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Abstract
This paper firstly studies the influence of variations in fuel tariffs and
greenhouse gas emissions of the grid electricity on the financial and
environmental metrics, demonstrating divergences when considered alone.
Secondly, a combined economic and environmental objective function is
proposed, yielding a good compromise between both concerns. Real data
are available from a Brazilian Northeast building where electricity, heat
(hot water), and cooling are important for comfort and well-being. When
addressing the bicriteria optimization, consideration of 20% of one metric
enormously improved the overall result, with only slightly worsening the
other metric. This is possible because the optimization scheme can choose
from a rich pool of physical and operational scenarios.
Keywords: combined cooling heat and power; greenhouse gases;
economics; sustainable production; net present value.
1. Introduction
Trigeneration systems are equipment arrangements responsible for the supply of three energy
services, which could be heat, cooling, and electricity. The choice of equipment and the system's
topology depends on the hourly variation of demands, tariffs, and technical characteristics. Above all,
the topology depends on the purpose of the optimization, which can be the maximization of profit or
minimization of environmental emissions. The issue is that financial and environmental metrics seem
to be irreconcilable. Electricity consumption in buildings of tropical locations can lead to high
economic costs due to air conditioning needs [1]. The high humidity and temperature levels can be
challenging when focusing on thermal comfort. Combined cooling, heat, and power energy systems
can be a sustainable and reliable way to supply energy to different consumer centers [2]. The most
common energy sources in urban areas are fossil fuel lines and public electricity distribution grids, but
decentralized renewable energy resources can also be available, such as wind and solar [3], and
biomass [4]–[6]. The choice of equipment and the operational settings strongly depend on the
daily/seasonal patterns of energy, capital costs of equipment, energy tariffs and technical
characteristics of the equipment [7]. Nevertheless, the final topology of an energy system depends
primarily on the purpose of the optimization problem. It is common to use the First and Second Laws

of thermodynamics to analyze the technical behavior and financial viability of systems aiming to meet
the energy demands in different areas, such as: the food industry [7], sugar factory [8], [9], public
buildings [10], and the textile industry [11].
Within Linear Programming (LP) problems, Mixed Integer Linear Programming (MILP) has
been successfully used to optimize combined energy systems [12], as it shown in Urbanucci [13]
where a critical discussion about the advantages and drawbacks of using MILP for optimization was
presented, and also, Algieri et al. [14] proposing a novel MILP optimization model for an energy
system where the primary energy savings and overall efficiency enhanced by integrating conventional
and renewable energy sources. Regarding Brazilian optimization studies, thermoeconomic
optimization defined the best waste heat recovery scheme by using ORC as a part of the systems.
From the scientific literature review carried out, it has been demonstrated that several works
have developed energy, financial and environmental analyses [2]. Some existing studies even aimed at
optimizing trigeneration plants, using methods such as linear programming, and taking technical and
economic parameters into account to verify the system's viability [7]. However, there is a clear need to
develop and demonstrate a tool capable of assisting in the decision-making of trigeneration system
projects, considering aspects such as location, energy and socio-economic policies, and the country's
energy matrix. This has not yet been discussed with real applications and results. Therefore, this study
proposes an optimization tool that combines financial and environmental aspects to guarantee
technical-economic feasibility. It is important to emphasize the lack of studies on this subject,
especially considering actual consumption data. The main innovation of this work is the optimization
model that is scalable and adaptable to scale and finds the best way to operate trigeneration systems.
This study contributes by providing critical results to improve the generation of electricity, heat, and
cooling for buildings, considering financial and environmental aspects.
2. Modeling and Optimization for the Trigeneration System
2.1. Description of the Trigeneration System
The combined energy system proposed herein meets the electricity, cooling and heating
demands of an office building located in the Brazilian Northeast. Connections are available to the
natural gas fuel line and electrical grid. The pieces of equipment available are: a power generator,
three boilers (electric, natural gas, and heat recovery), and two chillers (compression and absorption),
as depicted in Fig. 1a. EP is the electrical distributor. The electric grid (EG) can meet the electricity
demand (ED) directly, or indirectly satisfy the heating and cooling demands, through the electric
boiler (EB) and compression chiller (CC), respectively. The fuel line (FL) is connected to the power
generator (PG), which can generate electricity. The exhaust gases of PG are harnessed by the heat
recovery boiler (RB) to generate steam. There is a steam manifold to combine the shares of steam
produced by RB, EB, and the gas boiler (GB), also connected to FL. The steam manifold can meet the
heating demand (HD) and supply the absorption chiller (AC). AC and CC supply the building with
cooling (CD). There are five types of lines: Fuel (F), Steam (S), Cold Water (CW), Exhaust Gas (EG)
and Electricity (E). Each one is indicated in the Fig. 1a by the initial letter and there is also a number
indicative which was used in the simulations.

Fig. 1a: Generic floor of the building.
Fig. 1b: Flowchart of the numerical procedure.
Figure 1. Generic floor and flowchart of the numerical procedure
Real data of equipment and energy demands of a building located in the Brazilian northeast
were used; that is, this model is valid for real situations of energy generation and can be applied to
other cases, provided that the model developed is well fed with the correct information. All the data
used in the simulation are available in tables from 1 to 5 and equations from 1 to 6. This model is an
adaptable system. At the beginning of the simulations, it is possible to choose the objective function,
that is, whether the cost or emission of pollutants will be optimized. Thus, the percentage of use of
each piece of equipment will depend on each simulation, the type of demand, and energy and fuel
prices.
2.2. Optimization Problem
2.2.1. Governing Equations
The equations that govern the optimization problem are the objective function (which takes into
account financial and environmental indices) and the restriction equations.
The objective function to be maximized (NPVcomb, Equation (1)), combines financial (NPVfin)
and environmental (NPVenv) indices and a financial-environmental factor, αFEF. When αFEF = 1 a
financial optimization is carried out, while αFEF = 0 indicates an environmental optimization.
Intermediate αFEF values are used for the combined optimization.
(
)
(1)
The optimization problem contains six discrete and not evenly spaced variables (the rated power
of the main equipment, Ni, as seen in Equation 6.), 2736 continuous variables (referring to the 19
energy arrows in Fig.1a, nlines; throughout 144 different hours, nt), subjected to 2880 restrictions (20
restrictions for each hour).
Equation (2) shows the Financial Net Present Value.
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In Equation (2), the first term is the total cost of building the system, obtained by multiplying
the coefficients representing the specific investment cost, kfin,bd,i [$/kW] by the rated power of each
equipment, Ni [kW] (From Fig. 1a: PG, GB, RB, EB, AC, CC). Table 1 shows the specific investment
cost for each piece of equipment [15]–[17]. The second term of Equation 2 is the operational value of
the system, which accounts for the costs of the monthly consumption of fuel and electricity (negative

terms) and the financial returns for supplying the demands and selling the exceeding electricity
produced (positive terms).
Table 1. Specific investment cost coefficient.
Equipment
Power Generator (PG)
Gas Boiler (GB)
Recovery Boiler (RB)

Equipment
Electric Boiler (EB)
Absorption Chiller (AC)
Compression Chiller (CC)

[$/kW]
500
90
200

[$/kW]
90
516
400

The coefficient
is the fuel tariff,
the on-peak electricity tariff,
is
the off-peak electricity tariff. The two last coefficients,
, and
, are the tariffs for
“selling” the internal energy flows, respectively, in the form of steam and chilled water. The electricity
tariff is given by the local concessionaire and the tariffs of steam and chilled water are considered as
the cost of production of these utilities by conventional equipment, Table 2 [18]–[20].
Table 2. Energy tariffs.
Coefficient

Value [$/kWh]

Coefficient

Value [$/kWh]

1.66x10-8

0.06

0.13

0.20

0.06

0.20

0.13

In Equation (2), the vector
is 1 for the high demand period and = 0 during the low demand
period, and the vector
indicates the number of monthly hours represented by time period t. For
example, if the day is divided in 24 time periods, and if a certain time t represents a period in a
weekday, thus = 21 (21 weekdays periods of one such hour in a month). The term μfin represents the
correction of the number of months, known as the present value factor. The correction is necessary due
to the market interest rate (σ) along the total life time of the project (mt months), as shown in Equation
(3).
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mathematical form as NPVfin.
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The first term stands for the GHG emissions associated with equipment (Table 3) and the
second terms refers to the operational GHG emissions, throughout the lifetime of the system. These
values were obtained from a Life Cycle Assessment carried out within Simapro 9.0.0.49 [21], using
the Ecoinvent database version 3.5 [22], and IPCC 2013 GWP 100y methods [23], which quantifies
and groups the GHG emissions in a common metric (CO 2-eq) throughout a time horizon of 100 years.
Table 3. GHG emission factors associated with each piece of equipment.
Equipment
Power Generator (PG)
Gas Boiler (GB)
Recovery Boiler (RB)

[kg CO2-eq/kW]
24
53
21

Equipment
Electric Boiler (EB)
Absorption Chiller (AC)
Compression Chiller (CC)

[kg CO2-eq/kW]
53
311
20

Regarding natural gas (kenv,fuel=0.250 kg CO2-eq/kWh), the process includes the production and
distribution network, plus combustion, for a representative Brazilian process. For the grid electricity
(kenv,el.high=0.259 kg CO2-eq/kWh and kenv,el.low=0.259 kg CO2-eq/kWh), the generation mix considers
71.80% hydroelectricity, 16.70% thermoelectric, 8.30% wind, 2.70% nuclear, and 0.50% solar.

In opposition to the financial analysis, where the financial values must be corrected in time by
the present value factor, the monthly GHG emission must be multiplied by the number of months of
the operation, as follows:
(5)
The optimization method chooses the values of the six discrete variables, Ni, among the rated
powers given in Equation (6a-6f), Table 4. All the 2736 continuous variables are bounded in the
positive domain (Equations 7a-7b), as all pieces of equipment have only one physically possible
energy direction.
Table 4. Modeling Equations
NGB = {0, 90, 180, 550, 1100, 1600, 2000}
NPG = {0, 70, 140, 500, 950}
NRB = {0, 70, 140, 500, 950}
1<t<nt
(
1<t<nt

)

(6.a)
(6.b)
(6.c)
(7.a)
(8)
(10)

NEB = {0, 70, 140, 500, 950}
NAC = {0, 281.4, 527.6}
NCC = {0, 281.4, 527.6}
1<i<nlines ; 1<t<nt
1<t<nt

(6.d)
(6.e)
(6.f)
(7.b)
(9)
(11)

1<t<nt
1<t<nt
1<t<nt
1<t<nt

(12)
(14)
(16)

1<t<nt

(18)

1<t<nt
1<t<nt
1<t<nt
1<t<nt

(20)
(22)
(24)
(26)

1<t<nt
1<t<nt

(13)
(15)
(17)

1<t<nt

(19)

1<t<nt

1<t<nt
1<t<nt
1<t<nt
1<t<nt

(21)
(23)
(25)
(27)

For each time period, the continuous variables, x i,t, are furtherly submitted to 20 restrictions
depending on equipment efficiencies (Equations (8 – 16)), energy conservation (Equations (17 -18)),
energy demands (Equations (19 – 21)) and rated powers (Equations (22 -27)). Fixed values were
employed for the equipment.
The power generator is subjected to Equations (8) and (9), which represent the portion of the
fuel’s energy transferred to the hot gases (Equation (8)) and the electric power produced by the
generator in each time interval (Equation (9)).
The distribution panel that combines the electric power from the grid and the generator is
modelled by Equation (10).
Equation (11) represents the energy flows of the steam manifold, taking into account its
efficiency,
.
The specific efficiencies of the three boilers, Equations (12 – 14), relate inlet and outlet:
The COPs of both chillers, Equations (15 – 16), relates their cooling power with the power
consumption.
Equation (17) shows that the exhaust gases produced by the power generator, x 4,t, are used by
the recovery boiler, x6,t, or else evacuated to the atmosphere, x 5,t.
The electricity not used by the compression chiller or the electric boiler can be exported to the
electric grid, x11,t, or used to meet the demand, x12,t, as expressed by Equation 18.
The demand vectors were obtained a priori by Magnani et al. [47], for chilled water (Wt),
electricity (Et) and steam (St), and satisfied by Equations (19 – 21).
The last 864 (= 6 equations x 144 different hours, t) inequality restrictions, Equations (22 – 27),
restrict the produced power of each piece of equipment to its rated power.

A hybrid method is employed, based on Magnani et al. [24], which consisting of five
steps:
Step 1: proposal of the generic system. In this paper, the generic system is presented in
Fig. 1a, so the optimal system will always be a subsystem of the generic one.
Step 2: pre-selection of the equipment. Selection of the possible rated powers for each
main equipment, as given by Equation (6).
Step 3: permutation. Creation of all the possible permutation of equipment given by
Equation (6), in this case 7875 (=7.5.5.5.3.3).
Step 4: linear programming. The choice of specific values for Ni is made through the
presented linear programming model, where an objective function is optimized, based on
physical and energy constraints. In this paper, we performed 7,875 linear optimizations.
Step 5: choice of the best case. In this step the best NPVcomb is selected, among all the
optimizations of step #4.
Please note that step #3 is related to the design of the system (definition of its topology),
while step #4 relates to its operation. Thus, step #5 integrates both the design and operation
optimization of the system. The computational model optimized 5472 energy flow variables
from 7875 cases in an approximate time of 16300 seconds.
2.2.2. Financial and Environmental Indices
For each design configuration and operational settings, it is possible to quantify two metrics for
the system: the Financial Net Present Value (NPVfin) and the Environmental Net Present Value
(NPVenv). It is really important to know if the initial monetary investment will be paid off, and the
same applies to the embedded emissions within the energy system.
The first part of the algorithm used in this work calculates the initial investment for each
scenario. The second part optimizes each operation for each scenario, taking into account the energy
demands and costs involved. The calculation of was shown in section 3.1.
Some variables are used to verify the impact of a specific variable on the metric, and this type of
analysis is crucial to see what happens if fuel tariffs increase or electricity prices decrease, for
example. The prices are not static, and with NPV metrics it is possible to see the impact throughout the
years.
3. Numerical Proceeding of the Modeling

The process only starts after inserting an input dataset and choosing the α factor to weight the
financial and environmental objectives, as show in Fig. 1b. After all possible cases are generated, the
linear programming model starts to optimize the operation of all cases by maximizing the objective
function, respecting the constraints of the optimization problem. The option with the highest objective
function value is selected, resulting in two decision variables: the best topology (configuration) and its
best operation.
4. Results and Discussion

The objective of this work was to show that the model developed works and meets the need for
dimensioning and optimization of operation in a dynamic way, where it would be possible to know
how the system will operate in the period determined at the beginning of the simulation. The next
phase would be to determine the most critical factors in the choice of equipment and forms of

operation through sensitivity analysis, bringing more critical information for the decision-making of
whoever uses the developed model. One of the concerns of our work is the performance of the chillers,
in this case, the absorption chiller. Chiller load is a concern for the deployed system. However, it was
only observed the total chiller load. Hence, it was considered three case studies. The first verify the
influence of the fuel tariff on the maximal financial objective, NPVfin (αFEF=1). Then the influence of
GHG emissions from the electric grid is verified by optimizing the system for a minimum absolute
value of environmental NPVenv (αFEF=0). Finally, the influence of the financial-environmental factor
(αFEF) is tested by optimizing the energy system with NPVcomb.
4.1. Influence of the Fuel Tariff on the Optimal Financial Systems
The general layout illustrated by Fig. 2 is used to present the results. The x-axis refers to the
factor being varied, in this case the percentage increase or decrease (βfuel) of the fuel tariff. The right yaxis is the NPVfin, in this case the primary optimized curve, presented by a continuous line, and the left
y-axis is NPVenv, the secondary measured value, presented by a dotted line. In Fig. 2, it can be
observed that when the fuel tariff is near zero the system is quite profitable as it is exporting the
maximum amount of surplus electricity. On the other hand, NPVenv is too low because of fossil fuel is
used to feed the equipment that are working to attend the energy demand. Also, can be seen in Fig. 2, a
point where those two lines intersect. At this point, there is a balance between the two metrics studied.
In works like Gao et al. [25] and Dabwan and Pei [26], those two metrics are studied separately and it
is hard to connect the relationship between these two variables, and also in Melo et al. [27], it was
possible to find solutions that had a huge environmental commitment with small financial losses.

Fig. 2. Influence of the fuel tariff on the optimal systems considering NPV fin (αFEF=1).
Fig. 3 presents the electrical operation of the system with βfuel = 0 for a representative day. (a)
represents the input of electricity into the system and (b) represents the output of electricity. It is
observed that all electricity input comes from the power generator in X7 (power in energy flow
number 7 in Fig. 1) and the largest amount of this electricity will be sold in X20 (power in energy flow
number 20 in Fig. 1).

Fig. 3. electrical operation of the system. (a) represents the input of electricity into the
system and (b) represents the output of electricity

The profitability drops sharply as the fuel price increases. Table 4 indicates which equipment is
chosen in each βfuel range regarding the optimization of the financial net present value (NPVfin).
Table 4. Physical configurations for the optimal financial systems when the fuel tariff
varies (βfuel).
Rated Power [kW]

βfuel
Lower

Upper
0.0
0.5
1.0

0.49
0.99
2.5

NPG

NGB

NRB

NEB

NAC

NCC

950
950
0

1100
0
550

140
950
0

0
0
0

527
281
0

0
281
527

From the analysis of Fig. 3, Fig. 4 and Table 4, as the price of fuel increases and the system
starts to rely more on electrical equipment, there is a decrease in GHG emissions. This occurs because
the Brazilian electricity mix is comprised mostly of hydroelectricity, with low associated GHG
emissions. The great variation in the equipment selected in the optimization process highlights the
importance of including all possible energy conversion technologies, other works, such as
Mohammadi et al. [29], and also Melo et al. [30] emphasizes this.
4.2. Influence of the GHG Emissions from the Electricity Grid on the Optimal Environmental
Systems
Fig. 4a shows the results of the environmental optimization, varying the GHG emissions of the
electric grid (base value multiplied by βemis). As the GHG emissions of the grid vary, the dotted line
shows the optimized NPVenv (GHG released) and the solid line indicates the monitored NPVfin. βemis =1
represents a grid based majorly on hydroelectricity. The curve indicates that as the GHG emissions of
the grid increase, the less profitable the system becomes. Table 5 indicates which equipment is chosen
for each βemis range.

4 (a)
4 (b)
Fig. 4a. Influence of the GHG emissions of the electric grid on the optimal environmental
systems NPVenv (αFEF=0). 4b. Influence of the financial-environmental factor (αFEF) on systems
optimized for the combined metric NPVcomb (base case, βfuel=βemis=1).
The profitability drops sharply as the fuel price increases. Table 4 indicates which equipment is
chosen in each βfuel range regarding the optimization of the financial net present value (NPVfin). Table
5 indicates that as the GHG emissions associated with the electric grid increase, the optimal system
will rely less on electrical equipment, increasing the operation costs of the system.

Table 5. Physical configurations for the optimal environmental systems when β emis varies.
Rated Power [kW]

βemis
Lower

Upper

NPG

NGB

NRB

NEB

NAC

NCC

0.0

1.9

0

550

0

0

0

527

2.0

3.9

500

550

500

0

0

527

4.0

10.0

950

550

950

0

281

527

4.3. Influence of the Financial-Environmental Factor (αFEF) on the Optimal Systems Optimized
by the Combined Metric NPVcomb
It is necessary to choose well which parameter will be used to optimize the results, as can be
seen in Melo et al. [27]. This topic analyzes the influence of the choice of the factor that defines
whether the analysis will be environmental, financial or partial, in a combined NPV. Fig. 4a shows the
effect of αFEF on the optimal systems. In Fig. 4b, when αFEF = 0 and αFEF = 1 there is the same amount
of GHG emissions and financial values. This happens because the system does not change with αFEF.
In other words, a change in αFEF did not result in an adaptation of the configuration or operation of the
system, demonstrating the resilience of the system. Table 6 shows the system for all αFEF values and
their respective NPVfin and NPVenv value.
Table 6. Physical configurations for the optimized systems with financial-environmental factor
(αFEF). Rated powers in kW, net present values in millions of US$/kg of CO2-eq.
αFEF
0-1

NPG

NGB

NRB

NEB

NAC

NCC

NPVfin

NPVenv

0

550

0

0

0

527.6

1.1E8

-9.2E7

Hou et al. [31] evaluated a conventional Combined Cooling, Heat and Power (CCHP) system
and a hybrid energy distributed generation system, proposing a new operation strategy in the
optimization process. Their results indicated that the conventional CCHP system could reduce 15.2%
of CO2 emissions when compared to an operation strategy following the thermal load (FLT - widely
used in non-linear optimization processes).
The results of section 4.1 show that, as the fuel tariff increases, the system becomes less
polluting, replacing fuel-consuming equipment with equipment that consumes electricity from the
grid, with low GHG emissions. As a result, the system is less profitable as there is no monetization
associated with the reduction of GHG emissions in the model. It could be possible to obtain
environmental and financial advantages with CCHP systems if legal aspects take into account a
financial benefit related to a reduction in GHG emissions. The optimization of CCHP systems is sitedependent and directly related input data, such as hourly-seasonal energy demands and equipment
parameters (technical, financial and environmental). Local regulations can affect the connection to the
electric grid, but there is also a strong influence of local energy tariffs and climate data. In this context,
Ren et al. [32] proposed multi-objective optimization to study different types of buildings in China,
considering financial and environmental aspects. The results indicated that the configuration and
operation of the systems are closely related to the type of building considered.
Section 4.2 focused on the GHG emissions associated with the electric grid. It was observed that
any investments directed to maintain a low-carbon electric mix are financially worthwhile as this also
reduces the capital costs of the CCHP. In Brazil, the electricity mix is predominantly renewable,

consisting mainly of hydroelectricity. However, when water crises occur, fossil fuels are employed to
meet energy demands, obviously increasing the GHG emissions of the electric grid. According to the
Atlas of Brazilian Wind Potential [33] hydroelectricity and wind electricity are complementary. The
addition of wind energy to the electric mix promotes enhanced seasonal stability in the supply of lowcarbon electricity in Brazil [34], [35].
Section 4.3 showed that the solution of the linear programming problem yielded a conventional
system, consisting of a vapor compression chiller that met the cooling demand, a gas boiler that met
the demand of heat, and the electricity demand was met directly by the electric grid. Although the
model enables several optimal solutions, the method found a global solution, resilient to the α FEF
change, which weighs the financial and environmental objective.
National incentive policies could be formulated to incentivize and prioritize high-efficiency
solutions. Espirito Santo et al. [36] suggested using the metric of primary energy savings (PES) to
compare combined energy systems with conventional, centralized thermal plants. The authors also
suggest that Brazil could establish an energy program to increase the efficiency of centralized thermal
plants and use this target to define combined energy scheme incentives. A threshold value of PES
could be formulated and incorporated within optimization problems.
Finally, the consideration of combined energy systems is very important to support the energy
transition, and this cascading use of energy has proven benefits from financial and environmental
viewpoints. However, the adoption of combined energy systems has been undoubtedly underexplored
as it was described in Marques et al. [37], especially in Brazil. As mentioned, combined energy
systems can and must be part of energy efficiency solutions to enhance economic competitiveness,
providing more affordable energy services, and reducing environmental impacts.
5. Conclusion
The optimal global solution consisted of a conventional system, constituted by a gas boiler and
compression chiller to meet the heat and cooling demands, respectively, while the electricity demand
was met directly by purchasing electricity from the grid. It was observed that as the fuel tariff
increases, the system becomes less financially profitable and less polluting. This occurs because the
solution of the optimization problem replaces natural gas-equipment with electrical equipment, and
relies more on the electricity grid, which is predominantly renewable in Brazil. When evaluating the
variation in the GHG emissions associated with the electricity grid, an increase in grid emissions
results in lower economic benefits. Investments in low-carbon energy generation schemes should be
incentivized, as herein economic benefits were realized (with decreases in the capital costs of the
energy system).
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Nomenclature

Ni - power of the respective equipment i (kW)

AC - absorption chiller
CC - compression chiller
CCHP - combined cooling heat and power
EB – electric boiler
ED - electricity demand
EG - electric grid
PG - power generator
FL - fuel line
GB - gas boiler
RB - recovery boiler
HD - heat demand
CD - cold water demand

NPVcomb - Net Present Value
NPVfin – Financial Net Present Value
NPVenv - Environmental Net Present Value
t - characteristic time interval
X1,t - power on line 1 at characteristic time interval t
X2,t - power on line 2 at characteristic time interval t
X3,t - power on line 3 at characteristic time interval t
X4,t - power on line 4 at characteristic time interval t
X5,t - power on line 5 at characteristic time interval t
X6,t - power on line 6 at characteristic time interval t
X7,t - power on line 7 at characteristic time interval t
X8,t - power on line 8 at characteristic time interval t
X9,t - power on line 9 at characteristic time interval t
X10,t - power on line 10 at characteristic time interval t
X11,t - power on line 11 at characteristic time interval t
X12,t - power on line 12 at characteristic time interval t
X13,t - power on line 13 at characteristic time interval t
X14,t - power on line 14 at characteristic time interval t
X15,t - power on line 15 at characteristic time interval t
X16,t - power on line 16 at characteristic time interval t
X17,t - power on line 17 at characteristic time interval t

Variables

βele - variable that multiplies the electricity tariff.
βfuel - variable that multiplies the fuel tariff
COPAC - performance coefficient of the absorption chiller
COPCC - performance coefficient of the compression chiller
σ - interest rate
Kenv,bd,i - environmental coefficient of the respective equipment i (kgCO 2eq/kW)
Kenv,el,hight - peak hour environmental coefficient (kgCO 2-eq /kWh)
Kenv.el.low – off-peak environmental coefficient (kgCO2-eq /kWh)
Kfin,el,hight - peak hour electricity tariff ($/kWh)
Kfin.el.low – off-peak electricity tariff ($/kWh)
Kfin,fuel - fuel tariff ($/kWh)
Kenv,fuel - fuel emission tariff (kgCO2-eq /kWh)
Kfin,bd,i - investment cost coefficient of the respective equipment i ($/kW)
mt - lifetime of the system (months)

X18,t - power on line 18 at characteristic time interval t
X19,t - power on line 19 at characteristic time interval t
μ - present value factor.
EB - efficiency of the electrical boiler
PG,el - electrical efficiency of the engine-generator set
PG,th - thermal efficiency of the engine-generator set
RB - efficiency of the recovery boiler
GB - efficiency of the gas boiler
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