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Abstract

Trigeneration is the combined production of heating, cooling and power from the same source of energy. In this paper,
the operation of a simple trigeneration system is analyzed. The system is interconnected to the electric utility grid, both
to receive electricity and to deliver surplus electricity. For any given demand required by the users, a great number of
operating conditions are possible. The operational mode with the lowest variable cost is obtained through a linear
programming model. Three different approaches to determine the costs of internal flows and final products of the
simple trigeneration systems are presented: marginal costs corresponding to optimal operation, costs obtained when
production costs are distributed to the final products according to their market prices, and internal costs corresponding
to a thermoeconomic analysis of the operation mode of the system. As expected, the costs obtained with the approaches
mentioned are different and it can be concluded that there are no general rules to decide which approach is best: it

depends on the issue under investigation.
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1. Introduction

Over a long period of time, cogeneration has been
contributing significantly and cost-effectively to economic
competitiveness, environmental friendliness and security of
energy supply for the industrial sector (Horlock, 1987,
EDUCOGEN, 2001). To expand the benefits of cogeneration
to the buildings sector, the EU Cogeneration Directive
(European Union, 2004) explicitly refers to the Buildings
Directive (European Union, 2003) which establishes that for
new buildings with a total usable space area over 1000 m?,
the technical, environmental and economic feasibility of
alternative energy systems, such as cogeneration, must be
considered and taken into account before construction starts.

Starting from the same source of energy — for example,
natural gas — cogeneration (CHP) provides heating and power
that can meet energy needs of large commercial buildings and
city districts. Combining cogeneration with heat-driven
absorption chillers, the heat demand can be extended into the
summer months to match cooling loads. This is of particular
interest for Mediterranean countries (TRIGEMED, 2003).

Trigeneration (CHCP) systems constitute of a variety of
technologies (Lindenberg et al., 2000; Chicco and
Mancarella, 2006; Li et al., 2006; Wu and Wang, 2006). Two
fundamental issues should be addressed in the design of
trigeneration plants for buildings (Yokoyama et al., 1994;
Serra et al., 2008), the synthesis of the plant configuration
(number and capacity of equipment for each type of
technology employed) and the operational planning (strategy
concerning operational state of the equipment, energy flow
rates, purchase/selling of electricity, etc.). For new plants
these issues are not independent, but for existing plants the
operational strategy is the only concern.

For the sake of clarity, this paper only deals with the
analysis of the operation of simple trigeneration systems. As
shown in Figure 1, a simple trigeneration system consists of:
i) a cogeneration module which includes the prime mover
(gas turbine, reciprocating engine, etc.) converting the fuel

energy to shaft power, an alternator which transforms
mechanical to electric power, and a heat recovery system, ii)
an absorption chiller, that converts heat into cold water, and
sometimes: iii) an auxiliary boiler, iv) an electric driven
chiller.

In a competitive energy market scenario, profitability of
the operation of simple trigeneration systems depends on the
capacity and performance of the installed technologies, fuel
and electricity prices (subject to high wvariability and
volatility). There are also great daily and seasonal variations
of quantities demanded of energy services in buildings. For a
given demand several operating conditions are possible. To
minimize variable cost a continuously adjusting of operating
conditions is required in reaction to changing demands and
market conditions.

In management, cost accounting is the process of
tracking, recording and analyzing costs associated with the
products or activities of a plant. Managers use cost
accounting to support decision making to reduce a company's
costs and improve its profitability. In energy systems with
several products such as trigeneration plants, it is often
critical to know how much of the costs should be attributed to
each product (El-Sayed and Gaggioli, 1989). Appropriate
cost assessment criteria are essential to promote rational and
efficient energy services production and consumption.

In this paper the thermoeconomic analysis of simple
trigeneration systems is accomplished based on three
different approaches for cost assessment: i) analysis of
marginal costs, ii) valuation of products applying market
prices, and iii) internal cost calculation. The different costs
obtained with different approaches were analyzed along with
their specific applications, which depend on the issue to be
solved.

The optimal operation of the simple trigeneration system
was obtained using a linear programming model and unit
costs of internal flows and final products for all three
approaches were calculated and compared.
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Figure 1. Schematic Diagram of the Simple Trigeneration System.

2. Trigeneration System
2.1 Functional Aspects

The purpose of the trigeneration system shown in Figure
1 is to attend the demand of different energy services
(electricity, Eg4; heating, Qg; and cooling, Ry) of a consumer
center. The trigeneration system consists of the following
productive units: a cogeneration module CM (providing heat,
Q., and work, W,), an auxiliary boiler AB (providing heat,
Q.), an absorption chiller AC (providing cooling, Ry, and
driven by heat, Q,) and a vapor compression chiller EC
(providing cooling, R., and driven by electricity, E,).

Demands will always be met either by the trigeneration
system productive units or with the help of purchased
electricity from the electric grid (E,). There is also the
possibility of selling electricity (Es) to the market. A fraction
(Q)) of the cogenerated heat could be wasted. Wasted heat
permits the operation of the cogeneration module to match
the demand of the consumer center or to realize profits by
selling surplus electricity produced to the market. The
consumer has the freedom to decide how the system operates
to minimize costs.

Table 1. Technical Parameters.

Unit Efficiency Nominal capacity
ni
coefficient [kW]

o, = W/F,=0.35
CM Wenom = 350

0q = Q/F.=0.40
AB Ng = Q«/F,=0.80 Qa nom= 400
AC COP, =R /Q,=0.625 Ry nom= 250
EC COP.=R.E,=5.0 Re nom= 250
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2.2 Technical Aspects

Table 1 shows the technical data of the trigeneration
system productive units. All of the units can operate either at
part load or full load, assuming constant values of efficiency
coefficients.

2.3 Economical Aspects

Fuel and electricity were the only significant variable
costs considered, and cogenerated heat could be wasted
without cost, i.e., rg = 0. Table 2 summarizes the prices of
energy flows interchanged with the market.

Table 2. Energy Prices [€/kWh].

pep pes pfc pfa
0.100 0.080 0.025 0.020
3. Optimal Operation

Optimal operation for the simple trigeneration system is
obtained by solving a linear programming model. The model
was solved using the LINGO modelling language and
optimizer (LINDO Systems, 2007), a commercial software
package for solving optimization problems. The objective
function to be minimized in the linear model is the operation
variable cost [€/h]:

CH = pgFe + prFa + Pep Ep - PesBs +147Q (D
subject to the following constraints:

Capacity limits

CM: We < Wenom @)
AB: Qa = Qanom 3)
AC: Ry < Rgnom 4)
EC: Re < Renom 5)
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Production restrictions

CMw:  oyF.-W.=0 (6)
CMg:  ogF.-Q.=0 (7
AB: mgF,-Q,=0 ®)
AC: COP;Q;-Ry=0 ©)
EC: COP.E;-R.=0 (10)
Balance equations

S: We-We-E=0 (11)
P: W+ E,-Eq-E, =0 (12)
L: Qc-Qec- Q=0 (13)
0 Qo t Qa-Qa-Qr=0 (14)
R: Ryt R.-Ry=0 (15)
Demand constraints (Example C1)

ED: Eq4=400 kW (16)
OD: Qq =400 kW 17)
RD: R4 =400 kW (18)

Given the energy demands to be satisfied, LINGO
determines the feasible operation state with minimum
variable cost.

The group of operation states can be classified in 9
different operation modes, considering the values of
purchased electricity (E;), sold electricity (Es), auxiliary heat
(Q.) and waste heat (Q;). These operation modes are shown in
Table 3.

Summary of the results (flows and hourly costs) for
optimal operation states corresponding to operation modes
Ci, C3, Cy and Cy are shown in Table 4.

4. Thermoeconomic Analysis

Thermoeconomics launches an intensive analysis dose on
the design and operation concepts of energy conversion
systems for the purpose of revealing opportunities of energy
and cost savings (El-Sayed, 2003). Thermoeconomic
methods are powerful tools for the analysis (Tsatsaronis and
Winhold, 1985; Lozano and Valero, 1993b), diagnosis
(Lozano et al., 1994; Arena and Borchiellini, 1999) and
optimization (von Spakovsky and Evans, 1990b; Lozano et
al., 1996) of energy conversion systems.

According to Gaggioli (1983) the objectives of
thermoeconomic cost accounting are: 1) to determine the
actual cost of products, 2) to provide a rational basis for
pricing products, 3) to provide a means of controlling
expenditures, and 4) to form a basis for operating decisions
and the evaluation thereof.

In this paper, thermoeconomic cost accounting of simple
trigeneration systems is accomplished based on three
different approaches: i) analysis of marginal costs, ii)
valuation of products applying market prices, and iii) internal
costs calculation.

The analysis of thermoeconomic costs was carried out for
example Cl in Tables 3 and 4. The demands of the three
energy services (electricity, heating and cooling) are equal to
400 kW. The energy flows corresponding to the operation
with minimum variable cost are shown in Figure 2. The
variable cost is CH =41 €/h.
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Table 3. Operation Modes.

E,> 0 E,=0 E,=0
E,=0 E,=0 E,>0
8; 8 C Cy C,
87:8 G Cs Cy
oo c; Cs &

Table 4. Optimal Operation (Examples).

Cl C3 C7 C9
Eq kW 400 400 200 200
Qu kW 400 100 600 100
Ry kW 400 100 100 100
E, kW 100 50 0 0
E, kW 0 0 130 150
F, kW 1000 1000 1000 1000
F, kW 300 0 250 0
W, kW 350 350 350 350
Q. kW 400 400 400 400
Wee kW 350 350 220 200
E, kW 50 0 20 0
Q kW 0 140 0 140
o kW 400 260 400 260
Q, kW 240 0 200 0
Q. kW 240 160 0 160
R, kW 150 100 0 100
R, kW 250 0 100 0
CH €h  41.00 3000 19.60  13.00

4.1 Marginal Costs

The LINGO solution report for the model presented in the
previous section also gives a dual price figure for each
constraint.

The dual price can be interpreted as the amount by which
the objective function would increase as the right-hand side,
or constant term, of the constraints is increased by one unit.
In the model all constraints refer to energy flows. If a
constraint expresses the produced quantity of a flow, then its
dual price can be interpreted as the marginal cost of this flow.

Table 5 shows the results provided by LINGO for the
marginal costs (L) corresponding to the final products (dual
prices of demand constraints). The marginal cost of internal
flows can also be obtained from the dual prices
corresponding to the other constraints (See Figure 3).

Table 5. Marginal Cost of Final Products.

MEq) 0.100 €/kWh
MQu) 0.025 €/kWh
ARy 0.040 €/kWh
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Dual prices and marginal costs are important for two
reasons: 1) to identify which operation constraint could be
changed to improve the solution, and 2) to react
automatically when external operational circumstances
change. Marginal costs, in particular, have important
information for design and operation optimization of energy
systems (Ranade and Robert, 1987; Frangopoulos, 1987; von
Spakovsky and Evans, 1990a; Hui, 2000; Quelhas et al.,
2000).

Figure 3 explains graphically the meaning of the marginal
costs obtained for the final products in example C1; i.e., how

the components of the plant must be operated in order to
produce an additional unit of the final products. For example,
if an additional unit of electricity is necessary, it will be
purchased directly from the electric grid at the price of
purchased electricity (pe,). The marginal cost both of Q4 and
Q: is the unit cost of producing heat Q, in the boiler (ps/ng).
Finally, the marginal cost of Ry is the unit cost of producing
cooling in the absorption chiller driven by heat produced in
the boiler [(ps/14)/COP].

Pep —iL2 100
Pee—ttn 0
| N
:F E; 400
Pe—ro001 M
| F,
Pn—=50 AB A Qa 400
AC EC
> Ry 400
Rq[150 R. 250
©
Figure 2. Energy flows.
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Figure 3. Marginal Costs.
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4.2 Valuation Based on Market Prices

When an external reference is imposed on value products,
for example market prices 1 (see Table 6), the average costs
of products B will be assigned based on that reference.

Table 6. Market Prices [€/kWh].

T g U
0.100 0.030 0.050

The hourly cost to obtain the final products of the
trigeneration system when considering reference prices is

CH,p = mEq + nq'Qd + 7Ry

(19)

In a trigeneration system properly designed and operated,
there will be cost savings in production when compared to
the same quantity of products obtained at market prices. As a
consequence, the discount d defined as:

d= (CHyt— CH)/CHep = 1 — CH/ CHy¢ (20)

will be positive. A fair criterion to distribute CH among the
final product consumers is that all of them receive the
discount derived from the combined production, i.e., the
following unit cost will be assigned to the products:

B() == (1-d) 1)

Production costs CH are thereby distributed to final
products according to the economic value of those products.

Table 7 displays the costs, obtained for the final products
of the simple trigeneration system operating in example C1,
which are different from the marginal costs shown in Table 5.

Table 7. Cost of Final Products.

CH 41.00 €/h
CHref 72.00 €/h
d 0.4306 -
B(Eq) 0.0569 €/kWh
B(Qa) 0.0171 €/kWh
B(Ry) 0.0285 €/kWh

Note that costs based on market prices are always
conservative

CH = B(Eq)'Eq + B(Qa) Qa + P(Ra) Ry (22)
but marginal costs, in general, are not:
CH # MEq)Ed + MQa)Qa + A (Rg) Ry (23)

4.3 Internal Costs

In energy systems, resources are used up to provide
certain qualities to the internal flows until the desired final
products are obtained. Thermoeconomic analysis allows the
cost formation process to be transparent throughout the
system, from energy resources to final products. Obtaining
unit costs of internal flows and products of energy systems is
a cornerstone of several thermoeconomic approaches that
have been presented in the literature (Tsatsaronis and
Winhold, 1985; El-Sayed and Gaggioli, 1989; Lozano and
Valero, 1993a; Serra et al., 1995; Lazzaretto and Tsatsaronis,
2000).

The conservation of costs, as a first principle, is common
to all thermoeconomic approaches (all costs from resources
consumed in a production unit must be charged to its useful
products). Cost balances are explicitly formulated and
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external resources used in the production process are valued
at the prices at which they were purchased. Applying the
condition of cost conservation to the trigeneration system
studied, the following equations are obtained:

CM: PrcFe = cwe We + €4 Q. (24)
AB: puFa=cuQ (25)
AC: cerQr=cyRyq (26)
EC: Ca'Er=cre'Re 27
S: Cue'We = Cee Wee + pesEs (28)
P Cwee' Wee T Pep'Ep = CerEr + Ceq'Eqg 29
L: Cqe' Qe Tqr Q1 = Cgee'Qec (30)
0 Cqec'Qee + Cqa"Qa = €rQr T €44 Qq (€29)
R CrgRgt ce’Re = crg'Ry (32)

Considering that the operating state of the plant is known,
then all energy flows, market prices for fuel and electricity
(see Table 2 for pg, Pras Peps Pes) and the unit price entailing
waste heat (here it was considered that ry = 0) are also
known; consequently, there are 12 unit costs of internal flows
and final products to be calculated: cyc, Cyecs Ceors Ceds Cqer Cqees
Cqas Cqr> Cqds Crg» Cre> aNd Crq. As the system is described using 9
equations with 12 variables, 3 auxiliary equations are needed.

The development of generally applicable rules for the
formulation of auxiliary costing equations has been a subject
of discussion among the different thermoeconomic
approaches. An accepted rule, either explicitly or implicitly,
is that the unit cost of several flows obtained from a
homogeneous flow is the same. Applying this rule to the
branching points (P and Q in Figure 1), two more auxiliary
equations are obtained:

P: Cer = Ced (33)

0: Cqr = Cqd (34)

Note that this rule cannot be applied to branching points S
and L. In S, the system is interacting with the economic
environment and the cost of sold electricity, E;, is set by its
market price. In L, Q, is the wasted heat that is not consumed
and therefore no cost is assessed.

One more auxiliary costing equation is needed and it must
define how production costs in the cogeneration module
(psFc) should be attributed to its products: heat (cq'Q.) and
work (cwe'W,). Our thesis is that a rational distribution of
costs toward the products (in order to promote rational and
efficient energy services’ production and consumption) must
consider the nature of the optimal operation mode, which is
clearly determined by the economic environment and the
variable energy demands of the system. This implies that
different operation modes, as shown in Table 3, require
different auxiliary equations. In operation mode C, electricity
is purchased (E, > 0) at a price p., and the auxiliary boiler is
required to produce heat (Q, > 0) at a unit cost cg,. It is
proposed to assign unit costs to the products of the
cogeneration module in proportion to the cost of its
alternative production. Therefore, the auxiliary equation for

operation mode C; is as follows:
Cl: Cwe / Pep = Cqc / Cqa (35)

Hence now there are 12 equations and 12 unknown unit
costs. The unit costs shown in Figure 4 are obtained by
solving the equation system (24)-(35).
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Figure 4. Internal Costs.

5. Conclusions

A thermoeconomic analysis of a simple trigeneration
system was presented, considering different cost assessment
methods.

One of the main issues encountered when calculating the
costs of internal flows and products in trigeneration plants
installed in buildings is the variation of energy services’
demands. The minimal operation variable cost of the entire
system was evaluated by a linear programming model. The
model was applied to very different energy services’
demands and the results show how different the operation
modes for a simple trigeneration system can be. A greater
sophistication of the optimization model, using non linear
production restrictions and binary variables limiting both the
minimum load of the productive units and the on/off status,
would provide more precise results but, generally, these
conclusions would still prevail.

For example, corresponding to the optimal operation
mode with purchase of electricity and assistance of an
auxiliary boiler, three different approaches to determine the
costs of internal flows and final products of simple
trigeneration systems were presented: marginal costs
corresponding to optimal operation, costs obtained when
production costs are distributed to the final products
according to their market prices, and internal costs
corresponding to a thermoeconomic analysis of the operation
mode of the system.

The costs obtained with the approaches mentioned were
different and it can be concluded that there are no general
rules to decide which approach is best: it depends on the issue
to be solved. The dual prices obtained in the optimization
process were interpreted as marginal costs of internal flows
and products and are useful to react automatically when
external operational circumstances change, i.e. energy
demand. Costs based on market prices are a fair criterion to
distribute production costs among final product consumers,
so that all of them receive the same discount from the market
price. Internal costs permit the following of the cost
formation process throughout the system, from the energy
resources to final products.
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Nomenclature

c Internal cost [€/kWh]

CH Cost [€/h]

Eq Demanded electricity [kW]

E, Purchased electricity [kW]

E, Work input to electric chiller [kW]

E, Sold electricity [kW]

F. Boiler fuel [kW]

F. Cogeneration module fuel [kW]

Pta Price of boiler fuel [€/kWh]

Pre Price of engine fuel [€/kWh]

pep  Price of purchased electricity [€/kWh]

pes  Price of sold electricity [€/kWh]

Q. Heat from auxiliary boiler [kW]

Q. Cogenerated heat [kW]

Q.. Consumed cogenerated heat [kW]

Qq Demanded heat [KW]

Q Waste heat [kW]

Q: Heat to absorption chiller [kW]

Ry Cooling demand [kW]

R. Cooling from electric chiller [kW]

R, Cooling from absorption chiller [kW]
.  Cogenerated work [kW]
Consumed cogenerated work [kW]
External cost [€/kWh]
Marginal cost [€/kWh]
e Market reference price for E4 [€/kWh]
T Market reference price for Qq [€/kWh]
T, Market reference price for Ry [€/kWh]
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