifespan of CHCP projects can range from 15 to 25 years, differences 

in the design and energy savings can lead to the success or failure of a project. Moreover, those differences 

can make a project attractive or not for the potential developers and investors. 

Different relationships and concepts that are used to evaluate the performance (i.e., PES) of CHCP 

systems produce different results. We have to be careful with the PES calculations.  Even a relationship 

which is considered official and recommended by the energy regulation may not be very precise.  In this 

project, it was demonstrated that the use of an equation suggested by the European Commission to 

calculate the PES (i.e., equation [25]) results in an outcome that is different from the outcome of an 

equation suggested by people involved in doing research about energy issues (i.e., equation [1]).  The 

outcome of the two is so different that the difference in the sizes of the selected equipment may be as 

much as double.  Moreover, the result for the RPES from systems with similar capacities showed 

significant differences.  On one hand, a CHCP system with an ICE of 337kWe gives 0.05% of RPES (see 



81 
 

Table 6-2) when using one method to evaluate it. On the other hand, using the other method, a system 

with similar size, which includes an ICE of 380 kWe, gives 22% of RPES (see Table 6-3). 

Some of the existing incentives such as fit-in-tariff are not very helpful for small scale co/tri-generation 

projects. The results from this project showed that small systems, which provide part of the energy 

demand, are the ones that offered the best performance (i.e., NPV and RPES). Due to the fact that those 

systems do not have a surplus of electricity, they will not be able export any electricity. Thus the existing 

incentive (i.e., fit in tariff) will not have any effect on the economic performance even when those systems 

provide some PES. That is why energy regulation schemes should offer different incentives to encourage a 

more efficient use of energy including small systems that do not export any electricity. 

 

7.2 Specific conclusion applicable for the study case 

The results from the application of MOEA contain several possible equipment combinations which give 

positive NPV while meeting the minimal PES requirement. They, however, provide only one part of the 

energy demand. Thus, conventional systems are still necessary to supply the rest of the energy demand. 

A disadvantage of the use of ICEs is the fact that they eject part of the heat at a low temperature level (i.e., 

below 90°C).  Thus, it is not possible to recover that heat for steam production or to power absorption 

chillers which require temperatures above 90°C.  That heat can be used when there is a demand for space 

heating and hot water. In this case, the demand for those services was relatively low. That is why engines 

with capacities that are above the range (i.e., 240-340 kWe) suggested by the MOEA would eject most of 

the low temperature heat into the atmosphere.  This situation would cause a decrease in the total 

efficiency of the CHCP system and as a result those systems would not be feasible. 

When the demand for heating at low temperatures (i.e., hot water and space heating) is limited, using 

micro-turbines or gas turbines will offer better performance than using ICE. This situation is due to the 

fact that the heat ejected in turbines is at a higher temperature. Thus, it can be used for steam production 

or to power absorption chillers. 

The relatively low COP for absorption chillers in comparison to the COP for vapor compression 

conventional chillers (VCC) limits the possibilities of applying that technology to CHCP systems.  They 

are applicable only when free heat is available. Moreover, due to the high cost of the equipment, it is 

possible that when the price of electricity is low, the cost of producing cooling with VCC will be lower 

than the cost of using absorption chillers even when waste heat is available. Furthermore, in electrical 

grids in which energy from renewable sources is available, the use of tri-generation systems that use NG as 

an energy source do not result in emission reductions if they do not take the place of another fossil fuel 

power plant. 

The natural gas to electricity price ratio is an important factor that must be taken into account when the 

feasibility of CHCP projects is evaluated.  With a ratio lower than 0.3 a CHCP system may be 

economically feasible even without producing any primary energy savings. That is why it is important that 

energy regulation requires CHCP project to generate positive values of RPES. 

The heat to power ratio is another factor which greatly affects the performance of CHCP systems. In 

general, the higher the HTP ratio the higher the possibility that a CHCP system will be feasible. For the 

case under study, the HTP ratio was lower than 0.5 (see Figure 4-13). This limits the size of the CHCP 

system to small ones. In consequence, the results from the optimization model showed that only small 

systems (i.e., ICE capacity < 340kW) offer good performance. 
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7.3 Future work 

The use of MOEA linked to a CHCP model in TRNSYS software showed itself to be useful in the 

optimization analysis of CHCP systems and specifically in sizing and selecting the equipment which will 

yield the maximum performance. However, in order to increase the potential for using a model like this, 

further research is necessary including some of the suggestions given below. 

Increasing the complexity of the model in order to make it able to mimic the behavior of real CHCP 

systems more closely includes such things as the possibility of mimicking a partial load operation of 

absorption chillers, adding data about weather conditions and their effect on equipment efficiency, using 

other prime movers and control strategies. 

A specific possibility with the tools available within TRNSYS software is to include other equipment in 

the energy model such as thermal energy storage either for heating or cooling, solar thermal collectors, 

and other prime movers such as micro-turbines and gas turbines.  Another possibility could be to link the 

CHCP model to models of buildings created in TRNSYS or any other building simulation software. 

Finally, an interesting project would be to do optimization analyses of CHCP systems using different 

equations and relationships to assess the performance of a CHCP system. There are several indicators 

used nowadays to evaluate the performance of such systems including the following: the energy savings 

index (i.e., indice di risparmio energetico -IRE) used in Italy, combined heat and power quality assurance 

index (CHPQA) used in the UK, and the CHP efficiency index established in the Public Utilities 

Regulatory Act (PURPA act) in the USA.  The results could vary depending on how energy savings are 

evaluated (Cardona & Piacentino, 2005).  Moreover, the analysis of different energy efficiency indicators 

would lead to a better understanding about what effects the available incentives as well as energy 

regulation would have on the development of CHCP projects. 
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9 Appendix 

Appendix A: Table with sample engine performance input-data for 

Type-907 (Internal gas combustion engine). 

 

10.00 40.00        
=>> this are ambient air 

temperature 

0.40 0.50 0.60 0.70 0.75 0.80 0.90 1.00  
=>> this are the partial load 

points 

0.40 0.34 0.92 0.36 0.07 0.38 0.09 0.09 0.53 

data for ambient temperature 

Tamb =10°C 

0.50 0.35 0.93 0.36 0.06 0.39 0.10 0.10 0.60 

0.60 0.36 0.94 0.35 0.06 0.39 0.10 0.10 0.68 

0.70 0.37 0.94 0.35 0.05 0.40 0.10 0.10 0.76 

0.75 0.37 0.94 0.34 0.05 0.41 0.09 0.11 0.80 

0.80 0.37 0.94 0.34 0.05 0.42 0.08 0.11 0.84 

0.90 0.37 0.94 0.33 0.04 0.43 0.07 0.12 0.92 

1.00 0.36 0.94 0.36 0.07 0.38 0.09 0.09 1.00 

0.40 0.32 0.87 0.36 0.07 0.38 0.09 0.09 0.53 

data for ambient temperature 

Tamb =40°C 

0.50 0.33 0.89 0.36 0.06 0.39 0.10 0.10 0.60 

0.60 0.34 0.89 0.35 0.06 0.39 0.10 0.10 0.68 

0.70 0.34 0.89 0.35 0.05 0.40 0.10 0.10 0.76 

0.75 0.34 0.89 0.34 0.05 0.41 0.09 0.11 0.80 

0.80 0.35 0.89 0.34 0.05 0.42 0.08 0.11 0.84 

0.90 0.35 0.89 0.33 0.04 0.43 0.07 0.12 0.92 

1.00 0.34 0.89 0.36 0.07 0.38 0.09 0.09 1.00 

 

Column 1 from row 3 to row 8 contain partial load operation points 

Column 2 from row 3 to row 8 contain engine mechanical efficiency data 

Column 3 from row 3 to row 8 contain generator efficiency  

Column 4 from row 3 to row 8 contain fraction of heat rejected to JW 

Column 5 from row 3 to row 8 contain fraction of heat rejected to Oil 

Column 6 from row 3 to row 8 contain fraction of heat rejected to Exhaust gases 

Column 7 from row 3 to row 8 contain fraction of heat rejected to Air coolers 

Column 8 from row 3 to row 8 contain fraction of heat rejected to environment 

Column 9 from row 3 to row 8 contain fraction of exhaust flow gases at partial load 
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Appendix B: Parameters, input variables and output variables for 

Type-907 (Internal gas combustion engine). 

# Parameters 
Value / 

Variable Name 
Units Type 

Comments 

1 Maximum Power Output ICE_CAP kJ/hr Variable 

Set at the beginning of the simulation. 

Depend on the size of the selected engine 

2 

Number of Intake 

Temperatures 2 - Fixed 

Number of data points in the table input 

data 

3 

Number of Part Load Ratio 

Points 8 - Fixed 

Number of data points in the table input 

data 

4 

Specific Heat of Jacket 

Water Fluid 4.19 kJ/kg.K Fixed Average value for different engines 

5 

Specific Heat of Oil Cooler 

Fluid 4.19 kJ/kg.K Fixed Average value for different engines 

6 

Specific Heat of Exhaust 

Air 1.088 kJ/kg.K Fixed 

Average Cp for exhaust gases from Natural 

gas combustion 

7 

Specific Heat of After-

cooler Fluid 4.19 kJ/kg.K Fixed Average value for different engines 

8 

Rated Exhaust Air Flow 

Rate ICE_GAS_FLOW  string 

Depend on 

capacity 

Parameter calculated as function of the 

capacity 

      # Input Variables Value / Name Units Type Comments 

1 Intake Air Temperature 40 C Fixed Average value for different engines 

2 Desired Output Power   kJ/hr Variable Depend on energy demand 

3 Jacket Fluid Temperature 80 C Fixed Average value for different engines 

4 Jacket Fluid Flow Rate ICE_WTR_FLOW kJ/hr 

Depend on 

capacity 

Parameter calculated as function of the 

capacity 

5 

Oil Cooler Fluid 

Temperature 82 C Fixed Average value for different engines 

6 Oil Cooler Fluid Flow Rate ICE_OIL_FLOW kJ/hr 

Depend on 

capacity 

Parameter calculated as function of the 

capacity 

7 

After-cooler Fluid 

Temperature 40 C Fixed Average value for different engines 

8 

After-cooler Fluid Flow 

Rate ICE_AIR_FLOW kJ/hr 

Depend on 

capacity 

Parameter calculated as function of the 

capacity 

 # Output variables Units Comments 

 
1 Exhaust Temperature C Calculated 

 
2 Exhaust Flow Rate kg/hr Calculated 

 
3 Jacket Water Outlet Temperature C Calculated 

 
4 Jacket Water Flow Rate kg/hr Fixed as input 

 
5 Oil Cooler Outlet Temperature C Calculated 

 
6 Oil Cooler Flow Rate kg/hr Fixed as input 

 
7 After-cooler Outlet Temperature C Calculated 

 
8 After-cooler Flow Rate kg/hr Fixed as input 

 
9 Electrical Power kJ/hr Variable Input data 

 
10 Shaft Power kJ/hr Calculated 

 
11 Required Heat Input kJ/hr Calculated 

 
12 Mechanical Efficiency Fraction Calculated 

 
13 Electrical Efficiency Fraction Calculated 
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Appendix C: Parameters, input variables and output variables for 

Type-679 (NH3-H2O Absorption chillers). 
 

# Parameters 
Value / 

Variable Name 
Units Type 

Comments 

1 Rated capacity LB_ABCH_CAP kJ/hr Variable 

Set at the beginning of the simulation. 

Depend on the size of the selected chiller 

2 Rated C.O.P. 0.7 none Fixed set by the user 

3 

Number of steam pressures 

in S1 data file 5 - Fixed 

Number of data points in the table input 

data 

4 

Number of CW steps in S1 

data file 3 - Fixed 

Number of data points in the table input 

data 

5 

Number of CHW set points 

in S1 data file 7 - Fixed 

Number of data points in the table input 

data 

6 

Number of load fractions in 

S1 data file 11 - Fixed 

Number of data points in the table input 

data 

7 

Number of steam pressures 

in S2 data file 4 - Fixed 

Number of data points in the table input 

data 

8 CHW fluid specific heat 4.19 kJ/kg.K Fixed water Cp 

9 CW fluid specific heat 4.19 kJ/kg.K Fixed water Cp 

10 Auxiliary electrical power 

LB_ABCH_AUX_po

wer kJ/hr Variable Is a fraction of the capacity 

      # Input Variables Value / Name Units Type Comments 

1 

Chilled water inlet 

temperature 

LB_ABCH_CHWT_I

N C Fixed set by the user 

2 Chilled water flow rate 

LB_ABCH_CHW_F

LOW kg/hr Variable 

Parameter calculated as function of the 

capacity 

3 

Cooling water inlet 

temperature 25 C Fixed set by the user 

4 Cooling water flow rate 

LB_ABCH_CW_FL

OW kg/hr 

Depend on 

capacity 

Parameter calculated as function of the 

capacity 

5 Steam inlet temperature 116 C Variable output form HRSG 

6 Steam inlet gauge pressure 96.5 kPa 

Depend on 

capacity set by the user 

7 CHW set point 

LB_ABCH_CHW_se

tT C Fixed set by the user 

8 Chiller control signal 1 none Fixed   

 # Output variables Units Comments 

 1 Chilled outlet water temperature C Calculated 
 2 Chilled water flow rate kg/hr Depends on Capacity 
 3 Cooling outlet water temperature C Calculated 
 4 Cooling water flow rate kg/hr Depends on Capacity 
 5 Condensate outlet temperature C Calculated 
 6 Condensate (steam) flow rate kg/hr Calculated 
 7 Chilled water energy kJ/hr Calculated 
 8 Cooling water energy kJ/hr Calculated 
 9 Steam heat transfer kJ/hr Calculated 
 10 Electrical energy required kJ/hr Calculated 
 11 Fraction of nominal capacity - Calculated 
 12 Fraction of design energy input - Calculated 
 13 C.O.P at point of operation - Calculated 
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Appendix D: Parameters, input variables and output variables for 

Type-679 (Li-Br-H2O Absorption chillers). 
 

# Parameters 
Value / 

Variable Name 
Units Type 

Comments 

1 Rated capacity LB_ABCH_CAP kJ/hr Variable 

Set at the beginning of the simulation. 

Depend on the size of the selected chiller 

2 Rated C.O.P. 0.7 none Fixed set by the user 

3 

Number of steam pressures 

in S1 data file 5 - Fixed 

Number of data points in the table input 

data 

4 

Number of CW steps in S1 

data file 3 - Fixed 

Number of data points in the table input 

data 

5 

Number of CHW set points 

in S1 data file 7 - Fixed 

Number of data points in the table input 

data 

6 

Number of load fractions in 

S1 data file 11 - Fixed 

Number of data points in the table input 

data 

7 

Number of steam pressures 

in S2 data file 4 - Fixed 

Number of data points in the table input 

data 

8 CHW fluid specific heat 4.19 kJ/kg.K Fixed water Cp 

9 CW fluid specific heat 4.19 kJ/kg.K Fixed water Cp 

10 Auxiliary electrical power 

LB_ABCH_AUX_po

wer kJ/hr Variable Is a fraction of the capacity. 

      # Input Variables Value / Name Units Type Comments 

1 
Chilled water inlet 

temperature 
ABCH_CHWT_IN C Fixed 

set by the user 

2 Chilled water flow rate ABCH_CHW_FLOW kg/hr Variable 
Parameter calculated as function of the 

capacity 

3 
Cooling water inlet 

temperature 
25 C Fixed 

set by the user 

4 Cooling water flow rate ABCH_CW_FLOW kg/hr 
Depend on 

capacity 

Parameter calculated as function of the 

capacity 

5 Steam inlet temperature 120 C Variable output form HRSG 

6 Steam inlet gauge pressure 97.16 kPa 
Depend on 

capacity set by the user 

7 CHW set point -10 C Fixed set by the user 

8 Chiller control signal 1 none Fixed   

 # Output variables Units Comments 

 1 Chilled outlet water temperature C  

 2 Chilled water flow rate kg/hr  

 3 Cooling outlet water temperature C  

 4 Cooling water flow rate kg/hr  

 5 Condensate outlet temperature C  

 6 Condensate (steam) flow rate kg/hr  

 7 Chilled water energy kJ/hr  

 8 Cooling water energy kJ/hr  

 9 Steam heat transfer kJ/hr  

 10 Electrical energy required kJ/hr  

 11 Fraction of nominal capacity -  

 12 Fraction of design energy input -  

 13 C.O.P at point of operation -  
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Appendix E: Parameters, input variables and output variables for 

Type-637 (Heat recovery steam generator). 
 

# Parameters 
Value / 

Variable Name 
Units Type 

Comments 

1 
Pinchpoint Temperature 

Difference 
15 Delta C Fixed Chosen form average values. 

2 Source Fluid Specific Heat 1.088 kJ/kg.K Fixed 
Average Cp for gases from NG 

combustion 

3 
Heat Exchanger 

Configuration 
1 - Fixed 

Binary variable to set counter flow 

configuration. 

      # Input Variables Value / Name Units Type Comments 

1 

Source Fluid Inlet 

Temperature   C 

Variable 

Input data This an output from the ICE 

2 Source Fluid Inlet Flow rate   kg/hr 

Variable 

Input data This an output from the ICE 

3 Water Inlet Temperature 90 C 

Variable 

Input data This an output from the ICE 

4 Steam Inlet Flow rate 

 

kg/hr no used 

this depends on the heat input and it is 

calculated to maximize the steam 

production 

5 Steam Inlet Pressure 1000 kPa Fixed entered by the user 

6 Steam Inlet Enthalpy 419.7 kJ/kg Fixed entered by the user 

7 Desired Steam Enthalpy 2778 kJ/kg Fixed entered by the user 

 # Output variables Units Comments 

 1 Source Fluid Outlet Temperature C Calculated 
 2 Source Fluid Flow rate kg/hr Calculated 
 3 Steam Outlet Temperature C Fixed as input 
 4 Steam Flow rate kg/hr Calculated 
 5 Steam Pressure kPa Fixed as input 
 6 Steam Enthalpy kJ/kg Fixed as input 
 7 Heat Transfer Rate kJ/hr Calculated 
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Appendix F: First input data table for Type-679 Water-Li-Br Chiller 

(normalized performance data). 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 Fraction of Design Load 

5.556 6.111 6.667 7.222 7.778 8.889 10  Chilled Water Set point (C)  

26.667 29.444 32.222      Entering Cooling Water Temperature (C) 

55.158 68.948 82.737 89.632 96.527    Inlet Steam Gauge Pressure (kPa)  

Capacity 

[design 

fraction] 

Heat Input 

[faction] 

      Load Chilled 

Water 

Temp [°C] 

Cooling 

Water 

Temp [°C] 

Steam gauge 

pressure 

[Kpa] 

0.9878 0.792 !Capacity and Design Energy Input 

Fraction at  

 0.8 5.556 26.667 55.158 

1.0367 0.792 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 26.667 68.9476 

1.0837 0.792 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 26.667 82.73712 

1.1041 0.792 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 26.667 89.63188 

1.1265 0.792 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 26.667 96.52664 

0.8612 0.816 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 29.444 55.158 

0.9102 0.816 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 29.444 68.9476 

0.9571 0.816 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 29.444 82.73712 

0.9796 0.816 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 29.444 89.63188 

1 0.816 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 29.444 96.52664 

0.7347 0.832 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 32.222 55.158 

0.7857 0.832 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 32.222 68.9476 

0.8327 0.832 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 32.222 82.73712 

0.8531 0.832 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 32.222 89.63188 

0.8735 0.832 !Capacity and Design Energy Input 

Fraction at  

  0.8 5.556 32.222 96.52664 

1.0102 0.784 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 26.667 55.158 

1.0592 0.784 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 26.667 68.9476 

1.1061 0.784 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 26.667 82.73712 

1.1286 0.784 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 26.667 89.63188 

1.149 0.784 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 26.667 96.52664 

0.8837 0.808 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 29.444 55.158 

0.9327 0.808 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 29.444 68.9476 

0.9776 0.808 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 29.444 82.73712 

1 0.808 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 29.444 89.63188 

1.0224 

 

0.808 !Capacity and Design Energy Input 

Fraction at  

  0.8 6.111 29.444 96.52664 
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Appendix G: Second input data table for Type-679 Water/Li-Br 

Chiller (Steam pressure and temperature). 

 

55.158 68.948 82.737 96.527 Steam gauge pressure (kPa) 

112.653 Temperature (C) at 55.158 kPa 

115.227 Temperature (C) at 68.948 kPa 

117.635 Temperature (C) at 82.737 kPa 

119.9 Temperature (C) at 96.527 kPa 
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Appendix H: First input data table for Type-679 Ammonia/Water 

chiller (normalized performance data). 

 

0.9 1 
  

!Fraction of Design Load 
    

-15 -10 -5 
 

!Chilled Water/brine Set point -CHW Set- (C) 
    

20 25 30 
 

!Entering Cooling Water Temperature-

ECWT-(C)     

41.91

6 

97.157

9 

168.69

5 

259.8

7 

!Inlet Steam Pressure (kPa gauge) assuming sat 

steam     

 
Load 

CHW 

Set 
ECWT 

Steam Pressure 

[kPa gauge] 

0.93 0.89 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 20 41.92 

1.11 1.06 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 20 97.16 

1.26 1.21 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 20 168.70 

1.42 1.36 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 20 259.87 

0.62 0.65 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 25 41.92 

0.83 0.87 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 25 97.16 

1.01 1.05 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 25 168.70 

1.18 1.22 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 25 259.87 

0.37 0.43 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 30 41.92 

0.55 0.62 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 30 97.16 

0.74 0.84 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 30 168.70 

0.91 1.04 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 30 259.87 

1.11 1.02 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 20 41.92 

1.29 1.19 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 20 97.16 

1.43 1.32 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 20 168.70 

1.59 1.47 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 20 259.87 

0.82 0.78 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 25 41.92 

1.01 0.97 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 25 97.16 

1.19 1.14 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 25 168.70 

1.35 1.29 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 25 259.87 

0.55 0.57 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 30 41.92 

0.73 0.76 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 30 97.16 

0.92 0.96 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 30 168.70 

1.09 1.13 
 

!Capacity and Design Energy Input Fraction at 0.9 -10 30 259.87 

1.29 1.07 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 20 41.92 

1.47 1.22 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 20 97.16 

1.6 1.33 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 20 168.70 

1.75 1.46 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 20 259.87 

1.01 0.9 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 25 41.92 

1.2 1.07 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 25 97.16 

1.37 1.22 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 25 168.70 

1.52 1.35 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 25 259.87 

0.72 0.7 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 30 41.92 

0.91 0.87 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 30 97.16 

1.09 1.05 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 30 168.70 
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1.26 1.21 
 

!Capacity and Design Energy Input Fraction at 0.9 -5 30 259.87 

0.93 0.89 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 20 41.92 

1.11 1.06 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 20 97.16 

1.26 1.21 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 20 168.70 

1.42 1.36 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 20 259.87 

0.62 0.65 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 25 41.92 

0.83 0.87 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 25 97.16 

1.01 1.05 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 25 168.70 

1.18 1.22 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 25 259.87 

0.37 0.43 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 30 41.92 

0.55 0.62 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 30 97.16 

0.74 0.84 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 30 168.70 

0.91 1.04 
 

!Capacity and Design Energy Input Fraction at 0.9 -15 30 259.87 

1.11 1.02 
 

!Capacity and Design Energy Input Fraction at 1 -10 20 41.92 

1.29 1.19 
 

!Capacity and Design Energy Input Fraction at 1 -10 20 97.16 

1.43 1.32 
 

!Capacity and Design Energy Input Fraction at 1 -10 20 168.70 

1.59 1.47 
 

!Capacity and Design Energy Input Fraction at 1 -10 20 259.87 

0.82 0.78 
 

!Capacity and Design Energy Input Fraction at 1 -10 25 41.92 

1.01 0.97 
 

!Capacity and Design Energy Input Fraction at 1 -10 25 97.16 

1.19 1.14 
 

!Capacity and Design Energy Input Fraction at 1 -10 25 168.70 

1.35 1.29 
 

!Capacity and Design Energy Input Fraction at 1 -10 25 259.87 

0.55 0.57 
 

!Capacity and Design Energy Input Fraction at 1 -10 30 41.92 

0.73 0.76 
 

!Capacity and Design Energy Input Fraction at 1 -10 30 97.16 

0.92 0.96 
 

!Capacity and Design Energy Input Fraction at 1 -10 30 168.70 

1.09 1.13 
 

!Capacity and Design Energy Input Fraction at 1 -10 30 259.87 

1.29 1.07 
 

!Capacity and Design Energy Input Fraction at 1 -5 20 41.92 

1.47 1.22 
 

!Capacity and Design Energy Input Fraction at 1 -5 20 97.16 

1.6 1.33 
 

!Capacity and Design Energy Input Fraction at 1 -5 20 168.70 

1.75 1.46 
 

!Capacity and Design Energy Input Fraction at 1 -5 20 259.87 

1.01 0.9 
 

!Capacity and Design Energy Input Fraction at 1 -5 25 41.92 

1.2 1.07 
 

!Capacity and Design Energy Input Fraction at 1 -5 25 97.16 

1.37 1.22 
 

!Capacity and Design Energy Input Fraction at 1 -5 25 168.70 

1.52 1.35 
 

!Capacity and Design Energy Input Fraction at 1 -5 25 259.87 

0.72 0.7 
 

!Capacity and Design Energy Input Fraction at 1 -5 30 41.92 

0.91 0.87 
 

!Capacity and Design Energy Input Fraction at 1 -5 30 97.16 

1.09 1.05 
 

!Capacity and Design Energy Input Fraction at 1 -5 30 168.70 

1.26 1.21 
 

!Capacity and Design Energy Input Fraction at 1 -5 30 259.87 
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Appendix I: Second input data table for Type-679 Ammonia/Water 

Chiller (Steam pressure and temperature). 
 

41.916  97.1579  168.695  259.87 Steam pressure [gauge kPa] 

 

110 Condensate Temperature (C) at 41.916 kPa 

120 Condensate Temperature (C) at 97.1579 kPa 

130 Condensate Temperature (C) at 168.695 kPa 

140 Condensate Temperature (C) at 259.87 kPa. 
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Appendix J: Program code of the model in TRNSYS 
 
 
VERSION 16.1************************************** 
*TRNSYS input file (deck) generated by TrnsysStudio 
*on måndag, december 05, 2011 at 22:50 
*from TrnsysStudio project: C:\SOLARDYN\cases\triGenSystem\TRNSYS_model\Complete Trigen Modelrev8.tpf 
*If you edit this file, use the File/Import TRNSYS Input File function in  
*TrnsysStudio to update the project.  
*If you have problems, questions or suggestions please contact your local  
* TRNSYS distributor or mailto:software@cstb.fr  
******************************** Units********************************* 
*****************************Control cards***************************************  
START, STOP and STEP 
CONSTANTS 3 
START=0 
STOP=8760 
STEP=1 
* User defined CONSTANTS  
INCLUDE "C:\SOLARDYN\cases\triGenSystem\TRNSYS_input\caseData.dat" 
SIMULATION   START  STOP  STEP ! Start time End time Time step 
TOLERANCES 0.001 0.001   ! Integration  Convergence 
LIMITS 30 30 30    ! Max iterations Max warnings Trace limit 
DFQ 1    ! TRNSYS numerical integration solver method 
WIDTH 80    ! TRNSYS output file width, number of characters 
LIST     ! NOLIST statement 
    ! MAP statement 
SOLVER 0 1 1    ! Solver statement Minimum relaxation factor
 Maximum relaxation factor 
NAN_CHECK 0    ! Nan DEBUG statement 
OVERWRITE_CHECK 0   ! Overwrite DEBUG statement 
TIME_REPORT 0   ! disable time report 
EQSOLVER 0    ! EQUATION SOLVER statement 
 
* Model "LOAD_DATA" (Type 9) 
*  
UNIT 14 TYPE 9  LOAD_DATA 
*$UNIT_NAME LOAD_DATA 
*$MODEL .\Utility\Data Readers\Generic Data Files\Expert Mode\Free Format\Type9e.tmf 
*$POSITION 632 541 
*$LAYER Main #  
PARAMETERS 34 
2  ! 1 Mode 
2  ! 2 Header Lines to Skip 
7  ! 3 No. of values to read 
1  ! 4 Time interval of data 
1  ! 5 Interpolate or not-1 
1  ! 6 Multiplication factor-1 
0  ! 7 Addition factor-1 
1  ! 8 Average or instantaneous value-1 
1  ! 9 Interpolate or not-2 
1  ! 10 Multiplication factor-2 
0  ! 11 Addition factor-2 
1  ! 12 Average or instantaneous value-2 
1  ! 13 Interpolate or not-3 
1  ! 14 Multiplication factor-3 
0  ! 15 Addition factor-3 
1  ! 16 Average or instantaneous value-3 
1  ! 17 Interpolate or not-4 
1  ! 18 Multiplication factor-4 
0  ! 19 Addition factor-4 
1  ! 20 Average or instantaneous value-4 
1  ! 21 Interpolate or not-5 
1  ! 22 Multiplication factor-5 
0  ! 23 Addition factor-5 
1  ! 24 Average or instantaneous value-5 
1  ! 25 Interpolate or not-6 
1  ! 26 Multiplication factor-6 
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0  ! 27 Addition factor-6 
1  ! 28 Average or instantaneous value-6 
1  ! 29 Interpolate or not-7 
1  ! 30 Multiplication factor-7 
0  ! 31 Addition factor-7 
1  ! 32 Average or instantaneous value-7 
43  ! 33 Logical unit for input file 
-1  ! 34 Free format mode 
*** External files 
ASSIGN "LOAD_DATA_MADRID.txt" 43 
*|? Input file name |1000 
*----------------------------------------------------------------- 
 
* Model "STEAM1" (Type 58) 
UNIT 28 TYPE 58  STEAM1 
*$UNIT_NAME STEAM1 
*$MODEL .\Physical Phenomena\Thermodynamic Properties\Refrigerant and Steam Properties\Type58.tmf 
*$POSITION 329 776 
*$LAYER Main #  
PARAMETERS 6 
718  ! 1 Refrigerant for state-1 
1  ! 2 1st property type for state-1 
5  ! 3 2nd property type for state-1 
718  ! 4 Refrigerant for state-2 
1  ! 5 1st property type for state-2 
5  ! 6 2nd property type for state-2 
INPUTS 4 
0,0  ! [unconnected] 1st property for state-1 
0,0  ! [unconnected] 2nd property for state-1 
0,0  ! [unconnected] 1st property for state-2 
0,0  ! [unconnected] 2nd property for state-2 
*** INITIAL INPUT VALUES 
120 1 90 0  
*----------------------------------------------------------------- 
 
* Model "ABCH1" (Type 679) 
UNIT 39 TYPE 679  ABCH1 
*$UNIT_NAME ABCH1 
*$MODEL .\HVAC library (TESS)\Absorption Chillers\Single-Effect\Steam-Fired\Type679.tmf 
*$POSITION 432 616 
*$LAYER Main #  
PARAMETERS 12 
ABCH_CAP  ! 1 Rated capacity 
ABCH_COP  ! 2 Rated C.O.P. 
81  ! 3 Logical unit for S1 data file 
4  ! 4 Number of steam pressures in S1 data file 
3  ! 5 Number of CW steps in S1 data file 
3  ! 6 Number of CHW set points in S1 data file 
2  ! 7 Number of load fractions in S1 data file 
82  ! 8 Logical unit for S2 data file 
4  ! 9 Number of steam pressures in S2 data file 
ABCH_BRINE_cp ! 10 CHW fluid specific heat 
4.190  ! 11 CW fluid specific heat 
ABCH_AUX_power ! 12 Auxiliary electrical power 
INPUTS 8 
0,0  ! [unconnected] Chilled water inlet temperature 
0,0  ! [unconnected] Chilled water flow rate 
0,0  ! [unconnected] Cooling water inlet temperature 
0,0  ! [unconnected] Cooling water flow rate 
0,0  ! [unconnected] Steam inlet temperature 
0,0  ! [unconnected] Steam inlet guage pressure 
0,0  ! [unconnected] CHW set point 
0,0  ! [unconnected] Chiller control signal 
*** INITIAL INPUT VALUES 
ABCH_CHWT_IN ABCH_CHW_FLOW 25 ABCH_CW_FLOW 120.0 97.16 ABCH_CHW_setT 
1.0  
*** External files 
ASSIGN "S1x.dat" 81 
*|? Which file contains the capacity and energy input data? |1000 
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ASSIGN "S2x.dat" 82 
*|? Which file contains the outlet condensate temperature data? |1000 
*----------------------------------------------------------------- 
 
* EQUATIONS "Heat_Dem" 
*  
EQUATIONS 8 
HEAT_LOAD_HR = [14,5]*3600!KJ/hr 
HEAT_ENG_OUT = [36,16]+[36,17]+0.4*[36,18]+HRB_HEAT_EXTRA 
HEAT_REJECTED = GT(HEAT_ENG_OUT,HEAT_LOAD_HR)*(HEAT_ENG_OUT-HEAT_LOAD_HR)!KJ/hr   
HEAT_RECOVERED = 
GT(HEAT_LOAD_HR,HEAT_ENG_OUT)*(HEAT_ENG_OUT)+LT(HEAT_LOAD_HR,HEAT_ENG_OUT)*(HEAT_L
OAD_HR) !KJ/hr   
HEAT_AUX_BOILER = GT(HEAT_LOAD_HR,HEAT_ENG_OUT)*(HEAT_LOAD_HR-HEAT_ENG_OUT)!KJ/hr   
ETA_AUX_BOILER = 0.85 
FUEL_AUX_BOILER = HEAT_AUX_BOILER/ETA_AUX_BOILER 
HEAT_PROD = HEAT_RECOVERED+HEAT_AUX_BOILER 
*$UNIT_NAME Heat_Dem 
*$LAYER Main 
*$POSITION 716 456 
*----------------------------------------------------------------- 
 
* EQUATIONS "E_DEM" 
*  
EQUATIONS 5 
E_DEM = [14,6]*3600+[39,10]+E_Q_MT_EL_CH+E_Q_AC_EL_CH !KJ/hr 
E_BUY = GT(E_DEM,E_ENG1_OUT)*(E_DEM-[36,9])  !KJ/hr 
E_ENG1_OUT = [36,9] ![KJ/hr] 
E_SOLD = LT(E_DEM,E_ENG1_OUT)*(E_ENG1_OUT-E_DEM) 
E_DEFICIT = E_Q_MT_EL_CH+E_Q_AC_EL_CH !KJ/hr   
*$UNIT_NAME E_DEM 
*$LAYER Main 
*$POSITION 485 360 
*----------------------------------------------------------------- 
 
* EQUATIONS "COOL_DEM" 
*  
EQUATIONS 9 
Q_MT_EL_CH = GT([14,3]*3600,[39,7])*(([14,3]*3600)-[39,7]) 
E_Q_MT_EL_CH = Q_MT_EL_CH / COP_MT_EL_CH   !KJ/hr 
Q_MT_ABS_CH = [39,7] 
COP_MT_EL_CH = 2.5 
COP_AC_EL_CH = 3 
Q_AC_EL_CH = GT(Q_AC_HR,[53,7])*(Q_AC_HR-[53,7])+LT(Q_AC_HR,[53,7])*Q_AC_HR 
E_Q_AC_EL_CH = Q_AC_EL_CH/COP_AC_EL_CH !KJ/hr   
Q_AC_LBABS_CH1 = GT(Q_AC_HR,[53,7])*[53,7] 
Q_AC_HR = [14,2]*3600 !KJ/hr 
*$UNIT_NAME COOL_DEM 
*$LAYER Main 
*$POSITION 765 626 
*----------------------------------------------------------------- 
 
* EQUATIONS "Equa" 
*  
EQUATIONS 5 
HRB_STEAM_EXTRA = GT([26,4],[39,6])*([26,4]-[39,6]) 
HRB_HEAT_EXTRA = HRB_STEAM_EXTRA*([26,6]-[28,10]) 
HRB_HEAT_DEFICID = LT([26,4],[39,6])*([39,6]-[26,4])*([26,6]-[28,10]) 
FUEL_HRB_DEFICID = HRB_HEAT_DEFICID/0.85 
LB_CH_ONOFF = GT(HRB_STEAM_EXTRA,[53,6]) 
*$UNIT_NAME Equa 
*$LAYER Main 
*$POSITION 299 619 
*----------------------------------------------------------------- 
 
* Model "Type637a" (Type 637) 
*  
UNIT 26 TYPE 637  Type637a 
*$UNIT_NAME Type637a 
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*$MODEL .\Co-Gen library (TESS)\Heat Recovery\Steam Generators\Maximize Steam Flow\Counter Flow\Type637a.tmf 
*$POSITION 213 594 
*$LAYER Main #  
*$# Heat Recovery Steam Generator 
PARAMETERS 3 
15.0  ! 1 Pinchpoint Temperature Difference 
1.088  ! 2 Source Fluid Specific Heat 
1  ! 3 Heat Exchanger Configuration 
INPUTS 7 
36,1   ! ICE1:Exhaust Temperature ->Source Fluid Inlet Temperature 
36,2   ! ICE1:Exhaust Flow Rate ->Source Fluid Inlet Flowrate 
28,8   ! STEAM1:Temperature at state-2 ->Steam Inlet Temperature 
0,0  ! [unconnected] Steam Inlet Flowrate 
28,9   ! STEAM1:Pressure at state-2 ->Steam Inlet Pressure 
28,10   ! STEAM1:Enthalpy at state-2 ->Steam Inlet Enthalpy 
28,3   ! STEAM1:Enthalpy at state-1 ->Desired Steam Enthalpy 
*** INITIAL INPUT VALUES 
400.0 3000.0 90 1000.0 1000.0 419.7 2778.0  
*----------------------------------------------------------------- 
 
* Model "OUTPUT_STEAM1" (Type 25) 
*  
UNIT 29 TYPE 25  OUTPUT_STEAM1 
*$UNIT_NAME OUTPUT_STEAM1 
*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
*$POSITION 294 850 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
76  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 7 
28,1   ! STEAM1:Temperature at state-1 ->Input to be printed-1 
28,2   ! STEAM1:Pressure at state-1 ->Input to be printed-2 
28,3   ! STEAM1:Enthalpy at state-1 ->Input to be printed-3 
28,4   ! STEAM1:Entropy at state-1 ->Input to be printed-4 
28,5   ! STEAM1:Quality at state-1 ->Input to be printed-5 
28,6   ! STEAM1:Specific volume at state-1 ->Input to be printed-6 
28,7   ! STEAM1:Internal energy at state-1 ->Input to be printed-7 
*** INITIAL INPUT VALUES 
Temperature Pressure Enthalpy Entropy Quality Specific Internal  
*** External files 
ASSIGN "OUTPUT_STEAM1.txt" 76 
*|? Output File for printed results |1000 
*----------------------------------------------------------------- 
 
* Model "OUTPUT_ABCH1" (Type 25) 
*  
UNIT 31 TYPE 25  OUTPUT_ABCH1 
*$UNIT_NAME OUTPUT_ABCH1 
*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
*$POSITION 396 674 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
77  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
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0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 13 
39,1   ! ABCH1:Chilled water temperature ->Input to be printed-1 
39,2   ! ABCH1:Chilled water flow rate ->Input to be printed-2 
39,3   ! ABCH1:Cooling water temperature ->Input to be printed-3 
39,4   ! ABCH1:Cooling water flow rate ->Input to be printed-4 
39,5   ! ABCH1:Condensate temperature ->Input to be printed-5 
39,6   ! ABCH1:Condensate (steam) flow rate ->Input to be printed-6 
39,7   ! ABCH1:Chilled water energy ->Input to be printed-7 
39,8   ! ABCH1:Cooling water energy ->Input to be printed-8 
39,9   ! ABCH1:Steam heat transfer ->Input to be printed-9 
39,10   ! ABCH1:Electrical energy required ->Input to be printed-10 
39,11   ! ABCH1:Fraction of nominal capacity ->Input to be printed-11 
39,12   ! ABCH1:Fraction of design energy input ->Input to be printed-12 
39,13   ! ABCH1:C.O.P ->Input to be printed-13 
*** INITIAL INPUT VALUES 
Chilled Chilled Cooling Cooling Condensate Condensate Chilled Cooling 
Steam Electrical Fraction Fraction C.O.P  
*** External files 
ASSIGN "OUTPUT_ABCH1.txt" 77 
*|? Output File for printed results |1000 
*----------------------------------------------------------------- 
 
* Model "SUM_HEAT_DEM" (Type 24) 
*  
UNIT 42 TYPE 24  SUM_HEAT_DEM 
*$UNIT_NAME SUM_HEAT_DEM 
*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 
*$POSITION 858 357 
*$LAYER Outputs #  
PARAMETERS 2 
STOP  ! 1 Integration period 
0  ! 2 Relative or absolute start time 
INPUTS 6 
HEAT_RECOVERED  ! Heat_Dem:HEAT_RECOVERED ->Input to be integrated-1 
HEAT_REJECTED  ! Heat_Dem:HEAT_REJECTED ->Input to be integrated-2 
HEAT_AUX_BOILER  ! Heat_Dem:HEAT_AUX_BOILER ->Input to be integrated-3 
HEAT_ENG_OUT  ! Heat_Dem:HEAT_ENG_OUT ->Input to be integrated-4 
HEAT_LOAD_HR  ! Heat_Dem:HEAT_LOAD_HR ->Input to be integrated-5 
FUEL_AUX_BOILER  ! Heat_Dem:FUEL_AUX_BOILER ->Input to be integrated-6 
*** INITIAL INPUT VALUES 
0.0 0.0 0.0 0.0 0.0 0.0  
*----------------------------------------------------------------- 
 
* Model "OUTPUT_H-DEM" (Type 25) 
* 
UNIT 35 TYPE 25  OUTPUT_H-DEM 
*$UNIT_NAME OUTPUT_H-DEM 
*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
*$POSITION 993 434 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
78  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 6 
HEAT_LOAD_HR  ! Heat_Dem:HEAT_LOAD_HR ->Input to be printed-1 
HEAT_ENG_OUT  ! Heat_Dem:HEAT_ENG_OUT ->Input to be printed-2 
HEAT_REJECTED  ! Heat_Dem:HEAT_REJECTED ->Input to be printed-3 
HEAT_RECOVERED  ! Heat_Dem:HEAT_RECOVERED ->Input to be printed-4 
HEAT_AUX_BOILER  ! Heat_Dem:HEAT_AUX_BOILER ->Input to be printed-5 
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FUEL_AUX_BOILER  ! Heat_Dem:FUEL_AUX_BOILER ->Input to be printed-6 
*** INITIAL INPUT VALUES 
HEAT_LOAD_HR HEAT_ENG_OUT HEAT_REJECTED HEAT_RECOVERED HEAT_AUX_BOILER 
FUEL_AUX_BOILER  
*** External files 
ASSIGN "OUTPUT_H-DEM.txt" 78 
*|? Output File for printed results |1000 
*----------------------------------------------------------------- 
 
* Model "SUM_FUEL-CON" (Type 24) 
*  
UNIT 40 TYPE 24  SUM_FUEL-CON 
*$UNIT_NAME SUM_FUEL-CON 
*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 
*$POSITION 854 218 
*$LAYER Outputs #  
PARAMETERS 2 
STOP  ! 1 Integration period 
0  ! 2 Relative or absolute start time 
INPUTS 4 
FUEL_CON  ! FUEL_CONSUMPTION:FUEL_CON ->Input to be integrated-1 
FUEL_AUX_BOILER ! Heat_Dem:FUEL_AUX_BOILER ->Input to be integrated-2 
FUEL_HRB_DEFICID ! Equa:FUEL_HRB_DEFICID ->Input to be integrated-3 
FUEL_ENGINE  ! FUEL_CONSUMPTION:FUEL_ENGINE ->Input to be integrated-4 
*** INITIAL INPUT VALUES 
0.0 0 0 0.0  
*----------------------------------------------------------------- 
 
* Model "SUM_E_DEM" (Type 24) 
*  
UNIT 33 TYPE 24  SUM_E_DEM 
*$UNIT_NAME SUM_E_DEM 
*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 
*$POSITION 567 180 
*$LAYER Outputs #  
PARAMETERS 2 
STOP  ! 1 Integration period 
0  ! 2 Relative or absolute start time 
INPUTS 7 
E_DEM  ! E_DEM:E_DEM ->Input to be integrated-1 
E_BUY  ! E_DEM:E_BUY ->Input to be integrated-2 
E_ENG1_OUT  ! E_DEM:E_ENG1_OUT ->Input to be integrated-3 
E_SOLD  ! E_DEM:E_SOLD ->Input to be integrated-4 
E_DEFICIT  ! E_DEM:E_DEFICIT ->Input to be integrated-5 
0,0  ! [unconnected] Input to be integrated-6 
0,0  ! [unconnected] Input to be integrated-7 
*** INITIAL INPUT VALUES 
0.0 0.0 0.0 0.0 0.0 0.0 0.0  
*----------------------------------------------------------------- 
 
* Model "ICE1" (Type 907) 
*  
UNIT 36 TYPE 907  ICE1 
*$UNIT_NAME ICE1 
*$MODEL .\Co-Gen Library (TESS)\IC Engines\IC_Engine.tmf 
*$POSITION 367 300 
*$LAYER Main #  
*$# IC ENGINE 
PARAMETERS 9 
ICE_CAP  ! 1 Maximum Power Output 
79  ! 2 Logical Unit for Data File 
2  ! 3 Number of Intake Temperatures 
8  ! 4 Number of Part Load Ratio Points 
4.19  ! 5 Specific Heat of Jacket Water Fluid 
4.19  ! 6 Specific Heat of Oil Cooler Fluid 
1.088  ! 7 Specific Heat of Exhaust Air 
4.19  ! 8 Specific Heat of Aftercooler Fluid 
ICE_GAS_FLOW  ! 9 Rated Exhaust Air Flow Rate 
INPUTS 8 
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0,0  ! [unconnected] Intake Air Temperature 
E_DEM  ! E_DEM:E_DEM ->Desired Output Power 
0,0  ! [unconnected] Jacket Fluid Temperature 
0,0  ! [unconnected] Jacket Fluid Flow Rate 
0,0  ! [unconnected] Oil Cooler Fluid Temperature 
0,0  ! [unconnected] Oil Cooler Fluid Flow Rate 
0,0  ! [unconnected] Aftercooler Fluid Temperature 
0,0  ! [unconnected] Aftercooler Fluid Flow Rate 
*** INITIAL INPUT VALUES 
40 360000 80 ICE_WTR_FLOW 82 ICE_OIL_FLOW 40 ICE_AIR_FLOW  
*** External files 
ASSIGN "General Waukesha Engines.dat" 79 
*|? Which file contains the external performance data? |1000 
*----------------------------------------------------------------- 
 
* Model "OUTFIG_ICE1" (Type 65) 
*  
UNIT 5 TYPE 65  OUTFIG_ICE1 
*$UNIT_NAME OUTFIG_ICE1 
*$MODEL .\Output\Online Plotter\Online Plotter With File\No Units\Type65c.tmf 
*$POSITION 204 216 
*$LAYER OutputSystem #  
PARAMETERS 12 
6  ! 1 Nb. of left-axis variables 
5  ! 2 Nb. of right-axis variables 
0  ! 3 Left axis minimum 
10000000  ! 4 Left axis maximum 
0.25  ! 5 Right axis minimum 
1.05  ! 6 Right axis maximum 
1  ! 7 Number of plots per simulation 
20  ! 8 X-axis gridpoints 
-1  ! 9 Shut off Online w/o removing 
44  ! 10 Logical Unit for output file 
0  ! 11 Output file units 
0  ! 12 Output file delimiter 
INPUTS 11 
36,11   ! ICE1:Required Heat Input ->Left axis variable-1 
36,9   ! ICE1:Electrical Power ->Left axis variable-2 
E_DEM  ! E_DEM:E_DEM ->Left axis variable-3 
36,10   ! ICE1:Shaft Power ->Left axis variable-4 
E_BUY  ! E_DEM:E_BUY ->Left axis variable-5 
0,0  ! [unconnected] Left axis variable-6 
36,14   ! ICE1:Part Load Ratio ->Right axis variable-1 
36,12   ! ICE1:Mechanical Efficiency ->Right axis variable-2 
36,13   ! ICE1:Electrical Efficiency ->Right axis variable-3 
0,0  ! [unconnected] Right axis variable-4 
0,0  ! [unconnected] Right axis variable-5 
*** INITIAL INPUT VALUES 
Fuel_Input Elec_Out Elec-load Shaft_power el_power_buy Fuel_reheater 
Part_load_ratio Mech_Eff Elec_eff none none  
LABELS  3 
"[KJ/hr]" 
"Eff and part Load ratio" 
"E_Output and Fuel_In" 
*** External files 
ASSIGN "OUTFIG_ICE1.txt" 44 
*|? What file should the online print to? |1000 
*----------------------------------------------------------------- 
 
* Model "OUT_E-DEM" (Type 25) 
*  
UNIT 46 TYPE 25  OUT_E-DEM 
*$UNIT_NAME OUT_E-DEM 
*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
*$POSITION 454 146 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
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STOP  ! 3 Stop time 
88  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 4 
E_DEM  ! E_DEM:E_DEM ->Input to be printed-1 
E_BUY  ! E_DEM:E_BUY ->Input to be printed-2 
E_ENG1_OUT  ! E_DEM:E_ENG1_OUT ->Input to be printed-3 
E_SOLD  ! E_DEM:E_SOLD ->Input to be printed-4 
*** INITIAL INPUT VALUES 
E_DEM E_BUY E_ENG1_OUT E_SOLD  
*** External files 
ASSIGN "OUT_E_DEM.txt" 88 
*|? Output File for printed results |1000 
*----------------------------------------------------------------- 
 
* Model "Type25c" (Type 25) 
*  
UNIT 51 TYPE 25  Type25c 
*$UNIT_NAME Type25c 
*$MODEL .\Output\Printer\Unformatted\No Units\Type25c.tmf 
*$POSITION 1021 605 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
97  ! 4 Logical unit 
0  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 9 
Q_MT_EL_CH  ! COOL_DEM:Q_MT_EL_CH ->Input to be printed-1 
E_Q_MT_EL_CH ! COOL_DEM:E_Q_MT_EL_CH ->Input to be printed-2 
Q_MT_ABS_CH  ! COOL_DEM:Q_MT_ABS_CH ->Input to be printed-3 
COP_MT_EL_CH ! COOL_DEM:COP_MT_EL_CH ->Input to be printed-4 
COP_AC_EL_CH ! COOL_DEM:COP_AC_EL_CH ->Input to be printed-5 
Q_AC_EL_CH  ! COOL_DEM:Q_AC_EL_CH ->Input to be printed-6 
E_Q_AC_EL_CH ! COOL_DEM:E_Q_AC_EL_CH ->Input to be printed-7 
Q_AC_LBABS_CH1 ! COOL_DEM:Q_AC_LBABS_CH1 ->Input to be printed-8 
Q_AC_HR  ! COOL_DEM:Q_AC_HR ->Input to be printed-9 
 
*** INITIAL INPUT VALUES 
Q_MT_EL_CH E_Q_MT_EL_CH Q_MT_ABS_CH COP_MT_EL_CH COP_AC_EL_CH Q_AC_EL_CH 
E_Q_AC_EL_CH Q_AC_LBABS_CH1 Q_AC_HR  
*** External files 
ASSIGN "OUTPUT_COOLDEM.TXT" 97 
*|? Output file for printed results |1000 
*----------------------------------------------------------------- 
 
* Model "SUM_COOL_DEM" (Type 24) 
*  
UNIT 44 TYPE 24  SUM_COOL_DEM 
*$UNIT_NAME SUM_COOL_DEM 
*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 
*$POSITION 868 698 
*$LAYER Outputs #  
PARAMETERS 2 
STOP  ! 1 Integration period 
0  ! 2 Relative or absolute start time 
INPUTS 8 
Q_MT_EL_CH  ! COOL_DEM:Q_MT_EL_CH ->Input to be integrated-1 
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E_Q_MT_EL_CH ! COOL_DEM:E_Q_MT_EL_CH ->Input to be integrated-2 
Q_MT_ABS_CH  ! COOL_DEM:Q_MT_ABS_CH ->Input to be integrated-3 
0,0  ! [unconnected] Input to be integrated-4 
Q_AC_EL_CH  ! COOL_DEM:Q_AC_EL_CH ->Input to be integrated-5 
E_Q_AC_EL_CH ! COOL_DEM:E_Q_AC_EL_CH ->Input to be integrated-6 
Q_AC_LBABS_CH1 ! COOL_DEM:Q_AC_LBABS_CH1 ->Input to be integrated-7 
Q_AC_HR  ! COOL_DEM:Q_AC_HR ->Input to be integrated-8 
*** INITIAL INPUT VALUES 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  
*----------------------------------------------------------------- 
 
* Model "Type24" (Type 24) 
* 
UNIT 49 TYPE 24  Type24 
*$UNIT_NAME Type24 
*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 
*$POSITION 122 698 
*$LAYER Main #  
PARAMETERS 2 
STOP  ! 1 Integration period 
0  ! 2 Relative or absolute start time 
INPUTS 4 
HRB_STEAM_EXTRA ! Equa:HRB_STEAM_EXTRA ->Input to be integrated-1 
HRB_HEAT_EXTRA ! Equa:HRB_HEAT_EXTRA ->Input to be integrated-2 
HRB_HEAT_DEFICID ! Equa:HRB_HEAT_DEFICID ->Input to be integrated-3 
FUEL_HRB_DEFICID ! Equa:FUEL_HRB_DEFICID ->Input to be integrated-4 
*** INITIAL INPUT VALUE 
0.0 0.0 0.0 0.0  
*----------------------------------------------------------------- 
 
* Model "LB_ABS_CH" (Type 679) 
*  
UNIT 53 TYPE 679  LB_ABS_CH 
*$UNIT_NAME LB_ABS_CH 
*$MODEL .\HVAC Library (TESS)\Absorption Chillers\Single-Effect\Steam-Fired\Type679.tmf 
*$POSITION 554 712 
*$LAYER Main #  
PARAMETERS 12 
LB_ABCH_CAP  ! 1 Rated capacity 
LB_ABCH_COP  ! 2 Rated C.O.P. 
95  ! 3 Logical unit for S1 data file 
5  ! 4 Number of steam pressures in S1 data file 
3  ! 5 Number of CW steps in S1 data file 
7  ! 6 Number of CHW set points in S1 data file 
11  ! 7 Number of load fractions in S1 data file 
96  ! 8 Logical unit for S2 data file 
4  ! 9 Number of steam pressures in S2 data file 
4.190  ! 10 CHW fluid specific heat 
4.190  ! 11 CW fluid specific heat 
LB_ABCH_AUX_power ! 12 Auxiliary electrical power 
INPUTS 8 
0,0  ! [unconnected] Chilled water inlet temperature 
0,0  ! [unconnected] Chilled water flow rate 
0,0  ! [unconnected] Cooling water inlet temperature 
0,0  ! [unconnected] Cooling water flow rate 
0,0  ! [unconnected] Steam inlet temperature 
0,0  ! [unconnected] Steam inlet guage pressure 
0,0  ! [unconnected] CHW set point 
LB_CH_ONOFF  ! Equa:LB_CH_ONOFF ->Chiller control signal 
*** INITIAL INPUT VALUES 
LB_ABCH_CHWT_IN LB_ABCH_CHW_FLOW 25 LB_ABCH_CW_FLOW 116 96.5 LB_ABCH_CHW_setT 
1  
*** External files 
ASSIGN "C:\Program Files (x86)\Trnsys16_1\Tess Models\SampleCatalogData\AbsorptionChiller\Single-Effect\Steam-
Fired\S1.dat" 95 
*|? Which file contains the capacity and energy input data? |1000 
ASSIGN "C:\Program Files (x86)\Trnsys16_1\Tess Models\SampleCatalogData\AbsorptionChiller\Single-Effect\Steam-
Fired\S2.dat" 96 
*|? Which file contains the outlet condensate temperature data? |1000 
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*----------------------------------------------------------------- 
 
* Model "OUTFIG_HRB1" (Type 65) 
*  
UNIT 17 TYPE 65  OUTFIG_HRB1 
*$UNIT_NAME OUTFIG_HRB1 
*$MODEL .\Output\Online Plotter\Online Plotter With File\No Units\Type65c.tmf 
*$POSITION 143 454 
*$LAYER OutputSystem #  
PARAMETERS 12 
5  ! 1 Nb. of left-axis variables 
5  ! 2 Nb. of right-axis variables 
0  ! 3 Left axis minimum 
500  ! 4 Left axis maximum 
0  ! 5 Right axis minimum 
3600  ! 6 Right axis maximum 
1  ! 7 Number of plots per simulation 
20  ! 8 X-axis gridpoints 
-1  ! 9 Shut off Online w/o removing 
72  ! 10 Logical Unit for output file 
0  ! 11 Output file units 
0  ! 12 Output file delimiter 
INPUTS 10 
26,1   ! Type637a:Source Fluid Outlet Temperature ->Left axis variable-1 
26,3   ! Type637a:Steam Outlet Temperature ->Left axis variable-2 
0,0  ! [unconnected] Left axis variable-3 
0,0  ! [unconnected] Left axis variable-4 
0,0  ! [unconnected] Left axis variable-5 
26,2   ! Type637a:Source Fluid Flowrate ->Right axis variable-1 
0,0  ! [unconnected] Right axis variable-2 
26,4   ! Type637a:Steam Flowrate ->Right axis variable-3 
0,0  ! [unconnected] Right axis variable-4 
0,0  ! [unconnected] Right axis variable-5 
*** INITIAL INPUT VALUES 
SurceFluidOutT SteamOutT x c c sourceFluidFlow c SteamFlow c c  
LABELS  3 
"Temp [C]" 
"masflow [Kg/hr]" 
"STEAM" 
*** External files 
ASSIGN "OUTFIG_HRB1.txt" 72 
*|? What file should the online print to? |1000 
*----------------------------------------------------------------- 
 
* Model "OUTPUT_HRB1" (Type 25) 
*  
UNIT 23 TYPE 25  OUTPUT_HRB1 
*$UNIT_NAME OUTPUT_HRB1 
*$MODEL \Program Files (x86)\Trnsys16_1\Studio\lib\System_Output\Type25a.tmf 
*$POSITION 103 507 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
75  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
-1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 7 
26,1   ! Type637a:Source Fluid Outlet Temperature ->Input to be printed-1 
26,2   ! Type637a:Source Fluid Flowrate ->Input to be printed-2 
26,3   ! Type637a:Steam Outlet Temperature ->Input to be printed-3 
26,4   ! Type637a:Steam Flowrate ->Input to be printed-4 
26,5   ! Type637a:Steam Pressure ->Input to be printed-5 
26,6   ! Type637a:Steam Enthalpy ->Input to be printed-6 
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26,7   ! Type637a:Heat Transfer Rate ->Input to be printed-7 
*** INITIAL INPUT VALUES 
Source_flow_Out_T Source_Flowrate Steam_T Steam_flow Steam_P Steam_H 
Heat_recovered  
*** External files 
ASSIGN "OUTPUT_HRB1.txt" 75 
*|? Which file should contain the printed results? You can use the deck filename by entering "***", e.g. "***.out", or "***.dat"  
|1000 
*----------------------------------------------------------------- 
 
* Model "OUT_SUM_HEAT_DEM" (Type 25) 
*  
UNIT 43 TYPE 25  OUT_SUM_HEAT_DEM 
*$UNIT_NAME OUT_SUM_HEAT_DEM 
*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
*$POSITION 1024 317 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
86  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 6 
42,1   ! SUM_HEAT_DEM:Result of integration-1 ->Input to be printed-1 
42,2   ! SUM_HEAT_DEM:Result of integration-2 ->Input to be printed-2 
42,3   ! SUM_HEAT_DEM:Result of integration-3 ->Input to be printed-3 
42,4   ! SUM_HEAT_DEM:Result of integration-4 ->Input to be printed-4 
42,5   ! SUM_HEAT_DEM:Result of integration-5 ->Input to be printed-5 
42,6   ! SUM_HEAT_DEM:Result of integration-6 ->Input to be printed-6 
*** INITIAL INPUT VALUES 
HEAT_RECOVERED HEAT_REJECTED HEAT_AUX_BOILER HEAT_ENG_OUT HEAT_LOAD_HR 
FUEL_AUX_BOILER  
*** External files 
ASSIGN "OUT_SUM_HEAT_DEM.txt" 86 
*|? Output File for printed results |1000 
*----------------------------------------------------------------- 
 
* Model "OUT_FUEL_CON" (Type 25) 
*  
 
UNIT 41 TYPE 25  OUT_FUEL_CON 
*$UNIT_NAME OUT_FUEL_CON 
*$MODEL \Program Files (x86)\Trnsys16_1\Studio\lib\System_Output\Type25a.tmf 
*$POSITION 1014 210 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
90  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 4 
40,1   ! SUM_FUEL-CON:Result of integration-1 ->Input to be printed-1 
40,2   ! SUM_FUEL-CON:Result of integration-2 ->Input to be printed-2 
40,3   ! SUM_FUEL-CON:Result of integration-3 ->Input to be printed-3 
40,4   ! SUM_FUEL-CON:Result of integration-4 ->Input to be printed-4 
*** INITIAL INPUT VALUES 
FUEL_CON FUEL_AUX_BOILER FUEL_HRB_DEFICID FUEL_ENGINE  



109 
 

*** External files 
ASSIGN "OUT_SUM_FUEL_CON.txt" 90 
*|? Which file should contain the printed results? You can use the deck filename by entering "***", e.g. "***.out", or "***.dat"  
|1000 
*----------------------------------------------------------------- 
 
* Model "OUT_SUM_E-DEM" (Type 25) 
*  
 
UNIT 38 TYPE 25  OUT_SUM_E-DEM 
*$UNIT_NAME OUT_SUM_E-DEM 
*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
*$POSITION 732 157 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
84  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 5 
33,1   ! SUM_E_DEM:Result of integration-1 ->Input to be printed-1 
33,2   ! SUM_E_DEM:Result of integration-2 ->Input to be printed-2 
33,3   ! SUM_E_DEM:Result of integration-3 ->Input to be printed-3 
33,4   ! SUM_E_DEM:Result of integration-4 ->Input to be printed-4 
33,5   ! SUM_E_DEM:Result of integration-5 ->Input to be printed-5 
*** INITIAL INPUT VALUES 
E_DEM E_BUY E_ENG1_OUT E_SOLD E_DEFICIT  
*** External files 
ASSIGN "OUT_SUM_E_DEM.txt" 84 
*|? Output File for printed results |1000 
*----------------------------------------------------------------- 
 
* EQUATIONS "FUEL_CONSUMPTION" 
*  
EQUATIONS 2 
FUEL_CON = [36,11]+FUEL_AUX_BOILER+FUEL_HRB_DEFICID 
FUEL_ENGINE = [36,11] 
*$UNIT_NAME FUEL_CONSUMPTION 
*$LAYER Main 
*$POSITION 667 264 
 
*----------------------------------------------------------------- 
 
* Model "OUTPUT_ICE1" (Type 25) 
*  
UNIT 37 TYPE 25  OUTPUT_ICE1 
*$UNIT_NAME OUTPUT_ICE1 
*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
*$POSITION 159 358 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
80  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 19 
36,1   ! ICE1:Exhaust Temperature ->Input to be printed-1 
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36,2   ! ICE1:Exhaust Flow Rate ->Input to be printed-2 
36,3   ! ICE1:Jacket Water Outlet Temperature ->Input to be printed-3 
36,4   ! ICE1:Jacket Water Flow Rate ->Input to be printed-4 
36,5   ! ICE1:Oil Cooler Outlet Temperature ->Input to be printed-5 
36,6   ! ICE1:Oil Cooler Flow Rate ->Input to be printed-6 
36,7   ! ICE1:Aftercooler Outlet Temperature ->Input to be printed-7 
36,8   ! ICE1:Aftercooler Flow Rate ->Input to be printed-8 
36,9   ! ICE1:Electrical Power ->Input to be printed-9 
36,10   ! ICE1:Shaft Power ->Input to be printed-10 
36,11   ! ICE1:Required Heat Input ->Input to be printed-11 
36,12   ! ICE1:Mechanical Efficiency ->Input to be printed-12 
36,13   ! ICE1:Electrical Efficiency ->Input to be printed-13 
36,14   ! ICE1:Part Load Ratio ->Input to be printed-14 
36,15   ! ICE1:Exhaust Heat Rate ->Input to be printed-15 
36,16   ! ICE1:Jacket Water Heat Rate ->Input to be printed-16 
36,17   ! ICE1:Oil Cooler Heat Rate ->Input to be printed-17 
36,18   ! ICE1:Aftercooler Heat Rate ->Input to be printed-18 
36,19   ! ICE1:Environment Heat Rate ->Input to be printed-19 
*** INITIAL INPUT VALUES 
Exhaust Exhaust Jacket Jacket Oil Oil Aftercooler Aftercooler Electrical 
Shaft Required Mechanical Electrical Part Exhaust Jacket Oil Aftercooler 
Environment  
*** External files 
ASSIGN "OUTPUT_ICE1.TXT" 80 
*|? Output File for printed results |1000 
*----------------------------------------------------------------- 
 
* Model "OUT_SUM_COOL_DEM" (Type 25) 
*  
UNIT 45 TYPE 25  OUT_SUM_COOL_DEM 
*$UNIT_NAME OUT_SUM_COOL_DEM 
*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
*$POSITION 938 797 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
87  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 8 
44,1   ! SUM_COOL_DEM:Result of integration-1 ->Input to be printed-1 
44,2   ! SUM_COOL_DEM:Result of integration-2 ->Input to be printed-2 
44,3   ! SUM_COOL_DEM:Result of integration-3 ->Input to be printed-3 
44,4   ! SUM_COOL_DEM:Result of integration-4 ->Input to be printed-4 
44,5   ! SUM_COOL_DEM:Result of integration-5 ->Input to be printed-5 
44,6   ! SUM_COOL_DEM:Result of integration-6 ->Input to be printed-6 
44,7   ! SUM_COOL_DEM:Result of integration-7 ->Input to be printed-7 
44,8   ! SUM_COOL_DEM:Result of integration-8 ->Input to be printed-8 
*** INITIAL INPUT VALUES 
Q_MT_EL_CH E_Q_MT_EL_CH Q_MT_ABS_CH E_Q_LT_EL_CH Q_AC_EL_CH E_Q_AC_EL_CH 
Q_AC_LBABS_CH1 Q_AC_load  
*** External files 
ASSIGN "OUT_SUM_COOL_DEM.txt" 87 
*|? Output File for printed results |1000 
*----------------------------------------------------------------- 
 
* Model "OUTPUT_HRB1-2" (Type 25) 
*  
UNIT 32 TYPE 25  OUTPUT_HRB1-2 
*$UNIT_NAME OUTPUT_HRB1-2 
*$MODEL \Program Files (x86)\Trnsys16_1\Studio\lib\System_Output\Type25a.tmf 
*$POSITION 65 624 
*$LAYER Outputs #  
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PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
83  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
-1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 4 
49,1   ! Type24:Result of integration-1 ->Input to be printed-1 
49,2   ! Type24:Result of integration-2 ->Input to be printed-2 
49,3   ! Type24:Result of integration-3 ->Input to be printed-3 
49,4   ! Type24:Result of integration-4 ->Input to be printed-4 
*** INITIAL INPUT VALUES 
HRB_STEAM_EXTRA HRB_HEAT_EXTRA HRB_HEAT_DEFICID FUEL_HRB_DEFICID 
 
*** External files 
ASSIGN "OUT_SUM_HRB1_1.txt" 83 
*|? Which file should contain the printed results? You can use the deck filename by entering "***", e.g. "***.out", or "***.dat"  
|1000 
*----------------------------------------------------------------- 
 
* Model "Type25a" (Type 25) 
*  
UNIT 34 TYPE 25  Type25a 
*$UNIT_NAME Type25a 
*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
*$POSITION 626 818 
*$LAYER Outputs #  
PARAMETERS 10 
STEP  ! 1 Printing interval 
START  ! 2 Start time 
STOP  ! 3 Stop time 
98  ! 4 Logical unit 
2  ! 5 Units printing mode 
0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 
1  ! 8 Print header 
0  ! 9 Delimiter 
1  ! 10 Print labels 
INPUTS 13 
53,1   ! LB_ABS_CH:Chilled water temperature ->Input to be printed-1 
53,2   ! LB_ABS_CH:Chilled water flow rate ->Input to be printed-2 
53,3   ! LB_ABS_CH:Cooling water temperature ->Input to be printed-3 
53,4   ! LB_ABS_CH:Cooling water flow rate ->Input to be printed-4 
53,5   ! LB_ABS_CH:Condensate temperature ->Input to be printed-5 
53,6   ! LB_ABS_CH:Condensate (steam) flow rate ->Input to be printed-6 
53,7   ! LB_ABS_CH:Chilled water energy ->Input to be printed-7 
53,8   ! LB_ABS_CH:Cooling water energy ->Input to be printed-8 
53,9   ! LB_ABS_CH:Steam heat transfer ->Input to be printed-9 
53,10   ! LB_ABS_CH:Electrical energy required ->Input to be printed-10 
53,11   ! LB_ABS_CH:Fraction of nominal capacity ->Input to be printed-11 
53,12   ! LB_ABS_CH:Fraction of design energy input ->Input to be printed-12 
53,13   ! LB_ABS_CH:C.O.P ->Input to be printed-13 
*** INITIAL INPUT VALUES 
Chilled Chilled Cooling Cooling Condensate Condensate Chilled Cooling 
Steam Electrical Fraction Fraction C.O.P  
*** External files 
ASSIGN "OUTPUT_Lb_ABCH.txt" 98 
*|? Output File for printed results |1000 
*----------------------------------------------------------------- 
END 
 
 
 
 


