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Abstract: This paper proposes a mathematical model based on mixed integer linear programming
(MILP). This model aids the decision-making process in local generation use and demand response
application to power demand contract adequacy by Brazilian consumers/prosumers. Electric energy
billing in Brazil has some specificities which make it difficult to consider the choice of the tariff
modality, the determination of the optimal contracted demand value, and demand response actions.
In order to bridge this gap, the model considers local generation connected to the grid (distributed
generation) and establishes an optimized solution indicating power energy contract aspects and the
potential reduction in expenses for the next billing period (12 months). Different alternative sources
already available or of interest to the consumer can be considered. The proposed mathematical model
configures an optimization tool for the feasibility analysis of local generation use and, concomitantly,
(i) checking the tariff modality, (ii) revising the demand contract, and (iii) suggesting demand response
actions. The presented result shows a significant reduction in the energy and power expenses,
which confirms the usefulness of this proposal. In the end, the optimized answers promote benefits
for both, the consumer/prosumer and the electric utility.

Keywords: demand response; distributed generation; alternative sources; demand contract;
optimization tools; mixed integer linear programming

1. Introduction

Electricity is a fundamental input for the development of society and a recurrent governmental
concern in several countries is to ensure an adequate energy supply. The projections for generation and
consumption presented by research agencies indicate that the energy supply may not be enough to
meet demand without generation system expansion [1,2]. Thus, adding alternative sources (distributed
generation) to the energy grid and performing a rational energy use management are worldwide
strategic objectives [3].

At the end of the 1970s, the concept of demand side management (DSM) was introduced in the
USA as a way of trying to guarantee an adequate supply of electricity [4]. The electricity utility acted
directly on consumers, switching loads on/off, according to the need. This switching occurred either
during peak consumption hours (e.g., from 6:00 p.m. to 9:00 p.m.) or at peak demand times.

In a complementary way to DSM, the prosumer (a consumer who also produce its own energy)
can also aid to attenuate peak demand in the electrical system through the technique known as
demand response (DR) [5,6]. In DR, a (bio)diesel generator set, for example, can be used to supply the
consumption during on-peak hours [7]. If the cost of diesel generation (fuel plus maintenance) is less
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than the charged tariff, consumers reduce electricity costs and stop using the grid in greater demand
energy hours, which is also beneficial for the public utility (electric company).

The generated electricity can meet the consumer’s own demand and the surplus energy (if any) can
be injected into the utility’s grid [8], bringing financial benefits to the consumer/prosumer (according to
the specific legislation applied by each country). In this way, the government and utilities can postpone
or reduce the need to invest in new, large generating plants or to expand the electrical system [9].

The present study takes into account the tariff structure and consumers in Brazil identified as
“A Group” (powered at high voltage), who must pay for both electricity consumption and contracted
power demand [10]. Energy contracts should be analyzed with reference to the last annual data of
consumption and measured demand.

Considering distributed generation, alternative sources can be used to reduce electricity
consumption, especially during on-peak hours, when the utility’s energy tariff is more expensive.
In addition, alternative sources can be used to perform the peak shaving, that is, to provide energy
to loads in order to supply the demand when peak demand occurs [7]. With the peak shaving
execution throughout the day, the maximum registered demand value can be reduced and, in this way,
the contracted demand value by the consumer can be optimally revised, reducing the overall energy cost.

1.1. Introduction to the Cluster of Articles and Contributions of this Paper

The energy contract determination and the viable use of demand response (DR) policies are
important aspects tied to the overall energy costs of consumers. Each cited aspect is a problem to be
investigated and solved as discussed hereafter.

According to Chen and Liao [11], the electricity contract determination is a frequent problem faced
by industrial customers. The authors propose a solution procedure based on a linear programming
model, which seeks a globally optimal solution for contract determination. The proposed model uses
less computation time when compared to a meta-heuristic approach.

The authors Ding et al. [12] propose a demand response (DR) model for industrial installations
management using mixed integer linear programming (MILP). Tasks are divided into schedulable and
non-schedulable ones, and distributed generation resources are used to implement DR actions. Based on
the energy price, the model determines the scheduling of tasks to change the demand from peak periods
(high cost from utility’s electricity) to off-peak periods (with lower cost). The proposed scheduling not
only reduces energy costs for consumer units, but also improves the utility grid reliability.

According to Gholian et al. [13], while most household appliances operate independently, industrial
units are highly interdependent and must follow certain operational sequences, which can take several
days, involving several batch cycles. The authors developed a mixed integer linear programming
model which, in addition to controlling a group of loads, also considers the use of local renewable
energy generation and energy storage.

In a complementary view to Gholian et al. [13], the work presented by Lindberg et al. [14] analyzed
the potential and limitations for using demand side management in 15 industries in Sweden, in different
areas such as cellulose and paper, cement, steel, refrigeration, and refineries. A common limitation
presented is that most processes work better if they are executed at constant speed (in a sequential
system) and without stops. As a conclusion, the authors presented that DSM could be scarcely used.
The application potential was less than they expected, and its effective application could be not easy.
The authors pointed out that alternative policies that allow the studied industrial systems to work
without constraints in electrical supply can be of great value.

An alternative to decrease the energy consumption from utility during peak hours is the use of
local power generation (distributed generation). According to Martins et al. [15], diesel generator sets
traditionally used for power generation in stand-by mode, can be used in parallel with the grid to meet
the consumer’s demand during peak hours. This operation, known as peak shaving, reduces expenses
for the consumer (if diesel generation has a lower cost than the utility energy cost) and helps to reduce
the system overload in times of greater demand.
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1.2. Paper Novelty

In Brazil, as will be detailed in Section 2, the determination of the contract details has some singular
aspects: different tariff modalities can be chosen, tariff flags are charged according to the hydroelectric
reservoirs’ levels, and some other concerns must be taken into account when negotiating the demand
contract with the electricity utility [10,16]. Thus, electric energy billing in Brazil has some specificities,
which makes it complex to consider, at the same time, the following factors: (a) choice of the tariff
modality, (b) determination of the optimal contracted demand value, and (c) the implementation of
demand response actions, that is, the use of power generation from alternative sources to reduce both
electricity consumption and power demand during specific hours.

The cluster of the above-mentioned articles corroborates that the contract determination and the
choice of adequate demand response (DR) policies are issues to be considered within the consumer
energy costs. In a complementary manner, as mentioned, the Brazilian electrical system has some billing
singularities, another complicating issue for the decision-making process involving local generation
use and demand response application to power demand contract adequacy by consumers/prosumers.
To the best knowledge of the authors, no paper considers all these issues in a single integrated solution
approach. In order to bridge that gap, this paper presents a solution approach based on a mathematical
optimization model in mixed integer linear programming (MILP) to aid the decision-making process.
The referred model, presented in Section 3, establishes an optimized answer that determines, at the
same time: (i) the best tariff modality, (ii) the optimal value for the demand contract, and (iii) the best
hours during the day to use each alternative source (scheduling of sources usage).

1.3. Paper Organization

The content of this paper is organized as follows. Section 2 presents the problem definition and the
Brazilian tariff system characteristics. Section 3 presents modeling assumptions and the mathematical
model, which is developed in mixed integer linear programming (MILP). Section 4 describes the
evaluated scenarios and presents numerical results. Section 5 discusses and compares the results of
the nine evaluated scenarios. Section 6 presents the concluding remarks and highlights topics for
future developments.

2. Problem Description/Background

2.1. Brazilian Tariff System

According to the Brazilian Electricity Regulatory Agency [10], consumers are classified into two
groups, A and B. In B group, consumer units are powered at low voltage (less than 2.3 kV), and for these
units it is only necessary to pay for the electricity consumption in kilowatt-hours (kWh). For A group,
consumer units are powered at high voltage (equal to or greater than 2.3 kV) and there are different
tariffs applied to both: for the electricity consumption (kWh) and the power demand (kW).

The tariffs applied to A group differ in value according to on-peak and off-peak hours. The on-peak
represents the period consisting of 3 consecutive daily hours, usually between 6 p.m. and 9 p.m.,
defined by the local utility, which takes into account its electrical system load curve. The off-peak
represents all other day hours [10].

For A group consumers, 2 tariff types are available: green or blue. For the green tariff, different
electricity consumption tariffs are applied for on-peak and off-peak hours, and a single tariff for power
demand (for all daily records). For the blue tariff, differentiated tariffs for on-peak and off-peak hours
are applied to both, the electricity consumption and the power demand.

The current tariff values [17], in monetary units per kilowatt-hour ($/kWh), for the green and blue
modalities (powered from 2.3 kV to 25 kV) are shown in Table 1.

In Brazil, 66.6% of electricity is generated by hydroelectric plants [18]. Thermoelectric plants are
used to guarantee supply in drought periods, even at relative higher generation costs, with respect
to hydroelectric. For this reason, the Brazilian Electricity Regulatory Agency applies the tariff flag
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system [16]. Its purpose is to promote a temporary (monthly) correction in tariff values if higher cost
power plants are used for power generation.

In the tariff flags system, three flags are considered: (i) green flag, when the conditions for energy
generation are favorable, and there is no additional value charged, (ii) yellow flag, in less favorable
conditions, the value of $0.015 is added for each kWh consumed, and (iii) red flag, for unfavorable
generation conditions, where level 1 condition increases the tariff value by $0.040 per kWh, and level 2
increases $0.060 for each kWh. In 2018, the red flag (level 2) occurred from June to October, the yellow
flag application occurred in May and November, and the green flag was considered in the other months.

Therefore, in addition to the tariff values shown in Table 1, the application of tariff flags can increase
the value of the electricity bill. Thus, in the context of forecasting energy consumption and related
expenses, it is relevant to consider both the annual tariff readjustment and the tariff flags application.

Table 1. Current tariff values [17].

Tariff
Consumption [$/kWh] Power Demand [$/kW]

Off-Peak On-Peak Off-Peak On-Peak Daily

Green 0.52360 1.98613 - - 21.22
Blue 0.52360 0.79049 21.22 49.12 -

2.2. Demand Contract

The contracted demand (CD) is the active power demand (in kilowatts, kW) to be mandatorily
and continuously made available by the electricity utility. The consumer must pay the full amount
contracted, even if it is not used. The consumer can suffer a payment penalty in case of exceeding the
tolerance value over the contracted demand [10].

The demand is registered on the consumer energy meter every 15 min, and it represents the
active electrical power average supplied from the electrical power system to the installed load in
operation [10]. Thus, during a month period, there will be approximately 2880 demand records, and the
highest value will be considered as the measured demand (MD).

In accordance with Brazilian Electricity Regulatory Agency [10], when the amount of measured
demand (MD) exceeds the contracted demand (CD) by more than 5% (five percent), an overtaken tax
must be added to the consumer invoice. The exceeded demand (ED) tariff is twice the demand tariff
value [10].

From the measured demand value, three criteria are used to obtain the invoiced demand (for each
month), which must be paid under the application of the respective tariffs [10].

Table 2 shows the three criteria, with the acronyms representing: measured demand (MD);
contracted demand (CD); limit demand (LD); and exceeded demand (ED):

1. According to the first criterion, when the measured demand (MD) is less than the contracted
demand (CD), the CD in full must be paid. There is no exceeded demand.

2. According to the second criterion, when the measured demand (MD) value is between the
contracted demand (CD) and the 5% tolerance limit (LD), the MD oneself must be paid. There is
no exceeded demand.

3. According to the third criterion, if the measured demand (MD) is greater than the demand limit
(LD), the MD must be paid plus the exceeded demand (ED). The ED value, in this condition,
is obtained by subtracting CD from MD.

Table 2. Criteria for determining Invoiced Demand [10].

Criteria
1 2 3

MD < CD CD ≤MD ≤ LD LD < MD

Invoiced Demand (ID) CD MD MD + ED
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It should be noted that these three criteria presented in Table 2 must be applied to determine the
invoiced demand and exceeded demand (if it happens) from the measured demand values of every
month during the year.

2.3. Demand Side Management/Demand Response

From the utility need to ensure an adequate power supply, it is observed that demand side
management (DSM) actions are relevant [19,20]. The peak shaving strategy, illustrated in the load
curve in Figure 1a, is generally used to reduce power demand during on-peak hours. The electric
utility may apply this strategy to directly control (disconnect) consumer’s loads. However, for many
consumers the peak shaving technique is unfeasible or highly undesirable [14]. In the demand response
(DR) context, alternative power sources (local generation) are used in both cases: when the utility’s
tariff is relatively more expensive, and to decrease demand values during specific hours, providing an
alternative to peak shaving.

In Figure 1b a load curve with a DSM concept called strategic conservation is illustrated [19,20].
In this case, there is an overall reduction in power consumption during all day, which may happen by
both using the energy efficiency concepts [21], or the uninterrupted use of alternative sources (local
generation), such as a small hydroelectric or a biogas power plant [22].

There is a potential reduction in expenses by using intermittent sources (such as photovoltaic or
wind), whose generation costs (also considering maintenance) tend to be less than utility tariffs. In the
case of agro-industries, biogas from biomass could be used. Thus, the use of either DSM or DR actions
can be recommended, but its usage must be carefully analyzed in conjunction with other operational
characteristics, e.g., the availability of alternative sources for the critical consumption periods.
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Figure 1. Load curve representing (a) peak shaving and (b) strategic conservation.

3. Mathematical Model

The proposed mathematical optimization model is developed in mixed integer linear programming
(MILP). Section 3.1 presents the main modeling considerations. In Section 3.2, the model objective
function is explained, and in Section 3.3 the involved constraints are described. The used nomenclature
is presented at the end of this article. This nomenclature details the indexes, sets, parameters,
and variables used in the MILP formulation.

3.1. Modeling Considerations

One of the objectives of the developed mathematical model is to verify the possibility of reducing
the highest registered value by the utility for each month (measured demand values). For this to
be possible, it is necessary to analyze all the demand registers during each month. For instance,
with access to the Virtual Agency, through the website of the local electricity utility [23], consumers
located in the state of Paraná (Brazil) have access to all the demand values recorded every 15 min
in the last 2 years. The example in Figure 2a presents the graph with the 2688 demand records for
February 2018.



Energies 2020, 13, 2803 6 of 23
Energies 2020, 13, x FOR PEER REVIEW 6 of 22 

 

(a) (b) 

Figure 2. Demand records for: (a) one month and (b) one day. 

As shown in Section 2.2, the measured demand value (which is considered for billing purposes) 
is the highest among these 2688 recorded values. For the monthly records example presented in 
Figure 2a, it occurred on 6th February. Figure 2b highlights the graph for 6th February, with a 
demand record every 15 min. 

The developed model does not consider the disconnection of electrical loads, but the use of local 
energy generation when the demand peaks occur, a strategy related to the demand response. 
Therefore, with the use of parameters from daily charts, the model aims to indicate when it is 
feasible to use its local generation (alternative sources such as diesel or biodiesel generator set) to 
reduce demand peaks, according to the need. The result of this peak shaving strategy is that the 
measured demand will be reduced and, consequently, the optimal value for the demand contract 
can be recalculated. 

In Figure 2b, the graph represents the registered demand values for the exact day on which the 
higher registers occur. To obtain the hourly values, the four records of each hour were grouped and 
the highest value was considered. 

Figure 3a shows an example of hourly demand records (from 0:00 a.m. to 3:00 p.m.) of January 
2018. The Measured Demand is 224 kW and occurred on the 29th at 14:00 pm. The largest hourly 
demand records are represented with a red background in Figure 3. These records do not necessarily 
occur at the same day. From the identification of the highest values for each hour (from 0 h to 23 h), 
for each month (from January to December), the hourly demand registered (HDR) values used by 
the mathematical model are identified, as illustrated in Figure 3b. 

(a) (b) 

Figure 3. Demand records: (a) finding the highest daily values for January and (b) the highest hourly 
demand registered for each month. 

3.2. Objective Function 

The objective function, presented in Equation (1) aims to minimize the total amount of expenses 
with electricity consumption (Factor 1) at peak (cPK) and off-peak (cOP) hours, as well as the amount 
spent on invoiced demand (Factor 2) and on exceeded demand (Factor 3) for the considered period, 
in months (m). It should be noted that, when using blue tariff, two demand values are considered, 
one for peak period (dPK) and another for off-peak (dOP), as well as exceeded values for both 
periods (ePK and eOP). For the green tariff, just one invoiced demand value (dDay) and one exceeded 
demand value (eDay) are considered during the day. 

0
100
200
300
400
500
600

D
em

an
d 

re
co

rd
 (k

W
)

Time (days)

0
100
200
300
400
500
600

00:00  02:30  05:00  07:30  10:00  12:30  15:00  17:30  20:00  22:30

D
em

an
d 

re
co

rd
 (k

W
)

Time (hours)

Jan.
Days 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 49 48 49 46 48 41 36 38 39 39 39 35 41 37 36 38
...
26 60 60 56 57 60 64 87 132 168 176 174 146 145 168 167 155
27 65 65 61 63 63 76 79 102 105 114 104 94 94 91 65 62
28 63 66 65 61 64 56 57 63 60 61 62 56 54 57 58 58
29 62 63 60 61 63 67 73 110 157 161 169 156 201 204 224 211
30 59 56 58 60 54 75 91 170 187 203 172 155 159 198 185 199
31 65 72 61 62 63 77 76 141 177 198 199 175 177 205 213 218

65 72 65 63 64 77 91 170 187 203 199 175 201 205 224 218

Hours
Month 0 1 2 3 4 5 6 7 8

Jan 65 72 65 63 64 77 91 170 187
Fev 74 85 73 69 75 84 130 209 245
Mar 83 79 78 72 72 74 182 264 387
Abr 90 81 76 72 70 68 171 218 351
Mai 73 69 64 66 64 62 153 175 228
Jun 76 73 71 68 69 68 154 155 172
Jul 67 63 60 60 59 59 140 147 168

Ago 73 68 62 62 64 60 152 179 190
Set 73 73 66 68 67 67 168 200 300
Out 79 79 76 71 72 65 156 183 255
Nov 85 79 77 71 71 162 229 410 427
Dez 83 78 69 69 70 118 188 283 337

Hours

Figure 2. Demand records for: (a) one month and (b) one day.

As shown in Section 2.2, the measured demand value (which is considered for billing purposes) is
the highest among these 2688 recorded values. For the monthly records example presented in Figure 2a,
it occurred on 6th February. Figure 2b highlights the graph for 6th February, with a demand record
every 15 min.

The developed model does not consider the disconnection of electrical loads, but the use of local
energy generation when the demand peaks occur, a strategy related to the demand response. Therefore,
with the use of parameters from daily charts, the model aims to indicate when it is feasible to use its
local generation (alternative sources such as diesel or biodiesel generator set) to reduce demand peaks,
according to the need. The result of this peak shaving strategy is that the measured demand will be
reduced and, consequently, the optimal value for the demand contract can be recalculated.

In Figure 2b, the graph represents the registered demand values for the exact day on which the
higher registers occur. To obtain the hourly values, the four records of each hour were grouped and the
highest value was considered.

Figure 3a shows an example of hourly demand records (from 0:00 a.m. to 3:00 p.m.) of January
2018. The Measured Demand is 224 kW and occurred on the 29th at 14:00 pm. The largest hourly
demand records are represented with a red background in Figure 3. These records do not necessarily
occur at the same day. From the identification of the highest values for each hour (from 0 h to 23 h),
for each month (from January to December), the hourly demand registered (HDR) values used by the
mathematical model are identified, as illustrated in Figure 3b.
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Figure 3. Demand records: (a) finding the highest daily values for January and (b) the highest hourly
demand registered for each month.

3.2. Objective Function

The objective function, presented in Equation (1) aims to minimize the total amount of expenses
with electricity consumption (Factor 1) at peak (cPK) and off-peak (cOP) hours, as well as the amount
spent on invoiced demand (Factor 2) and on exceeded demand (Factor 3) for the considered period,
in months (m). It should be noted that, when using blue tariff, two demand values are considered,
one for peak period (dPK) and another for off-peak (dOP), as well as exceeded values for both periods
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(ePK and eOP). For the green tariff, just one invoiced demand value (dDay) and one exceeded demand
value (eDay) are considered during the day.

Minimize Z =
∑

m ∈ Months

cPKm +
∑

m ∈ Months

cOPm︸                                         ︷︷                                         ︸
Factor 1−Comsuption

+

∑
m ∈ Months

dPKm +
∑

m ∈ Months

dOPm +
∑

m ∈ Months

dDaym︸                                                                    ︷︷                                                                    ︸
Factor 2−Invoiced Demand

+

∑
m ∈ Months

ePKm +
∑

m ∈ Months

eOPm +
∑

m ∈ Months

eDaym︸                                                                   ︷︷                                                                   ︸
Factor 3−Exceeded Demand

(1)

3.3. Constraints

As indicated in the objective function, there are variables referring to the electricity consumption
(cPKm and cOPm) and variables related to invoiced demand (ex. dPKm) and exceeded demand (ex.
ePKm). The constraints are organized in two subsections: the first groups consumption constraints and
the second demand ones.

3.3.1. Consumption Constraints

For each hour (h) in each month (m) that the binary variable representing the alternative source (a)
use (uAS) is zero, the hourly generation variable of the alternative source (hgAS, continuous variable)
will also be zero, observed in Implication (2). For each hour (h) in which the binary variable for the
use of the alternative source (uAS) is equal to 1 (one), the value of the demand met by the alternative
source (dAS) is attributed to the variable representing the hourly generation (hgAS) for each alternative
source (a), for each month (m), as shown by Implication (3).

uASa,m,h = 0︸           ︷︷           ︸
antecedent

⇒ hgASa,m,h = 0,︸             ︷︷             ︸
consequent

∀ a ∈ AS, m ∈Months, h ∈ Hours (2)

uASa,m,h = 1⇒ hgASa,m,h = dASa,m,h , ∀ a ∈ AS, m ∈Months, h ∈ Hours (3)

It is emphasized that the referred implications (⇒) involving binary variables (in the implication
antecedent) and continuous variables (in the implication consequent) can be transformed into algebraic
inequalities, as detailed by Magatão [24].

Taking into account the development of a model that meets the characteristics of different sources
available to the consumer, it was considered that an alternative source could have a maximum limit
of daily power generation. For example, a diesel (or biodiesel) generator set could be limited by the
fuel tank storage capacity. Thus, Inequality (4) is responsible for ensuring that the sum of hourly
generation (hgAS) of each alternative source (a) is less than the maximum daily generation capacity
(maxAS) parameter. ∑

h ∈ Hours
hgASa,m,h ≤ maxASa,m, ∀ a ∈ AS, m ∈Months (4)

Equation (5) is used to determine the amount of monthly power generated (enAS) from the hourly
generation (hgAS) of each alternative source (a), multiplied by the number of Days in each month (m).
For on-peak hours (hc = 1), the hourly generation (hgAS) is added for each hour (h) that is between the
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start (sPK) and (∧) the end (ePK) of peak time. Equation (6) is used for the amount of electric energy
generated by each alternative source (enAS) during off-peak hours (hc = 2).

enASa,m,hc =
∑

h ∈ Hours |
h ≥ sPK ∧ h < ePK

hgASa,m,h·Daysm, ∀ a ∈ AS, m ∈Months, hc ∈ HC | hc = 1 (5)

enASa,m,hc =
∑

h ∈ Hours |
h < sPK V h ≥ ePK

hgASa,m,h·Daysm , ∀ a ∈ AS, m ∈Months, hc ∈ HC| hc = 2

(6)
Implications (7) and (8) determine the use or not of intermittent sources for the entire period of

analysis. When the binary variable that represents the intermittent source use (uIS) is 0, the energy
of the intermittent source (enIS) will be zero. When the binary variable is 1, the value for the energy
variable generated by the intermittent source will be the same as the monthly generation (mgIS) of
each source (i) for peak and off-peak hours (hc).

uISi = 0⇒ enISi,m,hc = 0 , ∀ i ∈ IS, m ∈Months, hc ∈ HC (7)

uISi = 1⇒ enISi,m,hc = mgISi,m,hc , ∀ i ∈ IS, m ∈Months, hc ∈ HC (8)

Equation (9) is used to group the amount of electricity generated by each alternative source (enAS)
into a variable that considers the energy of all generation from alternative sources (enAG) for each
month (m) at each consumption hour (hc). In Equation (10), the sum of the energy supplied by each
intermittent source (enIS) is added in a variable that represents the total energy of the intermittent
generation (enIG) for each month (m) at each consumption time (hc).

enAGm,hc =
∑

a ∈ AS
enASa,m,hc, ∀ m ∈Months, hc ∈ HC (9)

enIGm,hc =
∑

i ∈ IS
enISi,m,hc, ∀ m ∈Months, hc ∈ HC (10)

Equation (11) is used to sum the energy supplied by alternative generation (enAG) and by
intermittent sources generation (enIG). In this way, the total energy generated in the month (enTMG)
for each month (m) at peak (hc = 1) and off-peak (hc = 2) times will be determined.

enTMGm,hc = enAGm,hc + enIGm,hc, ∀ m ∈Months, hc ∈ HC. (11)

Implication (12) indicates that, when the energy consumption is greater than the total energy
generated in the month (enTMG) by the consumer, it will be necessary to use energy from the electric
utility (enEU), which is the difference between the energy consumption and total energy generated
in the month (enTMG). In this case, there will be no surplus energy (enS) that could be injected into
the grid. If the consumption (Cons) is less than the enTMG, there will be energy injected into the grid,
as indicated by Restriction (13).

Cons m,hc > enTMGm,hc ⇒ enEUm,hc = Cons m,hc − enTMGm,hc∧ enSm,hc = 0
∀ m ∈Months, hc ∈ HC

(12)

Cons m,hc ≤ enTMGm,hc ⇒ enSm,hc = enTMGm,hc −Cons m,hc∧ enEUm,hc = 0
∀ m ∈Months, hc ∈ HC

(13)
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Restriction (14) refers to the choice of using the Blue (tm = 1) or Green (tm = 2) tariff modality.
The Tariff binary variable (Tariff ) can take the value 1 only for one of the tariff modality options. Thus,
the model has to choose the best tariff modality for the system.∑

tm ∈ TM

Tari f f tm = 1 (14)

Implication (15) indicates that, according to the defined tariff modality (tm), the cost related to the
use of energy by the electricity utility (cEU) is equal to the energy consumed (enEU) multiplied by
the utility’s electricity tariff (taEU). This cost is considered to each month (m) for each consumption
hour (hc).

Tari f ftm = 1⇒cEUm,hc = enEUm,hc·taEUtm,m,hc, ∀ tm ∈ TM, m ∈Months, hc ∈ H (15)

Equations (16) and (17) are used, respectively, to obtain the value of the alternative power
generation cost (cAG) and the cost of intermittent generation (cIG). The energy produced by each
source (enAS or enIS) is multiplied by the effective generation cost (cAS or cIS) for peak and off-peak
hours (hc). The total monthly power generation cost (cTMG) is the sum of the costs of cAG and cIG,
for each month (m) and consumption time (hc), as shown in Equation (18).

cAGm,hc =
∑

a ∈ FA
enASa,m,hc·cASa,hc, ∀ m ∈Months, hc ∈ HC (16)

cIGm,hc =
∑

i ∈ FI
enISi,m,hc·cISi,hc, ∀ m ∈Months, hc ∈ HC (17)

cTMGm,hc = cAGm,hc + cIGm,hc, ∀ m ∈Meses, hc ∈ HC (18)

Equation (19) determines the energy credit (EC) value, when the surplus energy (enS) generated
by the consumer is injected into the grid. For billing purposes, each kWh will be multiplied by the
parameter referring to the sale value of the surplus energy (vS).

ECm,hc = enSm,hc·vSm,hc, ∀ m ∈Months, hc ∈ HC (19)

The amount of monthly expenses ($) on electricity consumption will be the amount paid for
the energy consumed from the utility (cEU), plus the total monthly generation cost (cTMG) for local
generation sources, minus the Energy Credit (EC) obtained with the surplus energy. Expenses on
consumption during peak hours (cPK) are obtained when hc = 1, and for off-peak hours (cOP) when
hc = 2, as shown in Equations (20) and (21).

cPKm = cEUm,hc + cTMGm,hc − ECm,hc , ∀ m ∈Months, hc ∈ HC | hc = 1 (20)

cOPm = cEUm,hc + cTMGm,hc − ECm,hc , ∀ m ∈Months, hc ∈ HC | hc = 2 (21)

3.3.2. Demand Constraints

For each time (h), in each month (m) that the binary variable representing the use of the alternative
source (uAS) is zero, the demand variable of the alternative source (dAS) will be zero, as seen in
Implication (22). For each hour (h) in which the binary variable uAS is equal to 1, the variable dAS
will be less than or equal to the generation power of the alternative source (pgAS), according to each
alternative source (a), for each month (m), as indicated by Implication (23).

uASa,m,h = 0⇒ dASa,m,h = 0 , ∀ a ∈ AS, m ∈Months, h ∈ Hours (22)

uASa,m,h = 1⇒ dASa,m,h ≤ pgASa,m , ∀ a ∈ FA, m ∈Months, h ∈ Hours (23)
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Equation (24) indicates that the total power demand that can be met with local generation (dGen)
at each hour of the day (h), for each month (m) is bounded by the sum of fulfilled demands (dAS) by
each alternative source (a).

dGenm,h =
∑

a ∈ AS
dASa,m,h, ∀ m ∈Months, h ∈ Hours (24)

From the definition of which alternative source (a) will be used in each hour of each month,
the demand supplied by the alternative generation (dGen) is subtracted from the hourly demand
registered (HDR). Thus, the value of the decreased hourly demand (DHD) is obtained for each hour (h)
in each month (m), according to Equation (25).

DHDm,h = HDRm,h − dGenm,h, ∀ m ∈Months, h ∈ Hours (25)

According to Table 2, for peak hours (hd = 1) the measured demand (MD) will be the highest value
of the new decreased hourly demand (DHD) between the start (sPK) and end (ePK) of peak hours, as it
can be seen in Restriction (26). The MD for off-peak hours (hd = 2) is the highest value of the DHD
recorded between off-peak hours, according to Restriction (27). When the green tariff is used, there is
only one measured demand value (MD), equivalent to the highest value of the DHD recorded during
all hours (h) of the day (hd = 3), as indicated in Restriction (28).

MDm,hd ≥ DHDm,h , ∀ m ∈Months, hd ∈ HD, h ∈ Hours | hd = 1, h ≥ sPK ∧ h < ePK (26)

MDm,hd ≥ DHDm,h , ∀ m ∈Months, hd ∈ HD, h ∈ Hours | hd = 2, h < sPK Vh ≥ ePK (27)

MDm,hd ≥ DHDm,h , ∀ m ∈Months, hd ∈ HD, h ∈ Hours | hd = 3 (28)

The limit demand (LD), calculated by Equation (29), is the contracted demand (CD) value
multiplied by the 5% tolerance value (Tol), and must be calculated for the three considered periods (hd):
on-peak, off-peak, and all-day hours.

LDhd = CDhd·

(
1 +

Tol
100

)
, ∀ hd ∈ HD (29)

The mathematical model will indicate the best value for the contracted demand (CD). However,
the CD value should not be greater than the highest value recorded for the measured demand. Therefore,
the Restriction (30) is used to bound that the CD for each hd period is less than or equal to the maximum
measure demand (MDmax) for each hd.

CDhd ≤MDmaxhd, ∀ hd ∈ HD (30)

According to Table 2, from the measured demand (MD) values, for all months (m) and demand
period (hd), there are 3 criteria for determining the value of each Invoiced Demand (ID). When the MD
is less than or equal to the contracted demand (CD), the ID is equal to the Contracted Demand and
there is no charge for the exceeded demand (ED), as shown in Restriction (31). When the measured
demand (MD) is between the contracted (CD) and the limit demand (LD), the invoiced demand (ID) is
the measured demand itself, as indicated by Restriction (32).

MDm,hd ≤ CDhd ⇒ IDm,hd = CDhd ∧ EDm,hd = 0, ∀ m ∈Months, hd ∈ HD (31)

CDhd <MDm,hd ≤ LDhd ⇒ IDm,hd = MDm,hd ∧ EDm,hd = 0, ∀ m ∈Months, hd ∈ HD (32)
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By criteria 1 and 2 of Table 2, formulated in Restrictions (31) and (32), there is no charge for
exceeded demand (ED = 0). However, in criterion 3, formulated in Restriction (33), the exceeded
demand is equivalent to the measured demand (MD) minus the contracted demand (CD).

MDm,hd > LDhd ⇒ IDm,hd = MDm,hd ∧ EDm,hd = MDm,hd −CDhd,
∀ m ∈Months, hd ∈ HD

(33)

When the tariff variable (Tariff ) indicates the use of the blue tariff modality (tm = 1), peak and
off-peak demand values are considered. With the use of Restriction (34) and the application of tariffs
(taD and taE), the demand (dPK) and the exceeded (ePK) values for peak hours (hd = 1) are obtained,
for each month (m). By the Restriction (35), the demand (dOP) and exceeded (eOP) values for off-peak
(hd = 2) are obtained.

Tari f ftm = 1 ⇒dPKm = IDm,hd·taDtm,hd ∧ ePKm = EDm,hd·taEtm,hd,
∀ tm ∈ TM, m ∈Months, hd ∈ HD | hd = 1

(34)

Tari f ftm = 1 ⇒dOPm = IDm,hd·taDtm,hd∧ eOPm = EDm,hd·taEtm,hd,
∀ tm ∈ TM, m ∈Months, hd ∈ HD | hd = 2

(35)

When the tariff variable indicates the green tariff modality use (tm = 2), a single period is considered
(hd = 3), and the invoiced demand (dDay) and exceeded demand (eDay) are determined according to
Restriction (36).

Tari f ftm = 1 ⇒dDaym = IDm,hd·taDtm,hd ∧ eDaym = EDm,hd·taEtm,hd,
∀ tm ∈ TM, m ∈Months, hd ∈ HD | hd = 3

(36)

Therefore, Expressions (1)–(36) present the developed mathematical model. Numerical results
obtained with the developed model for different scenarios are presented in Section 4.

4. Results

The aim of this section is to present the mathematical model functionalities. The model
was implemented in the IBM ILOG CPLEX Optimization Studio 12.8 modeling and optimization
environment. The simulations were executed by using an Intel Xeon E3-1240 CPU @ 3.40 GHz.

The model determines the amounts to be paid for the electricity consumption and power demand
for the next 12-month period, taking into account the possibility of using local generation and jointly
performing the adjustment of the tariff type and the demand contract. The studies carried out are based
on a comparison with a reference condition (Scenario 0), which is currently present in the consumer,
namely: contracted demand of 450 kW and without using local generation. Nine different conditions
(Scenarios 1–9) are analyzed.

4.1. Input Parameters

The electricity consumption and power demand records of a university located in the south of
Brazil (western region of Paraná state) were used. Currently, the consumer is under the green tariff,
powered with a 13.2 kV system, with 450 kW of contracted demand.

For the analyses of scenarios, three sources for local electricity generation were considered,
grouped into two alternative sources (AS) that can be used to perform demand response, and one
intermittent source (IS). Actual data from these sources were used, from the collection of other
consumers in the same city and, thus, under similar environmental conditions. Information about the
considered power sources is hereafter provided:

1. A diesel generator set with a maximum power of 78 kW. Taking into account fuel, oil changes,
and periodic maintenance, the generation cost is $1.48 for each 1 kWh;
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2. Generation by a biogas system with a maximum power of 52 kW, with the capacity to generate
energy without interruption 24 h a day. Taking into account the preventive maintenance monthly
performed, the effective generation cost is $0.08 for each 1 kWh.

3. A photovoltaic system (with no energy storage component) composed of 100 panels, totaling
33.5 kWp. The monthly generation data obtained in 2018 for these panels were used to estimate
capacity parameters. The generation cost was considered $0.10 per kWh, taking into account the
periodic reviews.

4.2. Evaluated Scenarios

The mathematical model was executed to evaluate nine scenarios (Scenarios 1–9) compared to a
reference scenario (Scenario 0). Initially, for the reference scenario, the values were obtained only by
multiplying the recorded consumption and demand data (for the previous 12-month period) by the
considered tariffs for the next 12-month period, as detailed in Section 4.2.1. Subsequently, the model
was executed for the following scenarios:

Scenario 1: The default optimization analyses are executed, which involve the choice of the best
tariff modality (green or blue) and to determine the optimal value for the contracted
demand. These optimization analyses of scenario 1 (Sc1) are common to all scenarios
hereafter tested.

Scenario 2: Sc1 analyses plus the use of diesel generator set only during on-peak hours.
Scenario 3: Sc1 analyses plus the use of diesel generator set to cut demand peaks during the day.
Scenario 4: Sc1 analyses and the use of photovoltaic system generation in off-peak hours.
Scenario 5: Sc1 analyses plus the combination of diesel and photovoltaic generation.
Scenario 6: Common functions and the use of biogas system generation, with the capacity to operate

24 h a day, without interruption.
Scenario 7: Common functions plus combined use of diesel generator set and biogas system generation.
Scenario 8: Common functions plus the use of photovoltaic and biogas generation.
Scenario 9: Common functions with the use of all the available sources, that is, diesel generator set,

biogas system generation, and photovoltaic system.

In this way, each of the evaluated scenarios provided input parameters for the mathematical
optimization model developed in Section 3. In Table 3, the evaluated scenarios can be observed,
with the indication of the execution time, number of variables (binary and continuous/integers), and the
number of constraints generated in each analyzed scenario. This is highlight that the MILP model
was executed until optimality for all evaluated scenarios. In Sections 4.2.1–4.2.10, the results for each
evaluated scenario are detailed. In a complementary manner, some discussions are addressed about
potential expenses and savings in Section 5.

Table 3. Time, variables and constraints for each executed scenario.

Evaluated Scenarios Runtime [s] Binary Variables Other Variables Constraints

0 0.17 1082 1023 1303
1 4.70 1082 1223 1303
2 7.22 3782 1659 1363
3 4.55 3782 1659 1363
4 1.55 1287 1083 1327
5 2.94 3879 1683 1387
6 16.09 3782 1659 1363
7 24.02 6374 2259 1399
8 2.03 3879 1683 1387
9 31.64 6471 2283 1423
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4.2.1. Reference Values Determination

Initially, the mathematical model was used to obtain the reference values based on the current
contracted demand of 450 kW and without the use of local generation. The current tariffs were
considered in accordance with Table 1, and the tariff flags that occurred in 2019.

Consumer tariffs for off-peak hours are the same for green and blue tariffs (0.52360 $/kWh),
while peak hour tariffs are higher for green tariffs (1.98613 $/kWh vs. 0.79049 $/kWh), the annual
amount paid can be seen in Table 4. Due to the high value of the demand tariff during peak hours
(49.12 $/kW vs. 21.22 $/kW), a fact that makes the blue tariff expensive in the annual sum, the green
hour tariff is the best option for the tariff framework.

Table 4. Main results for the Reference Scenario.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak * Day * Annual [$]

Green 473,730 235,730 - - 140,686 850,146
Blue 473,730 96,475 140,688 265,248 - 976,141

* CD = 450 kW.

However, it is noteworthy that the optimal value for contracted demand (CD) is not provided at
this moment. In this reference period, CD = 450 kW (indicated in the bottom of Table 4), an ad-hoc
value according to the contract previously established between the University and the utility.

As it can be seen in Figure 4, the values with light yellow background (left graph) represent the
demand measured at off-peak hours for each month, and the values with dark yellow background
(right graph) represent the values measured at on-peak hours. The values with a red background
represent the extra demand that must be paid, even without actually being used. The solid blue line
represents the contracted demand value (450 kW) and the dashed line represents the limit demand
(475 kW).Energies 2020, 13, x FOR PEER REVIEW 13 of 22 
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Figure 4. Reference scenario demand values for (a) off-peak (b) on-peak.

Figure 4a shows the demand values for off-peak hours, which are also the highest values recorded
throughout the day for the studied consumer. Therefore, this graph represents the demand values for
the green tariff. For blue tariff, Figure 4a is considered for off-peak hours and Figure 4b for peak hours.
For both figures, the contracted demand value (blue line) is equal to 450 kW.

4.2.2. Scenario 1: Default Optimization Analyses

In scenario 1, the model was executed to indicate the best option for the tariff (Green or Blue) and
to determine the optimal value for contracted demand, according to Equations (31)–(33) presented in
Section 3.3.2.

As shown in Table 5, the optimal value obtained for the demand contract for both the green and
blue tariffs for off-peak hours is equal to 494 kW. The optimal value for on-peak period contracted
demand is 355 kW, as indicated in the bottom of Table 5.
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Table 5. Main results for Scenario 1.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak ** Day * Annual [$]

Green 473,730 235,730 - - 138,439 847,899
Blue 473,730 96,475 138,438 230,471 - 939,114

* CD = 494 kW/** CD = 355 kW.

In Figure 5a,b, the change in the annual graph of measured demand (in comparison to Figure 4)
can be seen. The optimum values for the contracted demand are indicated by the solid blue lines.
The comparisons between obtained savings are presented in Section 5.
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Figure 5. Scenario 1 demand values for (a) off-peak (b) on-peak.

The mathematical model uses the values of the monthly generation cost for each source, as well
as the probable scenario of tariff flags and adjustment of tariffs. Afterwards, the model solution
provides the values for consumption and demand expenses for the next 12-month period. It should be
emphasized that the optimal tariff determination and the optimal contracted demand value, features
obtained in scenario 1, will be also determined in all the next scenarios, with the addition of singular
conditions to each analyzed scenario.

4.2.3. Scenario 2: Use of Diesel Generator Set during On-Peak Hours

In scenario 2, the use of diesel generation set was considered only during on-peak hours. In the
Green modality, the on-peak tariff is $1.98613 per kWh and the diesel generation cost is $1.48, therefore
the alternative source was used to reduce consumption from k$235 (on Table 5) to about k$190 (Table 6).
For Blue modality, the cost of kWh during on-peak hours is $0.79079, i.e., smaller than the diesel
generation cost. It is observed in Table 6 that even with a relative higher cost, diesel generation was
used during on-peak hours in order to reduce the maximum demand values. Thus, the optimal value
for the contracted demand was recalculated: it decreased from 355 kW to 281 kW. The reduction in
demand values can be compared by also observing Figure 6a,b. The total annual expenses decreased
from k$939 (on Table 5) to about k$905.
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Figure 6. Demand values for (a) off-peak scenario 3, and (b) on-peak scenarios 2 and 3.
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Table 6. Main results for Scenario 2.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak ** Day * Annual [$]

Green 473,730 190,380 - - 138,439 802,549
Blue 473,730 107,270 143,394 181,199 - 905,593

* CD = 494 kW/** CD = 281 kW.

4.2.4. Scenario 3: Use of Diesel Generator Set during All Day

In this scenario, the possibility of using a diesel generator set during all day hours was considered.
As indicated in Table 7, even with the increase in consumption during off-peak hours (from k$473,
Table 6, to k$480), the peak-shaving caused the reduction in contracted demand (from 494 kW to
467 kW), which bring on a small reduction in the total annual expenses as can be seen in Table 7.

Table 7. Main results for Scenario 3.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak ** Day * Annual [$]

Green 480,040 190,380 - - 128,822 799,242
Blue 480,040 107,270 128,820 186,169 - 902,299

* CD = 467 kW/** CD = 281 kW.

In Figure 6a can be seen the green tariff demand values, while the values for the blue tariff are
represented by Figure 6a,b, with the contracted demand optimum values of 467 kW and 281 kW.
In Figure 5a it was presented that, in March and November, the highest demand values were recorded
(600 kW and 572 kW). One of the goals of the proposed model is to verify the feasibility of reducing
these measured demand values using alternative sources. However, for this strategy to be possible,
it is necessary to use the values of daily demand, analyzed throughout each month.

Figure 7 shows the graphs with the highest daily values for (a) March and (b) November. It can be
seen that during on-peak hours (identified by the columns with dark red color in the graph), the diesel
generator set was used (represented in blue), since the cost (per kWh) of diesel generation is $1.48,
while the energy utility tariff during on-peak hours is $1.98613 (for green tariff). In addition, the entire
energy amount produced by the alternative generation was used by the consumer, so no power was
injected into the utility grid.Energies 2020, 13, x FOR PEER REVIEW 15 of 22 
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Figure 7. Scenario 3 daily maximum demand chart for (a) March and (b) November.

With the use of a diesel generator set, peak-shaving was carried out, i.e., energy was supplied
from local generation to reduce demand peak. It should be noted that the tariff during off-peak hours
is $0.5236 and the cost of diesel generation is $1.48, almost three times higher. However, even with
the higher generation cost, with the decrease in some demand peaks (between 1 p.m. and 3 p.m.) the
highest demand values were reduced to 537 kW and the optimum value for contracted demand can be
recalculated to 467 kW.
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4.2.5. Scenario 4: Photovoltaic System

A photovoltaic (PV) system with no batteries for energy storage is tested in scenario 4. Therefore,
the PV system is an intermittent energy source and it is not considered for reducing demand peaks; it is
only considered for reducing electricity consumption expenses. Without the photovoltaic generation
data exclusive for peak hours, all PV generation was considered for off-peak hours. As it can be seen
in Table 8, the consumption reduced from k$473 to around k$453 in off-peak period.

Table 8. Main results for Scenario 4.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak ** Day * Annual [$]

Green 453,930 235,730 - - 138,439 828,099
Blue 453,930 96,475 138,439 230,467 - 919,311

* CD = 494 kW/** CD = 355 kW.

4.2.6. Scenario 5: Diesel Generator Set and PV System

In this scenario, the use of diesel generation and the photovoltaic system is tested. By Table 9,
the demand and consumption data for peak hours are the same as for scenario 3. However, the
off-peak consumption that increased in scenario 3 (in relation to the reference) due to the use of diesel
generation, has now been reduced by the PV generation.

Table 9. Main results for Scenario 5.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak ** Day * Annual [$]

Green 460,240 190,380 - - 128,821 779,441
Blue 460,240 107,270 128,821 186,171 - 882,502

* CD = 467 kW/** CD = 281 kW.

4.2.7. Scenario 6: Utilization of Biogas System

This scenario considers the possible use of a biogas system, with 52 kW of permanent power
generation, that is, this generation occurs 24 h a day. Therefore, the use of this source can be considered
as a strategic conservation procedure, shown in Figure 1b: besides a reduction in the utility electricity
consumption, there is also a decrease in all registered demand values.

Table 10 shows the reduction in the amounts paid for consumption at both, on-peak and off-peak
hours. With the registered demand maximum values reduction, the contracted demand was recalculated
as follows: 444 kW for the green Tariff; 444 kW (on-peak hours) and 290 kW (off-peak hours) for the
blue tariff.

Table 10. Main results for Scenario 6.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak ** Day * Annual [$]

Green 279,980 125,180 - - 125,369 530,529
Blue 279,980 51,556 125,369 200,209 - 657,114

* CD = 444 kW/** CD = 290 kW.

If there is a biogas production limitation, the value of the maximum daily capacity for electricity
generation must be informed to the model. Restriction (4), presented in Section 3.3.1, is related to the
production limit. In the example represented by Figure 8b, the model was executed with the restriction
of 260 kWh for the maximum daily limit of generation (considering a tank with capacity for five hours
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of generation). Thus, the use of biogas would be related to the peak shaving strategy. It could be
seen in Figure 8b that 100% of power generation was used during peak hours. During off-peak hours,
the generator was used from 1:00 p.m. to 4:00 p.m. to reduce the four biggest demand peaks to 524 kW.
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Figure 8. Scenario 6: (a) biogas permanent use for strategic conservation and (b) Demand graph with
limit for alternative generation and peak-shaving application.

4.2.8. Scenario 7: Diesel Generator Set Plus Biogas System

As it can be seen in Figure 9, the model aims to determine the time and the amount of alternative
generation (local source) to be used. The biogas generation (indicated by the green color) can occur
during the 24 h. The use of the diesel generator set (with the values shown in blue) occurred in two
moments: first to reduce the utility electricity consumption during peak hours (from 6 p.m. to 9 p.m.)
and second for the peak shaving at 1 p.m. and 2 p.m., shown in in Figure 9a, and at 1 p.m. and 3 p.m.
in Figure 9b.
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Figure 9. Graph using biogas and diesel generator set for: (a) March and (b) November.

Only off-peak graphs were presented in Figure 10. Figure 10a shows the demand values by using
the biogas system, where the contracted demand (continuous blue line) is 444 kW. In Figure 10b,
in addition to biogas, the diesel generator set was used for peak shaving, and the reduction can be seen
in measured demand values for March, April, September, and November. Thus, the optimal value of
417 kW was obtained for the contracted demand. Even with a higher consumption during peak hours,
the green tariff results represent the lowest annual total, as can be verified in Table 11.
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Figure 10. Off-peak demand values for: (a) scenario 6 and (b) scenario 7.
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Table 11. Main results for Scenario 7.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak ** Day * Annual [$]

Green 286,350 87,723 - - 115,731 489,804
Blue 286,350 58,984 115,731 155,858 - 616,923

* CD = 417 kW/** CD = 231 kW.

4.2.9. Scenario 8: Photovoltaic Plus Biogas System

In this scenario, permanent biogas generation was combined with the intermittent PV system
power generation. The reduction in consumption during off-peak hours occurs due to the use of
both sources. All demand values are reduced due to the biogas usage, as indicated in Table 12,
and contracted demand is recalculated for the peak and off-peak period.

Table 12. Main results for Scenario 8.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak ** Day * Annual [$]

Green 260,360 125,180 - - 125,369 510,909
Blue 260,360 51,556 125,369 200,209 - 637,494

* CD = 444 kW/** CD = 290 kW.

4.2.10. Scenario 9: Combination of All Available Sources

In this scenario, the analysis was made considering that the consumer can use the 3 sources.
There is no difference in the demand graph shown in Figure 10b, which already considers biogas and
diesel to reduce power demand. The PV system reduces consumption during off-peak hours, the biogas
system reduces not only the consumption, but also all demand records, while diesel generator set is
used to peak-shaving. Table 13 summarizes the obtained results.

Table 13. Main results for Scenario 9.

Tariff
Consumption [$] Demand (Invoiced + Exceeding) [$] Total

Off-Peak On-Peak Off-Peak * On-Peak ** Day * Annual [$]

Green 266,730 87,723 - - 115,731 470,184
Blue 266,730 58,984 115,731 155,858 - 597,303

* CD = 417 kW/** CD = 231 kW.

Section 5 analyses the achieved economy obtained for Scenarios 1 to 9 with respect to the reference,
Scenario 0.

5. Discussion

Table 14 shows the obtained results for each scenario, with consumption values at peak and
off-peak times, the optimal value for contracted demand (CD), the total amounts paid by demand,
the annual expenses on energy consumption and demand, and the possible savings obtained in relation
to the reference scenario. Only the data for the green tariff were considered, as the tariff modality
presented the best results in relation to the blue tariff.
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Table 14. Annual Energy Consumption and Power Demand expenses for each scenario.

Sceneries
Consumption Costs ($) Optimal

CD (kW)
Demand
Costs ($)

Annual
Expenses ($)

Achieved Economy
On-Peak Off-Peak

Ref. 473,730 235,730 450 140,686 850,146 — —
1 473,730 235,730 494 138,439 847,899 $2247 0.26%
2 473,730 190,380 494 138,439 802,549 $47,597 5.60%
3 480,004 190,380 467 128,821 799,205 $50,941 5.99%
4 453,930 235,730 494 138,439 828,099 $22,047 2.59%
5 460,240 190,380 467 128,821 779,441 $70,704 8.32%
6 279,980 125,180 444 125,369 530,529 $319,617 37.60%
7 286,350 87,723 417 115,732 489,805 $360,341 42.39%
8 260,360 125,180 444 125,369 510,909 $339,237 39.90%
9 266,730 87,723 417 115,732 470,185 $379,961 44.69%

In scenario 1, only with the tariff choice (green or blue) and the adequacy of the demand contract
to the optimal value (494 kW), the total annual expenses would be reduced by 0.26%. It should be
noted that, for the contract adjustment, the consumer requires no investments.

In scenario 2, the diesel generator set was used only during on-peak hours, which would result
in annual savings of 5.60%. In scenario 3, diesel generation was used also to peak shaving. In this
context, there was an increase in consumption expenditure during off-peak hours, due to the higher
diesel cost. The optimum value for contracted demand was recalculated to 467 kW, which decreased
the total demand expenses, and provided a saving of 5.99%. It should be noted that a diesel source has
been considered, but this fuel can be replaced by biodiesel, natural gas, or another type of source that
could be used to perform the peak shaving.

We further emphasize that the renewable sources use is feasible within the analysis carried
out by the model, with the entry of parameters in an appropriate manner. Thus, sources such as
biodiesel, ethanol, biogas, photovoltaic, or small hydroelectric generation can naturally and easily be
incorporated into the performed analyses. That confers flexibility to the proposed model turning it
adaptable to scenarios outside of Brazil.

For scenario 4, the isolated PV system (without storage system) generated savings of only 2.59%
for the consumer. However, the combination between the PV system and diesel generation, presented
in scenario 5, would bring an annual saving of 8.32%.

For scenario 6, the biogas system (from biomass) was considered. The low cost of generation
and the capacity of 24-h energy supply significantly increased the savings to 37.60%. Indeed, this
specific source is less available to consumers in comparison to the photovoltaic, wind, diesel (biodiesel),
or natural gas generation systems.

Scenarios 7, 8, and 9 show the combination between the three sources, which caused a relative
reduction on annual expenses. In this way, the developed model is able to determine, by an exact
method (solution of a MILP model), the savings for each new system configuration. As a future
work, it is suggested that these results be used in an analysis of investment time return for each
scenario configuration.

6. Conclusions

This paper proposes a mathematical model in mixed integer linear programming (MILP) to
aid the decision-making process in energy contract by Brazilian consumers/prosumers. The model
considers alternative (local) generation connected to the grid and establishes an optimized solution
to the following decisions: (i) choice of the best tariff modality according to the Brazilian regulatory
patterns, (ii) determination of the optimal value for the demand contract, and (iii) choice of the best
hours during the day to use each alternative source (scheduling of sources usage). Historical values for
consumption and demand records (for 12 months previous period) are parameters to the mathematical
model. The consumer can, however, adjust these inputs in case of system changes, such as, equipment
replacement or electrical installation expansions.
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A frequent concern is the environmental problems caused by polluting and non-renewable
fuels use. In this work, data from a diesel generator set was considered as an alternative source;
however, to reduce the pollutants emission it is prudent to consider the use of renewable fuels such as
biodiesel and ethanol. Another tested alternative source was the biogas system. Some industries or
agro-industries generate waste that needs to be properly treated to do not cause environmental problems.
One way to properly dispose of waste is to use it for the production of biogas, and subsequently,
the generation of electric energy. Thus, something that would be discarded becomes fuel for the
electricity generation, and the effective cost of generation refers to, basically, the periodic maintenance
of the system. As an intermittent source, we considered the data from a photovoltaic system (a clean
and renewable energy) whose use has been increasingly widespread worldwide. Wind energy is
another intermittent source that could be considered concurrently with PV.

This mathematical model was developed taking into account some specific characteristics to
initially meet the Brazilian billing context, due to the complexity of working with all the considered
issues in this context. However, the model encompasses a series of general aspects. For instance,
different alternative sources (AS) are considered in the mathematical model. The user has to provide
some AS parameters, such as: maximum power (in kW), the maximum daily generation capacity
(kWh), and the generation cost ($/kWh). To intermitted sources (IS), the user has to provide: the
monthly generation (kWh), and the generation cost ($/kWh). Thus, the proposed model could be a
good starting point for the analysis of scenarios outside Brazil. For this, the characteristics required for
the demand contract (e.g., Equations (31)–(33)) and utility tariff considerations must be adjusted.

The developed approach allows to correctly evaluate the use of alternative generation already
installed in the consumer unit, or to consider the purchase (or rent) of equipment taking into account
the annual savings that would be obtained (e.g., Table 14). In this way, the paper analyzed nine
scenarios (Section 4) and the obtained gains of each one with respect to the already installed structure
(the as-is configuration), as detailed in Section 5 (Discussion).

The proposed mathematical model configures an optimization tool for the feasibility analysis the
use of alternative sources and concomitantly checking the tariff modality, revising the demand contract,
and suggesting demand response actions. In the end, the optimized answers promote benefits for both
the consumer/prosumer and the electric utility.
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Nomenclature

Indexes Sets Description
m ln Months Months = {1, . . . , n Months} Analysis horizon months
h ln Hours Hours = {1, . . . , n Hours} Hours considered for each day
hc ln HC HC = {1, . . . , nHC} Hours for consumption calculations
hd ln HD HD = {1, . . . , nHD} Hours for demand calculations
tm ln TM TM = {1, . . . , nTM} Tariff Modality
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a ln AS AS = {1, . . . , nAS} Alternative Sources
i ln IS IS = {1, . . . , nIS} Intermittent Sources
Parameter Description
nMonths Number of months for analysis (e.g., 12 months).
nHours Number of hours (in the day) considered for analysis (e.g., 24 h).
nHC Number of hours for consumption calculations (e.g., nHC = 2: on-peak and off-peak).
nHD Number of hours for demand calculations (e.g., nHD = 3: on-peak, off-peak and Day).
nTM Number of Tariff Modality (e.g., nTM = 2: Blue and Green).
nAS Number of Alternative Sources (e.g., 4: hydraulic, biogas, diesel and biodiesel).
nIS Number of Intermittent Sources (e.g., 2: wind and photovoltaic).
Days m Number of days in each month m (e.g., 28, 30 or 31).
sPK Start of on-peak hours according to the local electricity utility.
ePK End of on-peak hours according to the local electricity utility.

Cons m, hc
Electricity consumption in each month (m), on consumption times (hc) representing on-peak and
off-peak hours [kWh].

HDR m, h Hourly demand registered (h) for each month (m) [kW].
MDmax dh Maximum value for measured demand for each hour of demand (hd) [kW].
pgAS a, m Power of each alternative source (a) in each month (m) [kW].
maxAS a, m Maximum daily generation capacity for each alternative source (a) for each month (m) [kWh].
mgIS i, m, hc Monthly generation of each intermittent source (i) in consumption times (hc) [kWh].
cAS a,m, hc Generation cost for each alternative source (a) for each month (m) at each consumption time (hc) [$].
cIS i, m, hc Generation cost for each intermittent source (i) for each month (m) at each consumption time (hc) [$].

taEU tm, m, hc
Electricity consumption tariff for each tariff modality (tm), for each month (m), at each consumption
time (hc) [$/kWh]

taD tm, hd Invoiced Demand tariff for each tariff modality (tm), at demand times (hd) [$/kWh].
taE tm, hd Exceeded Demand tariff for each tariff modality (tm), at demand times (hd) [$/kWh].
Tol Tolerance for the contracted demand [%].

vS hc
Sales value (considered for billing purposes) of each kWh of surplus energy injected into the grid, for
each consumption time (hc) [$].

Variable Domain Description

Tariff tm {0, 1}
Binary variable indicating the use of the tariff modality Blue (Tariff 1 = 1) or Green
(Tariff 2 = 1).

uIS i {0, 1}
Binary variable that indicates the use of each intermittent source (i), for example:
photovoltaic (uIS 1 = 1) and wind (uIS 2 = 1).

uAS a, m, h {0, 1}
Binary variable that indicates the use of each alternative source (a) for each hour (h) for
each month (m).

CD hd Z+ Contracted Demand for each demand time (hd) [kW].
LD hd R+ Limit Demand for each demand time (hd) [kW].

hgAS a, m, h R+
Hourly electricity generation from each alternative source (a) for each month (m) for each
hour of the day (h) [kWh].

dAS a, m, h R+
Demand provided by each alternative source (a) for each month (m) for each hour of the
day (m) [kW].

dGen m, h R+ Total demand generated by all alternative sources (a) for each hour (h) [kW].
DHD m, h R+ Decreased hourly demand for each month (m) for each hour (h) [kW].

enAS a, m, hc R+
Energy supplied by each alternative source (a) in each month (m) at each consumption
time (hc) [kWh].

enIS i, m, hc R+
Energy supplied by each intermittent source (i) in each month (m) at each consumption
time (hc) [kWh].

enAG m, hc R+
Energy generated from alternative sources (a) per month (m) in each consumption time (hc)
[kWh].

enIG m, hc R+
Energy generated from intermittent sources (i) per month (m) in each consumption time
(hc) [kWh].

enTMG m, hc R+
Total energy generated per month (m) at on-peak and off-peak consumption hours (hc)
[kWh].

enEU m, hc R+
Used energy from the power utility in each month (m) at peak and off-peak consumption
times (hc) [kWh].

enS m, hc R+
Surplus electricity injected into the grid per month (m) at peak and off-peak consumption
times (hc) [kWh].

cAG m, hc R+
Alternative generation cost for each month (m) at peak and off-peak consumption hours
(hc) [$].
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cIG m, hc R+
Intermittent generation cost for each month (m) at peak and off-peak consumption hours
(hc) [$].

cTMG m, hc R+ Total generation cost for each month (m) at peak and off-peak consumption hours (hc) [$].

cEU m, hc R+
Amount paid for the utility energy used, for each month (m) in consumption hours (hc),
peak and off-peak [$].

EC m, hc R+
Energy credit obtained from the surplus energy injected into the grid, for each month (m)
in each consumption time (hc) [$].

MD m, hd R+
Measured Demand (referring to the highest nDH value) in each month (m) in each demand
hour (hd) [kW].

ID m, hd R+ Invoiced Demand, for each month (m) at each demand time (hd) [kW].
ED m, hd R+ Exceeded Demand, for each month (m) at each demand time (hd) [kW].
cPK m R Electricity consumption cost during on-peak hours for each month (m) [$].
cOP m R Electricity consumption cost during off-peak hours for each month (m) [$].
dPK m, R+ Invoiced Demand cost during on-peak hours for each month (m) [$].
dOP m, R+ Invoiced Demand cost during off-peak hours for each month (m) [$].
dDay m R+ Invoiced Demand cost for all times of the day for each month (m) [$].
ePK m, R+ Exceeded Demand cost during on-peak hours for each month (m) [$].
eOP m R+ Exceeded Demand cost during off-peak hours for each month (m) [$].
eDay m R+ Exceeded Demand cost for all times of the day for each month (m) [$].
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