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Abstract 

 

In this work, the application of simulation software as a tool in economic evaluation 

in cogeneration and trigeneration systems was studied. To do so, a simulation model 

was developed using a thermodynamical software, coupled with an economic 

evaluation add-on, to be validated using the results given by a theoretical model 

previously defined (and verified) in previous works. Variations were done in certain 

economic parameters of the model, in order to evaluate the behavior of a said 

system through the application of the theoretical model and simulation; The results 

allowed to conclude that the simulation model is able to accurately predict the 

theoretical results, with an error margin lower than 5%. Besides that, it was verified 

that the evaluated parameters, the electricity generation and chilling capacity, have 

a great influence over the cost of the trigeneration system, as these are the 

parameters that affect directly the energetic performance, and therefore have a great 

incidence in economic feasibility studies for the implementation of these strategies. 
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1. Introduction 
 

Currently, industrial processes are constantly evolving, in order to make the most 

of available resources with the highest efficiency, in accordance with the legislation 

currently in force. Within the multiple possibilities of use of resources (both inputs 

and outputs of processes), cogeneration and trigeneration are the most used schemes 

of use in industrial activity, due to its efficiency and versatility, in addition to 

contributing to the reduction of environmental impact by reducing the amount of 

pollutants generated as a result of industrial activity [1]. 

 

To study the multiple aspects offered by the cogeneration and trigeneration systems, 

recent studies have been developed, oriented to two aspects: (1) the study of the 

savings possibilities offered by the multiple variants of said systems, and (2) 

evaluate the costs associated with the characteristics of each of these variants. of 

these two aspects of research, the second is the most attractive for the industry, 

since it would allow predicting the investment required to implement a system of 

this type, in addition to secondary parameters such as the time of capital recovery, 

among others [2]–[4]. However, the economic cost estimate is highly dependent on 

the costs of raw material, electric power, and certain performance parameters of the 

equipment involved in the process, which makes the prediction of economic costs 

a difficult task, although there are certain theoretical models capable of doing it [2], 

[5]–[7]. 

 

To solve situations like the previous one, the development of the current 

computation has allowed the emergence and development of simulation packages, 

software specially designed to analyze and emulate the behavior of engineering 

situations, based on physical variables of the real world. For this, the simulation 

packages use numerical methods to solve the equations that govern the physical 

phenomena (such as the movement of fluids, heat transfer and related), in a fast way 

and with a precision comparable to that obtained in experimental measurements. In 

the case of simulation of thermodynamic processes, Aspen HYSYS® has 

established itself as one of the preferred options, due to the variety of tools it 

possesses, so it is common to see its application in many energy studies, such as 

cogeneration and trigeneration [8], [9]; In addition to the above, it has additional 

tools that allow estimating economic costs associated with simulations of 

thermodynamic type, so it is also a tool for economic evaluation of thermodynamic 

processes [10]–[12]. 

In the present work, a simulation model for the economic evaluation of a 

trigeneration system was developed. This model does take as an input certain 

economic parameters from the process, and it gives, as a result, the net profit 

obtained by the implementation of a trigeneration system, besides other variables; 

to do so, the economic evaluation tool of the commercial package simulation was  
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used. The results of the simulation model were validated using data from the 

theoretical model, with the purpose of evaluating the precision of the data obtained 

by the simulation. 

 

2. Methodology 
 

2.1. Development of the study 

 

Within the present study, a simulation model for trigeneration economical 

evaluation was developed using the commercial package simulation, based on a 

theoretical model from previous works [2], [5], [13], [14]. This model basically 

uses the existing equipment as a basis for the establishment of a trigeneration cycle 

that reuses the processes output to generate electricity, heat and cooling effect to 

their use in other appliances. After modeled, the resulting simulation was processed 

through the economic evaluation tool, and the results were evaluated by comparing 

these with the predicted behavior of the mathematical model, which was validated 

through previous studies. Following that, certain performance parameters of the 

trigeneration equipment were modified, namely the electric generation and chilling 

capacities, in order to evaluate the economic behavior of the system and therefore 

verify the capabilities of the simulation model to accurately predict the economic 

investments required for the implementation of trigeneration, for each combination 

of these parameters.  

 

2.2. Fundamental Equations  

 

The theoretical model, developed in previous works [5], takes into account not only 

the peak values of the demand energy form as in the classical approaches, but also 

the operational conditions depending on the energy demand (electricity, chilling 

and heat) on hourly basis; based on this, the model is able to determine the optimum 

capacity and operation strategy for a trigeneration that will be embedded to an 

existing system, as the example shown in Figure 1, considering also the production 

costs of the existing system and the costs of investment, operation and maintenance 

of the trigeneration system. 

 

 
 

Figure 1. Trigeneration scheme used in the study. 



3328                                                                                               Jorge Duarte et al. 

 

 

To do so, the model determines the operational costs for current situation depending 

on energy demands; this can be expressed in the operational cost per hour (C1), 

given by the expression [5] 

 

𝐶1 = 𝐸𝑡𝑓𝑒 + 𝑄𝑡𝑓𝑦
1

𝜂𝑘
+ 𝑆𝑡𝑓𝑒

1

𝐶𝑂𝑃𝑎𝑐
                                        (1) 

 

In this equation, Et stands for electricity demand, Qt for heat demand, St for chilling 

demand, fe for electricity demand, fy for fuel price, ηk for boiler efficiency and 

COPac for the coefficient of performance of the chilling system. When a 

trigeneration system is added, the operational cost increase from three factors: 

operational and maintenance costs of the trigeneration system (CTR), 

supplementary electricity cost supplied from an existing system (CEd) and 

supplementary fuel cost (CQd). In mathematical form, this can be expressed as 
 

𝐶2 = 𝐶𝑄𝑑 + 𝐶𝐸𝑑 + 𝐶𝑇𝑅                                             (2) 
 

Supplementary fuel cost occurs when heat demand (Qt) is higher than the heat 

capacity (Qa) delivered the trigeneration system. When this happens, the heat 

difference needs to be supplied from the existing boiler facility; therefore, 

supplementary fuel cost (CQd) depends on lower heat value of the fuel (LHV), boiler 

efficiency and fuel price, as shown in the expression [5] 
 

𝐶𝑄𝑑 =
(𝑄𝑡−𝑄𝑎)𝑓𝑦

𝐿𝐻𝑉∙𝜂𝑘
                                                  (3) 

 

In the other hand, Supplementary electricity cost occurs when electricity demand 

(Et) is higher than the electricity capacity (Ea) delivered the trigeneration system; 

also, the difference between the capacity delivered for chilling (Sa) and the actual 

demand for chilling (St) needs to be supplied from existing grid. This supplementary 

cost depends on the performance of coefficient of the chilling system and electricity 

price, as is related in the expression 
 

𝐶𝐸𝑑 = [(𝐸𝑡 − 𝐸𝑎) + (
𝑆𝑡−𝑆𝑎

𝐶𝑂𝑃𝑎𝑐
)] ∙ 𝑓𝑒                                   (4) 

 

Regarding the operational and maintenance costs (CTR) of the trigeneration system, 

these vary depending on the technical characteristics of the system, being the 

electricity capacity (Ea) of the trigeneration system the leading parameter for cost 

determination.  

Therefore, an expression was developed as a function of said characteristic, besides 

the thermal efficiency (η) of the trigeneration system and the operational and 

maintenance costs (Com); this expression has the form [5] 

 

 

𝐶𝑇𝑅 = 𝐸𝑎 ∙
1

𝜂
∙ 𝑓𝑦 + 𝐸𝑎 ∙ 𝐶𝑜𝑚                                        (5) 
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From the previous expression, the amount of heat (Qs) that can be generated by a 

trigeneration system can be calculated with the help of electricity/heat ratio (θ),  

𝜃 =
𝐸𝑎

𝑄𝑠
                                                           (6) 

 

After determining the energy supplies of the trigeneration system, costs of the 

existing system and trigeneration system are calculated annually regarding hourly 

costs; therefore, the difference between these two figures gives out the annual gain,  
 

𝐶𝑜 = ∑ [𝐶1(𝑖) − 𝐶2(𝑖)]
8760
𝑖=1                                         (7) 

 

If this annual gain is calculated over the economic life of the system then the net 

present value of the lifetime profit (Cpw) can be found [5]: 
 

𝐶𝑝𝑤 = ∑ 𝐶𝑜(𝑡)(1 + 𝑒)𝑡(1 + 𝑟)−𝑡𝑛
𝑡=1                              (8) 

 

Where t stands for year, n stands for the economic life of trigeneration system, e 

stands for escalation and r stands for the discount rate. 

 

3.  Results and discussion 
 

Below are the results of the main points of the present study: 
 

3.1. Energetic behavior of the studied case  

Trigeneration costs were calculated for an application within the school grounds of 

a university. For this situation, energy requirements for electricity, heating, and 

cooling on a monthly basis were obtained and plotted in Figure 2. As shown in the 

plot, the most part of the energy requirement goes for heating processes, mainly on 

winter season, while the opposite happens with the cooling requirements. 

 

 
Figure 2. Energetic behavior of studied case 

 

3.2. Validation of the simulation 

As the main output of the model is a unique value (the cost of the implementation 

of the trigeneration system) it would be difficult to use a plot to do the validation 

process; therefore, a good approach (and at the same time a more evident tool) 

consist to plot the result predicted by the theoretical model and the simulation for 

any of the processes involved in trigeneration, such as the heating process, which  
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is shown in Figure 3. When the said plot is compared to the Figure 2, it can be seen 

trigeneration satisfies the heating requirements over more than half year, though it 

is unable to do the same in the middle of winter season, when the requirement is 

even higher than the limit trigeneration can produce. Regarding the validity of the 

simulation, Figure 3 shows that the data from the simulation closely resemble the 

theoretical model results, which indicates a good degree of correlation between the 

simulation and the theoretical model.   

 

 
 

Figure 3. Comparison of theoretical model and simulation for heating demand. 

 

3.3. Case study: Variation of electric generation capacity 

 

With the validated model, the influence of the electric generation capacity 

(measured as the gas turbine capacity) was measured, for a range between 0 and 

4000 kW, which is the limit of the available equipment, for a constant chilling 

capacity of 2000 kW. The results, shown in Figure 4, made evident that the increase 

in electric generation capacity would require an equipment addition in order to 

satisfy higher requirements. Therefore, the final result traduces in a slight increment 

of the overall cost for the application of trigeneration; however, given the fact 

trigeneration would allow covering all the electric usage in the studied case, the 

initial investment could be recovered in less time when compared to the existing 

system. 

 

 
Figure 4. Variation of electrical generation capability.  
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4. Conclusions  
 

As a conclusion from the present work, it was demonstrated the use of the software 

package simulation as a tool in economic evaluation in cogeneration and 

trigeneration systems, as it allowed to emulate a case study based on a theoretical 

model developed for economic evaluation of processes, without any considerable 

loss of accuracy, given the fact the results obtained by using the simulation model 

differ from the theoretical equations by an error margin lower than 5%; besides that, 

the model developed is able to perform calculations regarding performance 

characteristics of the implemented trigeneration system, which allows offering this 

simulation package as a tool to evaluate the process before its implementation, and 

as a tool to find optimum points of operation after the practical application of said 

system. Finally, from the study of influence, it was verified that the evaluated 

parameters, the electricity generation, and chilling capacity, exert a direct influence 

on the cost of the implementation of trigeneration processes; while the influence of 

electricity generation is weak, the chilling process have a great impact on the cost, 

as it affects the electricity demand, which if not controlled, can severely damage 

the feasibility of trigeneration as an alternative method of achieving higher 

efficiencies in the industrial activity. However, there are still factors that were not 

evaluated in the present work; therefore, a deeper investigation is needed in order 

to determine if there are other factors that influence the economical estimation of 

trigeneration. 
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