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Abstract 

The present paper tackles the issue of allocating economic costs in trigeneration systems including 
thermal energy storage (TES) for buildings of the residential-commercial sector. As energy systems 
become more and more complex (multiple resources, products and technologies; joint production; TES) 
the issue of the appropriate way to allocate the cost of the resources consumed arises. This is important 
because the way in which allocation is made directly affects the prices of the products obtained and, thus, 
the consumers’ behaviour. Thermoeconomics has been used to explain the cost formation process in 
complex energy systems. In this paper, two issues in thermoeconomics that have not been deeply studied 
are addressed: (i) the joint production of energy services in dynamic energy systems; and (ii) the 
incorporation of TES. A thermoeconomic analysis of a simple trigeneration system including TES was 
performed and the hourly unit costs of the internal flows and final products were obtained for a day of the 
year. The cost allocation proposal considered that the cogenerated products must share the benefits of the 
joint production. Regarding the TES, the interconnection between charging and discharging periods was 
explored, allowing the discharged energy flow to be traced back to its production period. 

Keywords: cost allocation, thermal energy storage, thermoeconomics, trigeneration. 

1 Introduction 

Over the last decades, our society has been facing the challenge of improving quality of life while 
lowering environmental impacts in an economical and efficient manner. As energy consumption is an 
essential factor for the development of society, a transition towards advanced, innovative, and efficient 
energy conversion systems becomes imperative. In this respect, polygeneration systems stand out as 
compelling alternatives to conventional energy systems. Owing to an appropriate energy integration 
between the constituting devices, polygeneration systems can achieve higher energy efficiency, lower 
primary energy consumption, lower unit cost of the final products, and lower environmental burdens 
relative to conventional energy systems [1-4]. 

Polygeneration can be defined as the combined production of two or more energy services from a 
common resource. Cogeneration, or Combined Heat and Power (CHP), is the simplest form of 
polygeneration, and generally refers to the joint production of electricity (and/or mechanical energy) and 
heat from a common resource. The joint production takes place in the cogeneration module, composed of 
a prime mover (e.g. reciprocating internal combustion engine, gas turbine, microturbine, fuel cell), which 
converts the chemical energy of the fuel into shaft power, an alternator, which converts the shaft power 
into electricity, and a heat recovery system. A typical extension of cogeneration is trigeneration, also 
known as Combined Cooling, Heating and Power (CCHP), which usually refers to the combined 
production of electricity, heat, and cooling. Trigeneration systems are basically composed of a thermally 
activated technology (TAT), such as an absorption chiller, and/or a mechanical chiller coupled to the 
cogeneration module. Nevertheless, many alternative devices may be incorporated in various existing 
configuration modes [5-8]. 

In the European Union (EU), buildings account for 40% of total energy consumption [9], which suggests 
a great potential for energy savings. In this regard, the EU Directive 2010/31/EU [9] on the energy 
performance of buildings recognizes advanced energy systems, such as cogeneration, as key elements in 
improving the energy efficiency of buildings. The design of polygeneration systems for building 
applications requires two fundamental issues to be addressed [10, 11], i.e. the synthesis of the plant 
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configuration (installed devices and capacities) and the operational planning (strategy concerning the 
operational state of the devices, energy flow rates, purchase/selling of electricity, etc.). For existing 
plants, the operational planning is the only concern. However, finding the best solution for new plants is 
more complex owing to the wide variety of devices commercially available, the variability of energy 
demands (hourly and monthly), and the fluctuations in energy prices. A common approach to this 
problem is the single-objective model aimed at fulfilling an objective function (e.g. economic cost, 
environmental burden, thermodynamic efficiency) that is to be minimized or maximized [12]. The 
reviews by [13, 14] describe the characteristics of the optimization methods for polygeneration systems 
presented in recent publications, indicating the time scale, the objective function, and the solution method 
employed. 

The design procedure for building applications must provide energy systems that are flexible, efficient, 
and reliable. To this end, the incorporation of thermal energy storage (TES) ensures energy security, 
reduces operation costs, enhances overall system performance, and allows for a reduction in the installed 
capacity of the devices. According to [15, 16], TES is particularly beneficial in energy systems 
characterized by: (i) time-varying energy prices, (ii) low-grade waste heat production, and (iii) 
intermittent renewable energy sources. The benefits of the inclusion of TES in cogeneration and 
trigeneration systems has been demonstrated by several works [17-24]. 

Thermoeconomics combines thermodynamic principles with economic analysis aiming at revealing 
opportunities of energy and cost savings in the analysis, diagnosis, and optimization of energy conversion 
systems that are not available through conventional methods [25-26]. The objective of thermoeconomics 
is to explain the cost formation process throughout the system, from the resources consumed to the final 
products obtained [25]. The fundamental problem of cost allocation can be formulated as follows [26]: 
Given a system whose limits have been defined and a level of aggregation that specifies the constituting 
subsystems, how to obtain the cost of all flows becoming interrelated in such structure. 

As energy systems become more and more complex (e.g. multiple fuels, multiple products, multiple 
technologies, joint production, process integration, energy storage), the problem of the appropriate way to 
distribute the resources consumed to the internal flows and final products of the system increases. The 
way in which allocation is made is important because it directly affects the prices of the final products 
obtained and thus the final consumers’ behavior and policy makers’ decisions. Widespread acceptance of 
polygeneration systems in building applications requires that consumers [27,28]: (i) be offered cheaper 
energy services prices relative to other alternatives available in the market, and (ii) be given informative 
indications on the rational, economic and environmentally friendly consumption of energy services. 

In polygeneration systems, common resources are consumed to produce different products and there is no 
way, based on pertinent facts, to identify the share of resources consumed associated with each product 
flow. The allocation of costs in joint production is thus always arbitrary [29-32]. In this regard, numerous 
methodologies have been proposed [29,33-39], e.g. energy method, exergy method, power bonus method, 
fuel chargeable to power (FCP) method, benefit distribution method, market-based prices method. 
However, no consensus has been reached as to a universally accepted approach. An appropriate allocation 
criterion should: (i) allow all products to remain competitive and profitable relative to their alternatives in 
the market [29,30], (ii) consider the context in which joint production takes place, as well as value 
judgements [40], and (iii) be evaluated on a case-by-case basis, so that there is no approach suitable for 
every situation [41]. Ultimately, the decision on the allocation method must be made in accordance with 
the objectives of the analysis. 

Although thermoeconomic analysis has been traditionally used for the allocation of economic and energy 
(exergy) resources, there is no limitation to the incorporation of environmental loads or impacts, such as 
CO2 emissions and other pollutants [27,39,42,43]. Allocation is also an important issue in Life Cycle 
Assessment (LCA) studies, as addressed by several works [44-46]. 

Despite the vast number of studies on thermoeconomic cost allocation in energy systems, most of them 
have focused on large industrial systems, characterized by steady or quasi-steady operation, often isolated 
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from the economic environment, and owned by individual parties. Energy systems in building 
applications fundamentally differ from the industry’s in aspects such as: (i) consumer behavior (the 
variability of energy demands of the consumer center requires that devices operate at partial load), (ii) 
economic environment (the energy system is generally inserted in an economic market that dictates the 
energy prices), and (iii) ownership (multiple decision makers must reach an agreement in commonly 
operated systems, e.g. a trigeneration system supplying energy services for a multi-family building 
complex). Therefore, further development and refinement of allocation methodologies is required [28,47]. 

The incorporation of TES in energy conversion systems increases the difficulty of cost allocation as it 
decouples production of energy services from consumption [48,49]. In a previous paper [50], we have 
studied the optimal operation of a simple trigeneration system including TES. It was demonstrated how 
the operation of the system in an hourly period may be affected by the operation at different hourly 
periods and how the system can take advantage of the different operation conditions (e.g. available 
resources, energy prices, operation levels) at different hours to achieve more interesting results in 
accordance with the objective function. 

The purpose of this paper is to discuss the issue of the appropriate way to allocate economic costs in 
trigeneration systems including TES for the building sector. This work intends to contribute by proposing 
cost allocation approaches to two issues in thermoeconomics that have not been deeply studied in the 
context of building applications: (i) the joint production of energy services in dynamic energy systems, 
and (ii) the incorporation of TES. The methodology proposed herein aims at a fair cost-and-benefit 
apportionment of the joint production costs to the energy products. In this way, the benefits of the more 
efficient (and complex) production are distributed between all energy products, promoting the acceptance 
of polygeneration systems in the society. 

Taking the work developed in Ref. [50] as the starting point, a thermoeconomic analysis of a simple 
trigeneration system including TES is carried out, obtaining the unit costs of all internal flows and final 
products of the system for a day of the year. It must be emphasized that only operation costs are 
considered in this analysis. A detailed account on the definition of the productive structure is made, 
unraveling the various existing productive trajectories that connect the resources consumed to the final 
products obtained and focusing on the objective of a fair cost-and-benefit apportionment of the joint 
production costs. As stated in the title of the paper, the trigeneration system and the example developed 
herein are simple, but they allow for interesting analyses and conceptual interpretations. In this way, this 
methodological-oriented paper demonstrates the development and the application of the cost allocation 
proposals. 

This paper is structured as follows: Section 2 describes the simple trigeneration system including TES and 
the reference system analyzed in this paper, as well as the mathematical model and the optimal operation 
of the trigeneration system for a day of the year that brings the minimum energy cost. Section 3 explains 
the thermoeconomic cost allocation proposal developed herein, including the definition of the productive 
structure (considerations for the joint production of energy services, the disaggregation of energy flows 
and devices, and the incorporation of TES) and the cost allocation equations. Section 4 presents the unit 
costs of the internal flows and final products obtained. Finally, Section 5 draws the conclusions of this 
work. 

 

2 The simple trigeneration system including TES 

This paper is a follow-up to a previous study [50] in which the optimal operation of a simple trigeneration 
system including TES has been analyzed. Based on the information provided in Ref. [50], the following 
subsections describe: (i) the simple trigeneration system including TES analyzed herein, as well as the 
energy demands of the consumer center that it must attend and the energy resources prices, (ii) the 
optimization model that minimizes the daily operation cost, and (iii) the optimal operation of the system 
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for a day of the year. Additionally, the reference system considered in this work is defined in the last 
subsection. 

 
 
 
2.1 System description 

The simple trigeneration system analyzed herein is depicted in Fig. 1. The system is composed of a 
cogeneration module CM, an auxiliary boiler AB, a single-effect absorption chiller AC, a mechanical 
chiller EC, and a TES unit TS (used to store chilled water). The trigeneration system was designed to 
attend the electricity Ed, heating Qd, and cooling Rd demands of a consumer center (e.g. multi-family 
building). It is considered that the system is interconnected with the electric grid, so purchase Ep and sale 
Es of electricity are possible. The CM consumes natural gas Fc and produces cogenerated electricity Wc 
and heat Qc. Part of the cogenerated electricity Wc can be sold to the grid Es. The part that is not sold Wcc, 
along with the electricity purchased from the grid Ep, is used to attend the electricity demand Ed and/or 
drive the EC Er. The AB consumes fuel-oil Fa and produces conventional heat Qa. Part of the cogenerated 
heat can be wasted into the environment Qcl. The part that is not wasted Qcc, along with Qa, is used to 
attend the heating demand Qd and/or drive the AC Qr. The cooling produced by the AC Rq and EC Re are 
used to cover the cooling demand Rd and/or charge the TS. The TS can be either charging Rin or 
discharging Rout in each hourly period; energy losses Rs are proportional to the stored energy Sr and to the 
TS energy loss factor τTS. All system devices can be operated at partial or full load with constant 
performance factors. Table 1 presents the technical parameters and capacity limits of the system’s 
devices. 

It is important to emphasize the reasons for including a TES unit for cooling and not for heat (or both): 
First, the cooling demand presents higher variations throughout the day than the heating demand. 
Secondly, the aim of this paper is to demonstrate the proposed cost allocation methodology; the inclusion 
of two or more TES units would hinder the clarity of the analysis. 

The simple trigeneration system interacts with the economic environment through the purchase of natural 
gas Fc, fuel-oil Fa, and electricity Ep, as well as through the sale of cogenerated electricity Es. The energy 
prices are given in Table 2. Moreover, it was considered that no cost was associated with the dissipation 
of cogenerated heat to the environment rqcl = 0 €/kWh. 

The energy demands Ed, Qd, and Rd of the consumer center for a day of the year are described by 24 
consecutive periods of 1-hour duration and are given in Table 3. As can be seen, Ed is required all through 
the day, Qd is required at hours 1 and 7 to 24, and Rd is only required between hours 14 and 22. 

Given the various resources available and devices that constitute the simple trigeneration system, it 
becomes evident that many alternative production routes can be identified to supply the energy demands 
of the consumer center. For instance, the heating demand Qd can be covered by useful cogenerated heat 
Qcc from the CM consuming natural gas Fc at price pfc and/or with conventional heat Qa from the AB 
consuming fuel-oil Fa at price pfa. Mathematical models based on linear programming (LP) are generally 
used to obtain a rational operational strategy, which is always linked to an objective function (e.g. 
minimize the operation cost, minimize the environmental loads). A rational, complete, and exact 
operational strategy constitutes essential data when addressing the cost allocation issue in energy systems. 

 
2.2 Optimization model 

A LP model was developed to obtain the hourly operational strategy of the simple trigeneration system 
for a day of the year. The objective function, expressed by Eq. (1), minimizes the daily operation cost DC, 
which corresponds to the sum of the hourly operation cost HC(h) for the 24 periods h (NP = 24) of 1-hour 
duration (NHP = 1) that comprise the day. 
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For each hourly period h, HC(h) includes the costs of purchasing electricity, natural gas, and fuel-oil, the 
cost associated with heat dissipation, and the income from selling cogenerated electricity to the electric 
grid, as expresses Eq. (2): 

	�(ℎ) = ���(ℎ) ∙ ��(ℎ) + ���(ℎ) ∙ ��(ℎ) + ���(ℎ) ∙ ��(ℎ) + ��� (ℎ) ∙ !� (ℎ) − ��#(ℎ) ∙ �#(ℎ) (2) 

 
The objective function is subject to equipment constraints (capacity limits and production restrictions) 
and balance equations. For detailed information about the optimization model the reader is referred to 
[50]. 

Regarding the TS, it is worth noting that the energy losses in each hourly period Rs(h) are equal to the 
stored energy at the end of the previous period Srf(h-1) multiplied by the TS energy loss factor τTS: 

$#(ℎ) = %&' ∙ ()�(ℎ − 1) (3) 

 
Moreover, given the daily regularity of the energy demands, it was considered that the TS must return to 
its initial state after a daily cycle; in this way, the energy stored at the end of the day Srf(24) must be equal 
to the energy stored at the beginning of the day Sri(1). Because of the continuous operation of the TS, it 
follows that the energy stored at the beginning of an hourly period Sri(h) must be equal to the energy 
stored at the end of the previous period Srf(h-1). 

 
2.3 Optimal operation of the simple trigeneration system 

The optimization model was solved using the software LINGO [51]. A daily operation cost DC of 660.8 
€/day was obtained, from which: (i) 600 €/day is due to the purchase of natural gas Fc for the CM; (ii) 
115.6 €/day corresponds to the purchase of electricity from the grid Ep; (iii) 8.6 €/day is due to the 
purchase of fuel-oil Fa for the AB; and (iv) 63.3 €/day is the income generated by the selling of 
cogenerated electricity Es. 

The energy flows of the optimal operation are presented in Table 3, in which Egrid represents the net 
electricity exchanged with the electric grid (negative values mean sale Es and positive values mean 
purchase Ep), and RTS indicates whether the TS is charging (positive values, Rin) or discharging (negative 
values, Rout). 

The cogeneration module CM operates at full load all through the day (daily load factor of 100%), 
consuming 24,000 kWh/day of natural gas Fc and simultaneously producing 8400 kWh/day of 
cogenerated electricity Wc and 9600 kWh/day of cogenerated heat Qc. In the morning (hours 1 to 8) and in 
the night (hours 23 and 24), the system sells 791.2 kWh/day of surplus cogenerated electricity Es, which 
represents 9.4% of the total electricity produced Wc. On the other hand, from hours 9 to 13 and 17 to 22, 
the system must purchase 1155.5 kWh/day of electricity Ep, which represents 13.2% of the total 
electricity consumed (Ed + Er). Regarding the heat production in the CM, no cogenerated heat is wasted 
into the environment (Qcl = 0 kWh/day). Additionally, the available cogenerated heat Qcc represents 
96.6% of the total heat consumed by the system (Qd + Qr). The remaining 3.4% (342.4 kWh/day) is 
supplied by the AB (daily load factor of 4%), which operates marginally to cover peak heat demands (e.g. 
hours 10, 11, and 20). 

Even though the consumer center only requires cooling between hours 14 and 22, its production also 
takes place at previous hours to charge the TS. Considering the cooling produced by the system, 56.9% 
(2401.5 kWh/day) is produced in the AC (daily load factor of 40%) and 43.1% (1821.5 kWh/day) is 
produced in the EC (daily load factor 30%). As can be seen from Table 3, cooling Re is produced in the 
EC at hours 8 and 14 to 22. It is interesting to note the different electricity sources available for the EC at 
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different hours: on the one hand, at hours 8 and 14 to 16 the system is not purchasing electricity (Ep = 0 
kWh), so all cooling Re is produced with cogenerated electricity Wcc; on the other hand, at hours 17 to 22, 
cooling Re is produced with both purchased Ep and cogenerated Wcc electricity flows. In the case of the 
AC, cooling Rq is produced at hours 1 to 9, 12, 13, 15 to 18, and 22 to 24. Although there is no physical 
limitation to the use of cogenerated Qcc and/or conventional Qa heat flows, it can be seen from Table 3 
that in the optimal operation the AB is never used to supply heat to drive the AC, which means that all Rq 
is produced with cogenerated heat Qcc. 

Charging of the TS takes place for 13 hours, beginning at hour 23 of the previous day until hour 9 and 
continuing at hours 12 and 13 until the TS is fully charged with 2000 kWh. Discharging takes place for 6 
hours, beginning at hour 14 along with the cooling demand Rd, until hour 19. Considering the daily 
demand Rd, 48.8% of it is supplied by the TS, meaning that it was produced at different previous hours. 
By the end of the discharging period the TS is fully discharged and remains this way until hour 23, when 
the charging cycle begins again. Following from the explanation provided in the previous paragraph, it is 
also interesting to note the different types of cooling stored: hour 8 is characterized by production of both 
Rq (with cogenerated heat Qcc) and Re (with cogenerated electricity Wcc); the rest of the charging hours are 
characterized by exclusive production of Rq (with cogenerated heat Qcc). 

 
2.4 Reference system 

The reference system considered in this work corresponds to the separate conventional production of 
energy services, as depicted in Fig. 2. In this way, considering the same energy resources prices and 
technical parameters of the devices as for the simple trigeneration system: (i) the electricity demand Ed is 
covered by purchase from the electric grid, (ii) the heating demand Qd is covered by the auxiliary boiler 
AB consuming fuel-oil Fa, and (iii) the cooling demand Rd is covered by the mechanical chiller EC 
consuming electricity purchased from the grid Ep. 

Therefore, the energy services production costs in the reference system are: (i) electricity: purchase price 
from the electric grid (cW)ref = pep = 0.100 €/kWh, (ii) heat: production cost in the AB consuming fuel-oil 
(cQ)ref = pfa/ηAB = 0.025 €/kWh, and (iii) cooling: production cost in the EC with electricity purchased 
from the grid (cR)ref = pep/COPe = 0.020 €/kWh. 

 

3 Thermoeconomic cost allocation 

Cost accounting tackles the problem of allocating the costs of the resources consumed to the internal 
flows and final products of the system. The difficulty of cost allocation increases when different products 
are obtained from common resources, as is the case with polygeneration systems. The way in which 
allocation is made is important because it will directly affect the results obtained. 

Obtaining unit costs of internal flows and final products is a cornerstone of several thermoeconomic 
methodologies that have been presented in the literature [52]. Lozano et al. [34] applied three different 
approaches to determine the unit costs of the internal flows and final products of a simple trigeneration 
system: (i) analysis of marginal costs corresponding to the optimal operation; (ii) valuation of products 
according to their market prices; and (iii) internal cost calculation. From the various results obtained for 
each approach, it was concluded that there is no general rule to decide which approach is the best, as it 
depends on the objectives of the analysis. 

The fundamental difference between marginal and unit (or average) costs is that marginal costs are a 
derivative and correspond to the cost of producing an additional unit of a flow, while unit costs are ratios 
and represent the unit (or average) production cost of a flow, calculated by dividing the total cost by the 
total quantity produced. 
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Marginal costs give valuable insight into the operation of the system, explaining how and why the system 
operates given a change in external circumstances (e.g. increase in the consumer center’s energy 
demand). On the downside, marginal costs are generally not appropriate to explain the actual production 
of the system [50,52,53], apart from not being conservative [34,50]. In Ref. [50], the authors have used 
marginal costs to explain the optimal operation of the simple trigeneration system described in Section 2 
and the role of the TES unit in achieving the optimal operation. 

By contrast, unit costs provide valuable information to explain the way the system is operating. Based on 
the cost conservation principle, the total cost of the resources exchanged with the economic environment 
must be equal to the total cost of the products obtained. Considering the daily operation cost DC from Eq. 
(1), the following expression holds true: 

�� = ��+,(ℎ) ∙ $,(ℎ)
,�

= �� +-(ℎ) ∙ 
-(ℎ)
-�

 (4) 

 
in which ci(h) and Ri(h) are, respectively, the unit cost and the energy flow of the resource i exchanged 
with the economic environment at the hourly period h; and cj(h) and Pj(h) are, respectively, the unit cost 
and the energy flow of the product obtained j at the hourly period h. 

In the present analysis, the energy resources are natural gas, fuel-oil, and electricity purchased from the 
electric grid, and the energy products are the electricity sold to the electric grid and the energy demands 
of the consumer center (electricity, heating, and cooling). Provided that all energy flows Ri and Pj in each 
hourly period h are known, as well as the unit costs of the resources ci, the aim is to objectively determine 
the unit costs of the products cj. In this regard, it is essential to connect the product flow that is being 
valued to the different resources consumed, so that each product flow receives its corresponding share of 
costs. 

The productive structure is the tool that is generally used in thermoeconomics to unveil the distribution of 
resources to the internal flows and final products of an energy system. Identifying the appropriate 
productive structure is a crucial step when performing a thermoeconomic analysis [26-28]. Once the 
productive structure has been defined, the application of cost conservation balance to its elements allows 
for the determination of the unit costs of product flows, unveiling the cost formation process. 

The following subsections describe: (i) the definition of the productive structure and the issues faced in 
the process; and (ii) the cost allocation proposals for the system analyzed herein. 

 
3.1 Definition of the productive structure 

Fig. 1 shows the physical structure of the simple trigeneration system including TES. The physical 
structure depicts the devices that constitute the system and the energy flows that connect the devices with 
each other and the system with its boundaries (economic environment and consumer center). The 
productive structure, on the other hand, consists of defining the main product (or the productive purpose) 
of each device with the aim of allocating the resources consumed throughout the plant. Thus, the 
productive structure is not necessarily equal to the physical structure and many possible configurations 
can be obtained depending on the objective of the analysis; clearly, different costs of the final products 
are obtained for different productive structures. This underlines the importance of appropriately defining 
the productive structure of the energy conversion system, so that the results obtained are in accordance 
with the objective of the analysis. 

The internal flows and final products of the productive structure must be expressed in terms of an 
extensive magnitude, e.g. mass, volume, energy or exergy content, number of moles. In this work, the 
productive structure is composed of energy flows and, thus, the associated unit costs are expressed in 
terms of energy. The reason for expressing the unit costs in terms of energy is that this is the most typical 
billing mechanism perceived by the final consumers (final consumers pay for their energy resources per 
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unit of energy consumed), which are the ones that will ultimately make the decision on whether to 
consume energy service from the trigeneration system. 

The joint production of energy services that takes place in polygeneration systems is achieved through 
appropriate energy integration of the production processes [1,2]. Such a high level of integration hinders 
the determination of a logical distribution of the resources consumed towards the cogenerated products. 
The true purpose of this work is to achieve a fair cost-and-benefit apportionment of the joint production 
costs to the energy services produced. This requires: (i) the definition of a productive structure with the 
highest possible disaggregation level, so as to connect the resources consumed to the final products 
obtained through the various existing productive trajectories [26], and (ii) the definition of fair allocation 
criteria, so as not to favor or prioritize any resource/product [29,32,35]. 

Thus, it becomes clear that to connect the resources consumed by the simple trigeneration system to its 
internal flows and final products one must tackle the issues of: (i) the joint production of electricity and 
heat that takes place in the cogeneration module; (ii) the disaggregation of energy flows and devices; and 
(iii) the interconnection between charging and discharging periods due to the incorporation of a TES unit. 
These aspects are analyzed in detail in the following subsections. 

 
3.1.1 Joint production in the cogeneration module 

As described by Lozano et al. [27,28], the fundamental device of a cogeneration system is the 
cogeneration module CM, in which the joint production of electricity (and/or mechanical energy) and heat 
takes place. By incorporating a TAT, such as an absorption chiller AC, the cogenerated heat can be 
extended to cooling production. The combination CM+AC thus make the trigeneration subsystem. 

In the present paper, it was proposed to expand this trigeneration subsystem to include a mechanical 
chiller EC, so that cogenerated electricity can also be used to produce cooling. In this way, both CM 
products can contribute to cooling production. The combination CM+AC+EC thus forms the trigeneration 
subsystem considered in the productive structure, as depicted in Fig. 3. 

In the trigeneration subsystem analyzed herein, the CM consumes natural gas Fc to produce cogenerated 
electricity Wc and cogenerated heat Qc. The cogenerated electricity Wc can be: (i) sold to the electric grid 
Es; (ii) used in the EC to produce cooling Rce; and (iii) used to cover the electricity demand Wcd. In the 
case of the cogenerated heat Qc, there are three possible destinations: (i) attend the heat demand Qcd; (ii) 
produce cooling in the AC Rcq; and (iii) be dissipated to the environment Qcl. As mentioned earlier, the 
purchase price of natural gas pfc and the price of the electricity sold to the grid pes are defined by the 
market; also, heat dissipation can occur with no associated cost (rqcl = 0 €/kWh). Therefore, the four 
cogenerated products to which costs should be allocated are Wcd, Qcd, Rce, and Rcq. 

 
3.1.2 Productive structure 

When it comes to precisely allocating resources to internal flows and final products, defining the 
productive structure requires the highest possible disaggregation level of physical flows and devices. This 
is done so that the productive structure reflects the various productive trajectories which, in an integrated 
energy system, connect the resources consumed to the final products obtained. Avoiding the 
disaggregation by combining devices and/or processes only hides the problem and, thus, is not 
recommended. 

Supporting the production of the trigeneration subsystem are the auxiliary boiler and the electric grid. So, 
when the cogeneration module CM and the auxiliary boiler AB are both in operation, there are two heat 
sources available to drive the absorption chiller AC and to attend the heat demand Qd. Analogously, when 
the CM is operating and the system is purchasing electricity from the grid Ep, there are two electricity 
sources available to drive the mechanical chiller EC and to attend the electricity demand Ed. Therefore, in 
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accordance with Lozano et al. [27,28], the AC and the EC can each be divided into two virtual devices; in 
this way, each virtual device will consume energy from its specific source. 

The productive structure obtained is depicted in Fig. 4, which includes the trigeneration subsystem 
defined in Section 3.1.1 (enclosed in the gray box), the conceptual division of the absorption chiller AC 
and mechanical chiller EC, and the corresponding virtual flows. 

As an imposing limitation to the definition of the productive structure, it must be possible to evaluate all 
flows of the productive structure unequivocally in relation to the state of the plant as defined by the 
physical structure [26]. The relations that define the virtual flows in the productive structure are explained 
in the following paragraphs. 

The absorption chiller AC is divided into two virtual devices: ACc, which consumes cogenerated heat Qcr 
and produces cogenerated absorption cooling Rcq, and ACa, which consumes conventional heat Qar and 
produces conventional absorption cooling Raq. Both virtual heat flows compose the Qr in Fig. 1, so that 

!)(ℎ) = !�)(ℎ) + !�)(ℎ) (5) 

 
The mechanical chiller EC is divided into two virtual devices: ECc, which consumes cogenerated 
electricity Wcr and produces cogenerated mechanical cooling Rce, and ECp, which consumes purchased 
electricity Epr and produces auxiliary cooling Rpe. Both virtual electricity flows compose the Er in Fig. 1, 
so that 

�)(ℎ) = .�)(ℎ) + ��)(ℎ) (6) 

 
Despite the inclusion of additional virtual flows and/or devices in the productive structure, in each hourly 
period the same amount of energy resources (natural gas, fuel oil and purchase/sale of electricity from/to 
the grid) is consumed to attend the energy services (electricity, heating and cooling demands) as in the 
physical structure’s optimal operation described in Section 2. With these aspects “fixed”, there are 
various ways in which the disaggregation of internal flows can take place without affecting the operation 
state of the plant. Therefore, the energy flows distribution in distributors Q2, Q3, E2 and E3 are inevitably 
arbitrary. 

In accordance with the core objective of this study, which is to promote a fair cost-and-benefit 
apportionment of costs in the trigeneration system, it is proposed to distribute the cogenerated heat Qcc, 
the conventional heat Qa, the cogenerated electricity Wcc and the purchased electricity Ep in distributors 
Q2, Q3, E2 and E3, respectively, in a way that: (i) no energy resource is prioritized in the production of 
energy services, and (ii) no energy service is prioritized in the use of energy resources. As a result, no 
energy service gets favored with a lower cost due to an also arbitrary decision to prioritize its production 
with the consumption of a cheaper energy resource. 

Two parameters are defined for the distribution of heat and electricity, respectively: (i) δ1 expresses the 
share of heat that covers the heat demand in proportion to the total heat demanded (Eq. (7)); and (ii) δ2 
expresses the share of electricity that attends the electricity demand in proportion to the total electricity 
demanded (Eq. (8)). 

/�(ℎ) = !0(ℎ) (!0(ℎ) + !)(ℎ))⁄  (7) 

/2(ℎ) = �0(ℎ) (�0(ℎ) + �)(ℎ))⁄  (8) 

 
The available cogenerated heat Qcc and the conventional heat Qa are distributed between the consumer 
center and the AC as follows: 

!�0(ℎ) = /�(ℎ) ∙ !��(ℎ) (9) 

!�)(ℎ) = 31 − /�(ℎ)4 ∙ !��(ℎ) (10) 

!�0(ℎ) = /�(ℎ) ∙ !�(ℎ) (11) 
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!�)(ℎ) = 31 − /�(ℎ)4 ∙ !�(ℎ) (12) 

 
The cogenerated electricity Wcc and the purchased electricity Ep are distributed between the consumer 
center and the EC as follows: 

.�0(ℎ) = /2(ℎ) ∙ .��(ℎ) (13) 

.�)(ℎ) = 31 − /2(ℎ)4 ∙ .��(ℎ) (14) 

��0(ℎ) = /2(ℎ) ∙ ��(ℎ) (15) 

��)(ℎ) = 31 − /2(ℎ)4 ∙ ��(ℎ) (16) 

 
The cooling produced from cogenerated heat Rcq and the cooling produced from conventional heat Raq are 
determined as follows: 

$�5(ℎ) = �6
5 ∙ !�)(ℎ) (17) 

$�5(ℎ) = �6
5 ∙ !�)(ℎ) (18) 

 
The cooling produced from cogenerated electricity Rce and the cooling produced from purchased 
electricity Rpe are 

$��(ℎ) = �6
� ∙ .�)(ℎ) (19) 

$��(ℎ) = �6
� ∙ ��)(ℎ) (20) 

 
The cooling produced by the absorption chillers Rq and by the mechanical chillers Re compose the total 
cooling produced in the hourly period Rpro (Eq. (21)). Part of Rpro can be charged to the TS Rin; the part 
that is not charged is the cooling produced and consumed in the hourly period Rpi (Eq. (22)). In this way, 
the charged cooling Rin in an hourly period has the same characteristics as the cooling produced at that 
time. In turn, the discharge Rout will depend on the charged cooling of previous hourly periods. This 
connection between charging and discharging periods is implicit in the productive structure defined 
herein and is explored in the following section. 

$�)7(ℎ) = $5(ℎ) + $�(ℎ) (21) 

$�,(ℎ) = $�)7(ℎ) − $,8(ℎ) (22) 

 
The virtual flows and the distribution parameters previously defined were calculated and are given in 
Table 4. 

 
3.1.3 Interconnection between hourly periods through the TS 

The hourly operation of an energy system can be described in terms of the operational state of the devices 
(full load, partial load, off), production rates, resource consumption, etc. For a system that does not 
include energy storage, the hourly operation periods are always independent from each other. However, 
the incorporation of energy storage allows energy service production to be decoupled from consumption, 
so that the operation of the system in an hourly period may be affected by others; now, the hourly 
operation periods cannot be assessed individually, but as a whole. 

This is particularly relevant for the cost allocation problem involving energy storage because connecting 
the resources consumed to the internal flows and final products requires analyzing the temporal 
connection between charging and discharging hourly periods. Therefore, the presence of the energy 
storage unit incorporates a new dimension to the cost allocation problem, as it becomes necessary to 
know not only the amount of energy that must be charged and discharged in each hourly period, but also 
the origin period of the discharged energy. By doing so, the resources consumed to produce the charged 
flow can be forwarded to the discharging periods and to the final products. 
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In the case of the simple trigeneration system analyzed in this paper, the optimal operation model 
provides the amount of energy that must be charged Rin or discharged Rout in each hourly period. In order 
to lift the veil on how the stored energy is distributed between the hourly periods, a charging and 
discharging network was considered, as shown in Fig. 5. The network is composed of nodes and pairs. 
Source nodes (circles) receive the charged energy Rin and distribute it to the sink nodes (rhombs), from 
which the discharged energy Rout leaves. Between the source and the sink nodes, there are intermediate 
nodes (squares) at the beginning of each hourly period from which energy losses rs are deduced. The 
charged energy flows from source to sink nodes through pairs called IN, when they leave the source node, 
and called OUT, when they enter the sink node. 

The charging and discharging network in Fig. 5 can be represented in algebraic form as follows: The 
discharged energy Rout(h) in period h is equal to the sum of all pairs OUT(z,h) that originate in previous 
periods z and arrive in period h (Eq. (23)). The charged energy Rin(z) in period z may be divided into pairs 
IN(z,h) that originate in period z and are directed to discharging periods h (Eq. (24)). Energy losses 
rs(z,h,k) are evaluated along the path (z,h) at the beginning of each hourly period k according to Eq. (25), 
for k > z, or Eq. (26), for k < z. It holds true that for the path (z,h) the charged energy pair IN(z,h) is equal 
to the discharged pair OUT(z,h) plus the energy losses rs(z,h,k) along the path (Eq. (27)). 

$79:(ℎ) = 	� 6;<(=, ℎ)
?@�

 (23) 

$,8(=) = 	� A�(=, ℎ)
�@?

 (24) 

�#(=, ℎ, B) = A�(=, ℎ) ∙ %&' ∙ (1 − %&')(CD?D�), for k > z (25) 

�#(=, ℎ, B) = A�(=, ℎ) ∙ %&' ∙ (1 − %&')(CD?D�E��), for k < z (26) 

A�(=, ℎ) = 6;<(=, ℎ) + ��#(=, ℎ, B)
C@?

 (27) 

 
These equations can be either included in the optimization model or solved separately. It must be noted 
that: (i) solving the equation set does not change the optimal operation of the system; and (ii) the feasible 
solution obtained is not unique, as numerous combinations of paths (z,h) may exist to fulfill the charging 
and discharging requirements. In order to guarantee a unique feasible solution, the first in first out (FIFO) 
method was imposed, which determines that the first unit of energy to be charged must be the first unit of 
energy to be discharged. 

Solving the equation set with Rin and Rout from the optimal operation of the system as input data yields the 
energy flows that compose the charging and discharging network. In the case analyzed herein, the 
interconnection between hourly periods through the TES unit TS is presented in Fig. 6. An example of 
interpretation of the results is provided as follows: The energy charged at hour 3 Rin(3) = 250 kWh is 
directed to hours 14 (IN(3,14) = 40.56 kWh) and 15 (IN(3,15) = 209.44 kWh). The discharged energy at 
hour 15 Rout(15) = 410.64 kWh proceeds from hours 3 (OUT(3,15) = 185.64 kWh), 4 (OUT(4,15) = 
223.83 kWh), and 5 (OUT(5,15) = 1.16 kWh). 

 
3.2 Cost allocation 

The cost conservation principle applied to the elements in the productive structure allows the cost 
formation process to be transparent throughout the system, from the resources consumed to the final 
products obtained. The unit energy costs of the internal flows and final products are thus obtained, 
representing the amount of resources that must be consumed to produce one unit of the flow. The unit 
cost name of the flows in the productive structure of Fig. 4 is obtained by adding the letter c at the 
beginning of the energy flow name. 

The first and foremost requirement to performing cost allocation is the knowledge of the operational state 
of the system, which means that all energy flows in each hourly period must be known. For the 
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trigeneration system analyzed herein, the energy flows are provided in Table 3 and Table 4. The market-
based prices of the electricity, natural gas, and fuel-oil are also known and shown in Table 2. 

The cost conservation principle is applied to all junctions (rhombs), distributors (circles), and devices of 
the productive structure, allowing the following cost balance equations to be formulated: 

Junctions: 

E4: +.�0(ℎ) ∙ .�0(ℎ) + +��0(ℎ) ∙ ��0(ℎ) − +�0(ℎ) ∙ �0(ℎ) = 0 (28) 

Q4: +!�0(ℎ) ∙ !�0(ℎ) + +!�0(ℎ) ∙ !�0(ℎ) − +!0(ℎ) ∙ !0(ℎ) = 0 (29) 

R1: +$�5(ℎ) ∙ $�5(ℎ) + +$�5(ℎ) ∙ $�5(ℎ) − +$5(ℎ) ∙ $5(ℎ) = 0 (30) 

R2: +$��(ℎ) ∙ $��(ℎ) + +$��(ℎ) ∙ $��(ℎ) − +$�(ℎ) ∙ $�(ℎ) = 0 (31) 

R3: +$5(ℎ) ∙ $5(ℎ) + +$�(ℎ) ∙ $�(ℎ) − +$�)7(ℎ) ∙ $�)7(ℎ) = 0 (32) 

R5: +$�,(ℎ) ∙ $�,(ℎ) + +$79:(ℎ) ∙ $79:(ℎ) − +$0(ℎ) ∙ $0(ℎ) = 0 (33) 

 
Considering that the unit costs of the entering flows are known, the unit cost of the junction’s product is 
directly obtained from the cost balance equation. 

 
Distributors: 

E3: ��� ∙ ��(ℎ) − +��)(ℎ) ∙ ��)(ℎ) − +��0(ℎ) ∙ ��0(ℎ) = 0 (34) 

Q3: +!�(ℎ) ∙ !�(ℎ) − +!�)(ℎ) ∙ !�)(ℎ) − +!�0(ℎ) ∙ !�0(ℎ) = 0 (35) 

R4: +$�)7(ℎ) ∙ $�)7(ℎ) − +$,8(ℎ) ∙ $,8(ℎ) − +$�,(ℎ) ∙ $�,(ℎ) = 0 (36) 

 
For the distributors, a generally accepted accounting principle, which states that the unit costs of the 
products from the same line are equal, is applied. The following auxiliary equations are thus obtained: 

+��)(ℎ) = +��0(ℎ) (37) 

+!�)(ℎ) = +!�0(ℎ) (38) 

+$�,(ℎ) = +$,8(ℎ) (39) 

 
Devices: 

AB: ��� ∙ ��(ℎ) − +!�(ℎ) ∙ !�(ℎ) = 0 (40) 

ACa: +!�)(ℎ) ∙ !�)(ℎ) − +$�5(ℎ) ∙ $�5(ℎ) = 0 (41) 

ECp: +��)(ℎ) ∙ ��)(ℎ) − +$��(ℎ) ∙ $��(ℎ) = 0 (42) 

 
The AB, ACa and ECp have only one product. In this case, the unit cost of the product is directly 
obtained from the cost balance equation, provided the unit costs of the consumed flows are known. The 
ACc and ECc also have only one product, but because they are inserted in the trigeneration subsystem the 
unit costs of their products are calculated differently, as will be explained below. 

 
As already mentioned, the trigeneration subsystem and the TES unit TS impose some issues to the cost 
allocation problem that have not been deeply studied in thermoeconomics so far, namely (i) the joint 
production of energy services in dynamic trigeneration systems; and (ii) the incorporation of a TES unit. 
These aspects are analyzed in detail in the next paragraphs. 

 
(i) Joint production in the trigeneration subsystem: 

The cost balance equation associated with the trigeneration subsystem is expressed by Eq. (43): 
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Tri-Sub: ��� ∙ ��(ℎ) − ��# ∙ �#(ℎ) + ��� ∙ !� (ℎ) − +.�0(ℎ) ∙ .�0(ℎ) − +!�0(ℎ) ∙ !�0(ℎ)
− +$�5(ℎ) ∙ $�5(ℎ) − +$��(ℎ) ∙ $��(ℎ) = 0 

(43) 

 
No cost was attributed to the dissipation of cogenerated heat Qcl to the ambient (rqcl = 0 €/kWh). 
Considering that the resources consumed by the trigeneration subsystem must be allocated to its useful 
cogenerated products (Wcd, Qcd, Rcq, Rce) three auxiliary equations are needed to determine their unit costs 
(cWcd, cQcd, cRcq, cRce). 

In accordance with the objective of promoting widespread acceptance of polygeneration systems in 
society through a fair cost-and-benefit apportionment of joint production costs, it was proposed to apply 
the same discount d to all products of the trigeneration subsystem with respect to a reference cost of the 
corresponding energy services production. In previous papers [27,28,34], the authors have applied the 
discount method in similar thermoeconomic analyses of trigeneration systems. 

G = 1 − +.�0(ℎ)/(+.))�� = 1 − +!�0(ℎ)/(+!))�� = 1 − +$�5(ℎ)/(+$))��
= 1 − +$��(ℎ)/(+$))�� 

(44) 

 
According to [29,31], the discount method, or benefit distribution method, is practicable for allocating 
variable costs because it results in sharing the benefits of joint production among all cogenerated 
products. Moreover, based on the cost allocation decision guide given in [32,40], the benefit distribution 
method can be justified under the fairness or equity criterion, which establishes that when several parties 
participate in a joint production process, an allocation procedure that satisfies all of them is required. 

In the present analysis, the final consumers are the owners of the trigeneration system and thus all of them 
must receive the benefits of the joint production, which should be translated as lower unit costs of energy 
services relative to the conventional separate production cost. Therefore, the reference costs considered 
herein correspond to the energy services production cost of the reference system, as presented in Section 
2.4. The three auxiliary equations are thus obtained from Eq. (44): 

+.�0(ℎ)/(+.))�� = +!�0(ℎ)/(+!))�� (45) 

+.�0(ℎ)/(+.))�� = 	+$�5(ℎ)/(+$))�� (46) 

+.�0(ℎ)/(+.))�� = +$��(ℎ)/(+$))�� (47) 

 
(ii) Incorporation of a TES unit: 

The cost allocation in the TS follows from the methodology developed in Section 0, which considers the 
interconnection between hourly periods through the TS as a charging and discharging network. 

As expresses Eq. (39), the unit cost of the charged cooling cRin is equal to the unit cost of the cooling 
produced cRpi in the hourly period. This reflects the fact that the energy stored in the TS may have 
different unit costs according to the hourly period in which it was produced. Considering that the penalty 
for energy wasting in the TS must be allocated to its useful products, no cost was allocated to the energy 
losses Rs (cRs = 0 €/kWh). The unit cost of the discharged cooling cRout was obtained by tracing the 
discharged flow back to its origin periods, as expresses Eq. (48). 

+$79:(ℎ) ∙ $79:(ℎ) = � +$,8(=) ∙ A�(=, ℎ)
?@�

 (48) 

 

4 Results and discussion 

The results obtained from the application of the cost allocation approach proposed in Section 3.2 to the 
simple trigeneration system are analyzed in subsection 4.1. Subsection 4.2 discusses the assessment of 
exergy-based unit costs. 
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4.1 Application of the proposed cost allocation approach 

The hourly unit costs of the internal flows and final products of the simple trigeneration system were 
obtained by solving the linear equation system proposed in Section 3.2 using the software EES 
(Engineering Equation Solver) [54]. The allocation proposal allowed to distribute the operation cost 
between the internal flows and final products of the system in each hourly period. The main unit costs 
obtained are presented in Table 5. 

Fig. 7 presents the hourly unit costs obtained for the final products of the trigeneration system and their 
respective reference costs (separate production costs defined in the previous Section). As can be seen, the 
hourly cEd, cQd, and cRd were always lower than their respective reference costs. The daily cEd, cQd, and 
cRd were 38%, 41%, and 36% cheaper than (cW)ref, (cQ)ref, and (cR)ref, respectively. 

The knowledge of the operational state of the system in each hourly period provides valuable insight into 
the unit cost analysis. For instance, the increase in the cEd from hours 9 to 13 and 17 to 22 is due to the 
purchase of electricity that takes place in those hours; in the case of the heat production, the cQd is higher 
at hours 10 and 20 because the share of conventional heat Qa in the total heat produced increases; the cRd 
increases from hour 17 to 21 as increases the share of cooling produced with purchased electricity Rpe. 
The cost formation process thus becomes evident, reflecting how the fluctuations in prices and quantities 
of resources consumed influence the unit costs of the internal flows and final products. 

Regarding the trigeneration subsystem, its operation cost (consumption of natural gas) and revenues (sale 
of cogenerated electricity to the grid) were allocated to the cogenerated products in an equitable manner. 
Fig. 8 presents the hourly unit costs of the cogenerated products, and their respective reference costs. It 
was verified that the unit costs of the cogenerated products were always lower than the associated 
reference costs; the discount d being, on average, about 44%. 

It is worth noting that even though the trigeneration subsystem has four cogenerated products (Wcd, Qcd, 
Rcq, and Rce), it does not mean that all four are produced in the same hourly period. For example, at hours 
8, 15 to 18, and 22 the four cogenerated products are produced, whereas at hours 2 to 6, 10, and 11 only 
two cogenerated products are produced. This affects the unit costs obtained, as the operation cost and 
benefits will be distributed between two, three, or four products. As can be seen from Fig. 8, when both 
Rcq and Rce are produced, their unit costs are the same; this follows from the application of the discount d 
(Eq. (44)), which considered the same reference cost (cR)ref to both types of cooling produced. 

The unit cost of the discharged energy cRout in each hourly period was determined from the 
interconnection between hourly periods through the TS. By knowing the origin periods of the discharged 
energy and the unit costs of the charged energy in those periods, the cRout could be assessed. Similar to 
Fig. 6, Fig. 9 shows the unit costs of the charged cRin and discharged cRout cooling, and of the associated 
pairs cIN and cOUT. 

As can be seen from Fig. 9, the unit costs of the discharged energy cRout were always lower than the 
reference cost of cooling (cR)ref, about 37% on average. Also, the unit cost of the discharged energy 
cOUT was always greater than that of the corresponding cIN. This is due to the energy losses along the 
path, which increase with the storage time. Therefore, the longer the storage time, the higher the increase 
in cOUT relative to cIN, which can also be interpreted as the penalty over cOUT due to energy wasting. 
For example, the energy discharged at hour 14 has been stored for, on average, 13 hourly periods, which 
implies an average penalty of 14% over the unit cost of the corresponding charged energy; on the other 
hand, the energy discharged at hour 19 has been stored for, on average, 6 hourly periods, which implies 
an average penalty of 6%. 

 
4.2 Exergy-based unit costs 
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Exergy is recognizably the most applied magnitude in thermoeconomic studies found in the academic 
literature. However, the discussion about what is the most appropriate base in which unit costs should be 
expressed (e.g. energy or exergy) is secondary to this study because whenever an unambiguous relation 
between two extensive magnitudes X and Y can be established, the unit costs base change from one to 
another is obvious: cy = cx · X/Y. When exergy flows are considered, the Carnot factor related to the 
temperature level of the heating and cooling loads must be defined. Therefore, the cost allocation 
methodology proposed herein can be solved regardless of energy- or exergy-based approach and the same 
equivalent results would be obtained. This is demonstrated in this subsection. 

First, the energy flows of the productive structure must be converted to exergy. In the case of the 
electricity, its exergy content is equal to its energy content. 

The exergy content Ex of heating can be obtained by multiplying its energy content En by the Carnot 
factor: 

�I
�� ≡ 1 − <K

<L
= 1 − 297

360 = 0.1750 (49) 

 
where, T0 is the reference ambient temperature (297 K) and TH is the average temperature for the heat 
(360 K). 

The exergy content Ex of cooling can be obtained by dividing its energy content En by the Carnot cycle 
COP: 

�I
�� ≡ <K

<T
− 1 = 297

280 − 1 = 0.0607 (50) 

 
where, TC is the average temperature for the cooling (280 K). 

The exergy content of the natural gas can be obtained by multiplying its energy content Fc by 1.0352, 
which corresponds to the ratio of its specific exergy 39,330 kJ/kg to its LHV (lower heating value) 37,991 
kJ/kg. In the case of the fuel-oil its exergy content can be obtained by multiplying its energy content Fa 
by 1.0616 (specific exergy 46,149 kJ/kg and LHV 43,472 kJ/kg). 

Secondly, the exergy-based prices of the energy resources consumed can be obtained by dividing the 
energy-based prices from Table 2 (electricity purchase pep, electricity sale pes, natural gas pfc and fuel-oil 
pfa) by the corresponding factor from the previous paragraph; in the case of the electricity, the exergy-
based price is equal to the energy-based one. 

The reference costs considered in this work (Section 2.4), related to the separate production of energy 
services, can also be assessed in terms of exergy by dividing the energy-based reference cost by the 
corresponding factor from Eq. 49 and 50: 

• Energy-based unit cost of the electricity 0.100 €/kWh � Exergy-based unit cost of the electricity 
0.100 €/kWh 

• Energy-based unit cost of the heat 0.025 €/kWh � Exergy-based unit cost of the heat 0.1429 €/kWh 

• Energy-based unit cost of the cooling 0.020 €/kWh � Exergy-based unit cost of the cooling 0.3294 
€/kWh 

Finally, the thermoeconomic model has been solved using the software EES [54], obtaining the hourly 
exergy unit costs of the internal flows and final products of the trigeneration system. The aggregated daily 
values of the energy and exergy flows and unit costs of the final products of the trigeneration system are 
presented in Table 6. Analogously, Table 7 compares the energy and exergy flows and unit costs of the 
trigeneration subsystem products. 

As can be seen, the final products, as well as the trigeneration subsystem products, present lower exergy-
based unit costs than the corresponding exergy-based reference costs. The discount d of the cogenerated 
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products being, on average, about 44%. Thus, it becomes clear that considering the base change from 
energy- to exergy-based unit costs, the results obtained are the same. This highlights the core issue 
approached in this work, which is not to discuss the base in which unit costs should be expressed (e.g. 
energy or exergy), but rather to propose fair criteria for the distribution of joint production costs among 
the final consumers. 

 

5 Conclusions 

The present paper has addressed the issue of allocating economic costs in simple trigeneration systems 
including TES for buildings of the residential-commercial sector. Appropriately defining the allocation 
method is important because the way in which allocation is made directly affects the unit costs of the final 
products obtained and, thus, they can inform and influence the consumers’ behavior. 

The purpose of this paper was to address two issues in thermoeconomics that have not been deeply 
studied so far: (i) the joint production of energy services in dynamic energy systems; and (ii) the 
incorporation of TES. This study is a follow-up to a previous paper [50], in which the optimal operation 
and the corresponding marginal costs of a simple trigeneration system including TES were obtained and 
analyzed. Taking the operational state of the system from Ref. [50] as a starting point, the 
thermoeconomic analysis of the simple trigeneration system was performed, obtaining the hourly unit 
costs of all internal flows and final products for a day of the year. 

The allocation proposal considered that the final products must share the benefits and inefficiencies of the 
combined production of energy services; this means that the income from selling electricity to the grid as 
well as the penalties of energy wasting (dissipated cogenerated heat and energy losses in the TS) must be 
attributed to the internal flows and final products. As originally proposed by Lozano et al. [27,28,34], 
allocation in joint production was made by applying a discount to the cogenerated products relative to a 
reference cost (in this case, the separate production cost). By decoupling energy service production from 
consumption, the TES allows the system to take advantage of the different operation conditions (e.g. 
available resources, energy prices, operation levels) of other hourly periods to achieve more interesting 
results in accordance with the objective of the analysis. Therefore, the presence of the TES unit adds a 
new dimension to the cost allocation problem, as it becomes necessary to know not only the device in 
which production takes place but also the hourly period. The cost allocation proposal explored the 
interconnection between hourly periods through the TES by considering a charging and discharging 
network. In this way, it was possible to trace the discharged energy flow back to its production period 
and, thus, connect the resources consumed to internal flows and final products. By knowing the unit cost 
of the charged energy, it was possible to determine exactly the unit cost of the discharged energy. 

The unit costs of the final products obtained were cheaper than the corresponding reference costs. In this 
way, the cost allocation proposal allowed the benefits of the trigeneration system to be distributed in a fair 
and equitable manner between the products of the system, promoting economic competitiveness and 
acceptability of consumers. 

It must be emphasized that this work was intended as a methodological-oriented paper aimed at 
presenting and discussing cost allocation proposals in trigeneration systems that promote a fair cost-and-
benefit apportionment of the joint production costs to the products obtained. Also, only operation costs 
have been considered. As stated in the title of the paper, the trigeneration system and the example 
developed herein are simple. Increasing the complexity of the model would not provide more relevant 
conclusions and would hide, to some extent, the clarity of the analysis.  

The application of the cost allocation methodology to a concrete scenario must take into consideration the 
following factors: (i) the size of the equipment/plant: economies of scale, technical parameters, energy 
prices varying as a function of the amount of energy resources consumed; (ii) the place in which the 
system is installed: economic policies and subsidies for the installation of cogeneration units, permission 
or not to sell the electricity produced to the electric grid, and (iii) the duration of the analysis: time span 
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(years, seasons, months, days) and temporal resolution (daily, hourly, minute basis). These aspects have 
been addressed in a previous paper [55], in which the thermoeconomic analysis of a trigeneration system 
including TES and renewable energy sources is developed; the analysis is carried out for the period of one 
year divided into 12 representative days, obtaining the energy, capital and total unit costs of the internal 
flows and final products of the system on an hourly, monthly and annual basis. Furthermore, the paper 
discusses the issue of the appropriate way to allocate the capital costs of the devices, with particular focus 
on the TES unit. 

Finally, the allocation proposal developed herein focused on the distribution of economic costs, however 
the same methodology could also be used for the allocation of other resources, such as CO2 emissions. 
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Nomenclature 

AB auxiliary boiler 

AC single-effect absorption chiller 

ACa virtual absorption chiller that consumes heat from the auxiliary boiler 

ACc virtual absorption chiller that consumes heat from the cogeneration module 

c unit cost of the flow (letter c is added to the name of energy flow) (€/kWh) 

CM cogeneration module 

COPe COP of mechanical chiller 

COPq COP of single-effect absorption chiller 

DC daily operation cost (€/day) 

EC mechanical chiller 

ECc virtual mechanical chiller that consumes electricity from the cogeneration module 

ECp virtual mechanical chiller that consumes electricity from the grid 

Ed electricity demand (kWh) 

Egrid net electricity exchanged with the electric grid, purchase is positive, selling is negative (kWh) 

Ep electricity purchased from the grid (kWh) 

Epd purchased electricity that attends the electricity demand (kWh) 

Epr purchased electricity that drives the mechanical chiller (kWh) 

Er electricity consumed by the mechanical chiller (kWh) 

Es electricity sold to the grid (kWh) 

Fa fuel-oil consumed by the auxiliary boiler (kWh) 

Fc natural gas consumed by the cogeneration module (kWh) 

HC hourly operation cost (€/h) 

IN energy flow that leaves the source node (kWh) 

NHP number of hours per period 

NP number of periods in the day 

OUT energy flow that enters the sink node (kWh) 

pep purchase price of electricity (€/kWh) 

pes selling price of electricity (€/kWh) 

pfa purchase price of fuel-oil (€/kWh) 

pfc purchase price of natural gas (€/kWh) 

Qa conventional heat produced by the auxiliary boiler (kWh) 

Qad conventional heat that covers the heat demand (kWh) 

Qar conventional heat that drives the absorption chiller (kWh) 

Qc cogenerated heat produced by the cogeneration module (kWh) 

Qcc cogenerated heat that is not dissipated (kWh) 

Qcd cogenerated heat produced by the trigeneration subsystem (kWh) 

Qcl dissipated cogenerated heat (kWh) 

Qcr cogenerated heat that drives the absorption chiller (kWh) 

Qd heating demand (kWh) 

Qmax maximum capacity of auxiliary boiler (kWh) 

Qr heat consumed by the single-effect absorption chiller (kWh) 

Raq cooling produced by the absorption chiller with conventional heat (kWh) 
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Rce cogenerated cooling produced by the mechanical chiller in the trigeneration subsystem (€/kWh) 

Rcq cogenerated cooling produced by the single-effect absorption chiller in the trigeneration subsystem (kWh) 

Rd cooling demand (kWh) 

Re cooling produced by the mechanical chiller (kWh) 

Re,max maximum capacity of mechanical chiller (kWh) 

Rin charged energy (kWh) 

Rout discharged energy (kWh) 

Rpe cooling produced by the mechanical chiller with purchased electricity (kWh) 

Rpi cooling produced and consumed in the hourly period (kWh) 

Rpro total cooling produced in the hourly period (kWh) 

Rq cooling produced by the single-effect absorption chiller (kWh) 

Rq,max maximum capacity of single-effect absorption chiller (kWh) 

rqcl unit cost of dissipated cogenerated heat (€/kWh) 

Rs energy losses (kWh) 

rs energy losses in each hourly period along a path (kWh) 

RTS cooling exchanged with the thermal energy storage unit, charge is positive, discharge is negative (kWh) 

Srf stored energy at the end of hourly period (kWh) 

Sri stored energy at the beginning of hourly period (kWh) 

TS thermal energy storage unit 

Vmax maximum capacity of thermal energy storage unit (kWh) 

Wc cogenerated electricity produced by the cogeneration module (kWh) 

Wcc cogenerated electricity that is not sold (kWh) 

Wcd cogenerated electricity produced by the trigeneration subsystem (kWh) 

Wcr cogenerated electricity that drives the mechanical chiller (kWh) 

Wmax maximum electricity capacity of cogeneration module (kWh) 

(cQ)ref reference cost considered for heat (€/kWh) 

(cR)ref reference cost considered for cooling (€/kWh) 

(cW)ref reference cost considered for electricity (€/kWh) 

Greek letters 

αq thermal efficiency of cogeneration module 

αw electrical efficiency of cogeneration module 

δ1 share of heat that covers the heat demand in proportion to the total heat demanded 

δ2 share of electricity that attends the electricity demand in proportion to the total electricity demanded 

ηq thermal efficiency of auxiliary boiler 

τTS energy loss factor of the thermal energy storage unit (h-1) 

Acronyms 

CCHP combined cooling, heating and power 

CHP combined heat and power 

COP coefficient of performance 

EES Engineering Equation Solver 

EU European Union 

FIFO first in first out 

LCA life cycle assessment 
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LHV lower heating value 

LP linear programming 

TAT thermally activated technology 

TES thermal energy storage 
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Fig. 1: Simple trigeneration system including TES 
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Fig. 2: Reference system 
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Fig. 3: Trigeneration subsystem 
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Fig. 4: Productive structure of the simple trigeneration system 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

28 
 

 

Fig. 5: Charging and discharging network 
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Fig. 6: Interconnection between charging and discharging periods through the TS – energy flows 
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Fig. 7: Hourly unit costs of the final products of the simple trigeneration system and reference costs 

  

0.000

0.020

0.040

0.060

0.080

0.100

0.120

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

U
ni

t 
co

st
 (€

/k
W

h)

Electricity

cEd (cW)ref

0.000

0.005

0.010

0.015

0.020

0.025

0.030

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1920 21 22 23 24

U
ni

t 
co

st
 (€

/k
W

h)

Heat 

cQd (cQ)ref

0.000

0.005

0.010

0.015

0.020

0.025

0.030

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

U
ni

t 
co

st
 (€

/k
W

h)

Cooling

cRd (cR)ref



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

31 
 

  

 
Fig. 8: Hourly unit costs of the cogenerated products and reference costs 
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Fig. 9: Interconnection between charging and discharging periods through the TS – unit costs (€/kWh) 
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(13,19)

(23,14)

(24,14)

cRin(h)

(7,17)

(8,17)

(9,17)

(12,17)

(13,17)

(4,15)

(5,15)

(5,16)

(6,16)

(7,16)

(1,14)

(2,14)

(3,14)

(3,15)
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Table 1: Technical parameters and capacity limits of the trigeneration system’s devices 

Device Technical parameters Capacity limits 

Cogeneration Module (CM) 
αw = Wc/Fc = 0.35 

αq = Qc/Fc = 0.40 
Wmax = 350 kW 

Auxiliary Boiler (AB) ηq = Qa/Fa = 0.80 Qmax = 400 kW 

Absorption Chiller (AC) COPq = 0.625 Rq,max = 250 kW 

Electric Chiller (EC) COPe = 5 Re,max = 250 kW 

Thermal Energy Storage (TS) τTS = 0.01 h-1 Vmax = 2000 kWh 
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Table 2: Energy prices, in €/kWh 

Purchased electricity Sold electricity Natural gas Fuel-oil 
pep = 0.100 pes = 0.080 pfc = 0.025 pfa = 0.020 

 
 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

35 
 

Table 3: Optimal operation of the system. Energy flows in kWh and HC in € 

Hour Ed Qd Rd Egrid Fc Wc Wcc Qc Qcc Qcl Fa Qa Qr Rq Er Re RTS Rs Srf HC 

1 253.6 168.4 0.0 -96.4 1000 350 253.6 400 400 0 0.0 0.0 231.6 144.8 0.0 0.0 144.8 2.4 385.7 17.3 

2 247.0 0.0 0.0 -103.0 1000 350 247.0 400 400 0 0.0 0.0 400.0 250.0 0.0 0.0 250.0 3.9 631.9 16.8 

3 241.7 0.0 0.0 -108.3 1000 350 241.7 400 400 0 0.0 0.0 400.0 250.0 0.0 0.0 250.0 6.3 875.6 16.3 

4 237.7 0.0 0.0 -112.3 1000 350 237.7 400 400 0 0.0 0.0 400.0 250.0 0.0 0.0 250.0 8.8 1116.8 16.0 

5 253.6 0.0 0.0 -96.4 1000 350 253.6 400 400 0 0.0 0.0 400.0 250.0 0.0 0.0 250.0 11.2 1355.6 17.3 

6 262.9 0.0 0.0 -87.1 1000 350 262.9 400 400 0 0.0 0.0 400.0 250.0 0.0 0.0 250.0 13.6 1592.1 18.0 

7 286.8 168.4 0.0 -63.2 1000 350 286.8 400 400 0 0.0 0.0 231.6 144.8 0.0 0.0 144.8 15.9 1720.9 19.9 

8 324.0 244.0 0.0 -6.1 1000 350 343.9 400 400 0 0.0 0.0 156.0 97.5 19.9 99.4 196.9 17.2 1900.6 24.5 

9 377.1 378.0 0.0 27.1 1000 350 350.0 400 400 0 0.0 0.0 22.0 13.7 0.0 0.0 13.7 19.0 1895.3 27.7 

10 468.7 570.5 0.0 118.7 1000 350 350.0 400 400 0 213.1 170.5 0.0 0.0 0.0 0.0 0.0 19.0 1876.3 41.1 

11 494.0 446.8 0.0 144.0 1000 350 350.0 400 400 0 58.5 46.8 0.0 0.0 0.0 0.0 0.0 18.8 1857.6 40.6 

12 454.1 309.3 0.0 104.1 1000 350 350.0 400 400 0 0.0 0.0 90.7 56.7 0.0 0.0 56.7 18.6 1895.7 35.4 

13 369.1 202.8 0.0 19.1 1000 350 350.0 400 400 0 0.0 0.0 197.2 123.3 0.0 0.0 123.3 19.0 2000.0 26.9 

14 325.3 405.5 719.8 0.0 1000 350 350.0 400 400 0 6.9 5.5 0.0 0.0 24.7 123.4 -596.4 20.0 1383.6 25.1 

15 313.4 319.6 644.0 0.0 1000 350 350.0 400 400 0 0.0 0.0 80.4 50.2 36.6 183.2 -410.6 13.8 959.1 25.0 

16 338.6 299.0 698.2 0.0 1000 350 350.0 400 400 0 0.0 0.0 101.0 63.1 11.4 57.0 -578.0 9.6 371.5 25.0 

17 414.3 240.6 614.4 112.4 1000 350 350.0 400 400 0 0.0 0.0 159.4 99.7 48.1 240.7 -274.0 3.7 93.7 36.2 

18 468.7 299.0 359.0 168.7 1000 350 350.0 400 400 0 0.0 0.0 101.0 63.1 50.0 250.0 -45.8 0.9 47.0 41.9 

19 452.8 405.5 296.5 152.8 1000 350 350.0 400 400 0 6.9 5.5 0.0 0.0 50.0 250.0 -46.5 0.5 0.0 40.4 

20 455.5 508.6 243.3 154.1 1000 350 350.0 400 400 0 135.8 108.6 0.0 0.0 48.7 243.3 0.0 0.0 0.0 43.1 

21 418.3 405.5 247.9 117.8 1000 350 350.0 400 400 0 6.9 5.5 0.0 0.0 49.6 247.9 0.0 0.0 0.0 36.9 

22 361.2 319.6 177.0 36.5 1000 350 350.0 400 400 0 0.0 0.0 80.4 50.2 25.3 126.7 0.0 0.0 0.0 28.7 

23 308.1 240.6 0.0 -41.9 1000 350 308.1 400 400 0 0.0 0.0 159.4 99.7 0.0 0.0 99.7 0.0 99.7 21.6 

24 273.5 168.4 0.0 -76.5 1000 350 273.5 400 400 0 0.0 0.0 231.6 144.8 0.0 0.0 144.8 1.0 243.4 18.9 

Day 8400.0 6100.0 4000.0 364.3 24,000 8400 7608.8 9600 9600 0 428.0 342.4 3842.4 2401.5 364.3 1821.5 223.0 223.0 22,302.0 660.8 
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Table 4: Virtual flows of the productive structure and distribution parameters. Energy flows in kWh 

Hour Wcd Wcr Epd Epr Qcd Qcr Qad Qar Rce Rpe Rcq Raq Rpro Rpi δ1 δ2 

1 253.6 0.0 0.0 0.0 168.4 231.6 0.0 0.0 0.0 0.0 144.8 0.0 144.8 0.0 0.42 1.00 

2 247.0 0.0 0.0 0.0 0.0 400.0 0.0 0.0 0.0 0.0 250.0 0.0 250.0 0.0 0.00 1.00 

3 241.7 0.0 0.0 0.0 0.0 400.0 0.0 0.0 0.0 0.0 250.0 0.0 250.0 0.0 0.00 1.00 

4 237.7 0.0 0.0 0.0 0.0 400.0 0.0 0.0 0.0 0.0 250.0 0.0 250.0 0.0 0.00 1.00 

5 253.6 0.0 0.0 0.0 0.0 400.0 0.0 0.0 0.0 0.0 250.0 0.0 250.0 0.0 0.00 1.00 

6 262.9 0.0 0.0 0.0 0.0 400.0 0.0 0.0 0.0 0.0 250.0 0.0 250.0 0.0 0.00 1.00 

7 286.8 0.0 0.0 0.0 168.4 231.6 0.0 0.0 0.0 0.0 144.8 0.0 144.8 0.0 0.42 1.00 

8 324.0 19.9 0.0 0.0 244.0 156.0 0.0 0.0 99.4 0.0 97.5 0.0 196.9 0.0 0.61 0.94 

9 350.0 0.0 27.1 0.0 378.0 22.0 0.0 0.0 0.0 0.0 13.7 0.0 13.7 0.0 0.95 1.00 

10 350.0 0.0 118.7 0.0 400.0 0.0 170.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.00 1.00 

11 350.0 0.0 144.0 0.0 400.0 0.0 46.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.00 1.00 

12 350.0 0.0 104.1 0.0 309.3 90.7 0.0 0.0 0.0 0.0 56.7 0.0 56.7 0.0 0.77 1.00 

13 350.0 0.0 19.1 0.0 202.8 197.2 0.0 0.0 0.0 0.0 123.3 0.0 123.3 0.0 0.51 1.00 

14 325.3 24.7 0.0 0.0 400.0 0.0 5.5 0.0 123.4 0.0 0.0 0.0 123.4 123.4 1.00 0.93 

15 313.4 36.6 0.0 0.0 319.6 80.4 0.0 0.0 183.2 0.0 50.2 0.0 233.4 233.4 0.80 0.90 

16 338.6 11.4 0.0 0.0 299.0 101.0 0.0 0.0 57.0 0.0 63.1 0.0 120.1 120.1 0.75 0.97 

17 313.6 36.4 100.7 11.7 240.6 159.4 0.0 0.0 182.2 58.5 99.7 0.0 340.4 340.4 0.60 0.90 

18 316.3 33.7 152.5 16.3 299.0 101.0 0.0 0.0 168.7 81.3 63.1 0.0 313.1 313.1 0.75 0.90 

19 315.2 34.8 137.6 15.2 400.0 0.0 5.5 0.0 174.0 76.0 0.0 0.0 250.0 250.0 1.00 0.90 

20 316.2 33.8 139.2 14.9 400.0 0.0 108.6 0.0 168.9 74.4 0.0 0.0 243.3 243.3 1.00 0.90 

21 312.9 37.1 105.4 12.5 400.0 0.0 5.5 0.0 185.4 62.4 0.0 0.0 247.9 247.9 1.00 0.89 

22 327.0 23.0 34.1 2.4 319.6 80.4 0.0 0.0 114.8 12.0 50.2 0.0 177.0 177.0 0.80 0.93 

23 308.1 0.0 0.0 0.0 240.6 159.4 0.0 0.0 0.0 0.0 99.7 0.0 99.7 0.0 0.60 1.00 

24 273.5 0.0 0.0 0.0 168.4 231.6 0.0 0.0 0.0 0.0 144.8 0.0 144.8 0.0 0.42 1.00 

Day 7317.4 291.4 1082.6 72.9 5757.6 3842.4 342.4 0.0 1456.9 364.6 2401.5 0.0 4223.0 2048.5 0.61 0.96 
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Table 5: Hourly unit costs of selected internal flows and final products of the trigeneration system, in €/kWh 

h 
Final products Trigeneration subsystem products Other internal flows Stored energy  

cEd cQd cRd cWcd cQcd cRcq cRce cQa cEpr cRpe cRe cRq cRpro cRin cRout cSrf 
1 0.0533 0.0133 - 0.0533 0.0133 0.0107 - - - - - 0.0107 0.0107 0.0107 - 0.0110 

2 0.0564 - - 0.0564 - 0.0113 - - - - - 0.0113 0.0113 0.0113 - 0.0112 

3 0.0560 - - 0.0560 - 0.0112 - - - - - 0.0112 0.0112 0.0112 - 0.0113 

4 0.0557 - - 0.0557 - 0.0111 - - - - - 0.0111 0.0111 0.0111 - 0.0113 

5 0.0569 - - 0.0569 - 0.0114 - - - - - 0.0114 0.0114 0.0114 - 0.0114 

6 0.0576 - - 0.0576 - 0.0115 - - - - - 0.0115 0.0115 0.0115 - 0.0115 

7 0.0557 0.0139 - 0.0557 0.0139 0.0112 - - - - - 0.0112 0.0112 0.0112 - 0.0116 

8 0.0578 0.0144 - 0.0578 0.0144 0.0116 0.0116 - - - 0.0116 0.0116 0.0116 0.0116 - 0.0117 

9 0.0591 0.0140 - 0.0559 0.0140 0.0112 - - - - - 0.0112 0.0112 0.0112 - 0.0118 

10 0.0668 0.0172 - 0.0556 0.0139 - - 0.0250 - - - - - - - 0.0120 

11 0.0685 0.0151 - 0.0556 0.0139 - - 0.0250 - - - - - - - 0.0121 

12 0.0669 0.0143 - 0.0570 0.0143 0.0114 - - - - - 0.0114 0.0114 0.0114 - 0.0122 

13 0.0609 0.0147 - 0.0588 0.0147 0.0118 - - - - - 0.0118 0.0118 0.0118 - 0.0123 

14 0.0556 0.0140 0.0124 0.0556 0.0139 - 0.0111 0.0250 - - 0.0111 - 0.0111 - 0.0126 0.0123 

15 0.0568 0.0142 0.0121 0.0568 0.0142 0.0114 0.0114 - - - 0.0114 0.0114 0.0114 - 0.0125 0.0124 

16 0.0572 0.0143 0.0124 0.0572 0.0143 0.0114 0.0114 - - - 0.0114 0.0114 0.0114 - 0.0126 0.0123 

17 0.0683 0.0145 0.0128 0.0581 0.0145 0.0116 0.0116 - 0.1000 0.0200 0.0137 0.0116 0.0131 - 0.0125 0.0122 

18 0.0711 0.0143 0.0135 0.0572 0.0143 0.0114 0.0114 - 0.1000 0.0200 0.0142 0.0114 0.0137 - 0.0124 0.0124 

19 0.0691 0.0140 0.0136 0.0556 0.0139 - 0.0111 0.0250 0.1000 0.0200 0.0138 - 0.0138 - 0.0125 - 

20 0.0691 0.0163 0.0138 0.0556 0.0139 - 0.0111 0.0250 0.1000 0.0200 0.0138 - 0.0138 - - - 

21 0.0668 0.0140 0.0134 0.0556 0.0139 - 0.0111 0.0250 0.1000 0.0200 0.0134 - 0.0134 - - - 

22 0.0609 0.0142 0.0120 0.0568 0.0142 0.0114 0.0114 - 0.1000 0.0200 0.0122 0.0114 0.0120 - - - 

23 0.0558 0.0139 - 0.0558 0.0139 0.0112 - - - - - 0.0112 0.0112 0.0112 - 0.0112 

24 0.0548 0.0137 - 0.0548 0.0137 0.0110 - - - - - 0.0110 0.0110 0.0110 - 0.0111 

Day 0.0620 0.0147 0.0127 0.0563 0.0141 0.0113 0.0113 0.0250 0.1000 0.0200 0.0130 0.0113 0.0120 0.0113 0.0126 0.0118 
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Table 6: Daily energy and exergy flows and unit costs of the final products 

Final products Energy, kWh Unit energy cost, €/kWh Exergy, kWh Unit exergy cost, €/kWh 
Ed 8400.0 0.0620 8400.0 0.0620 
Qd 6100.0 0.0147 1067.5 0.0838 
Rd 4000.0 0.0127 242.9 0.2095 
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Table 7: Daily energy and exergy flows and unit costs of the trigeneration subsystem products 

Trigeneration subsystem 
products 

Energy, 
kWh 

Unit energy cost, 
€/kWh 

Exergy, 
kWh 

Unit exergy cost, 
€/kWh 

Wcd 7317.4 0.0563 7317.4 0.0563 
Qcd 5757.6 0.0141 1007.6 0.0803 
Rcq 2401.5 0.0113 145.8 0.1859 
Rce 1456.9 0.0113 88.5 0.1862 
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 Cost allocation of joint production in a dynamic trigeneration system is addressed 
 A novel cost allocation approach for thermal energy storage is proposed 
 The interconnection between charging and discharging hourly periods is explored 
 The cost of discharged energy was traced back to its origin period 
 The hourly unit costs of the internal flows and final products are obtained 

 

 

 

 


