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ABSTRACT
The differential pricing for peak hours encourages industrial consumers to look for independent power supplies for the
period from 19 to 22 hours. This paper presents a study to identify the optimal solution for a recycled paper mill that
also intends to work in that period. The factory is located in Rio Grande do Sul, in southern Brazil, and considers the
use of a diesel gen set, a micro hydro power plant and possibly PV modules. Two micro hydro power plants were considered in the study, an old plant to be renewed and another to be fully implemented. The software Homer was used as a
tool to determine the most feasible combination of components considered in the study. The sale of surplus power to the
energy system appears as a key to viability of alternatives that are not based solely on diesel generators. The optimal
solution consists of a combination of diesel generators and micro hydro power plant, in one case, and only on hydroelectric power plant in another, with a significant penetration of PV modules if its cost is reduced to 12% of the current
price, selling an amount of energy equal to that which is bought. The annual water availability in one of the sites requires diesel supplement, while the other, more abundant, this supplement is not necessary.
Keywords: Hybrid Energy Systems; Micro Hydro Power; PV Modules; Energetic Complementarity; Feasibility Study;
Computational Simulation; Software Homer

1. Introduction
The peak time is three to four hours of the end of the day
on which the power consumption increases dramatically
by matching habits of various types of consumers.
This increase in consumption is traditionally fought
with distinction in energy tariffs for that time, typically
for the period from 19 hours to 22 hours.
The reversible hydropower plants provide a greater
supply of energy at peak times, made possible by the
difference in prices of energy at peak times and off-peak.
In Brazil, residential consumers still do not pay for
more expensive energy at peak times, but the industrial
consumers pay charges that may be more than six times
higher than rates outside of peak hours. This differentiation forces industrial consumers to seek solutions for independent power supplies during peak hours.
Differences in tariffs are a tool for managing loads of
different profiles and power that can be delivered to supply these loads [1,2]. This is a topic of ongoing study and
the specific case of Brazil, for its size, the variety of
Copyright © 2013 SciRes.

loads and the pressure for economic development, awakens many discussions on applicable models for pricing
[3].
The search for alternative energy supplies that may be
competitive with electricity tariffs valid during peak
hours are an obvious opportunity for development of
renewable resources. Both the energies already established, such as solar and wind power and biomass fuels,
as those still in development, can be employed.
This paper presents a study to identify the optimal solution for a recycled paper mill that also intends to work
during the period from 19 to 22 hours without relying
solely on the power supply provided by the grid.

2. The Recycled Paper Mill and the Problem
to Be Solved
The factory is located near the city of Caxias do Sul1, Rio
Grande do Sul, and produces recycled paper for cleaning,
1

The city of Caxias do Sul can be located on Google Maps [4] at
http://goo.gl/maps/nQIiZ.
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marketed in the southern states of Brazil. The plant requires about 60 employees and operates 21 hours a day,
stopping only at peak times.
The mill has two paper making machines, each with a
capacity to produce 900 tons per month, amounting to a
total capacity of 1800 tons per month. These machines
can operate producing recycled paper and paper produced from virgin pulp.
The two papermaking machines are installed in a
building with total covered area of 10,500 square meters.
This building houses all the facilities needed to operate
these machines. There is also an administrative building
and a large area dedicated to the treatment of effluents
from industrial process.
Two machines, their auxiliary equipment and wastewater treatment plant consume a total power of 300 kW.
The offices, lighting and other auxiliary systems, such as
security, consume 25 kW.
The big difference in pricing of electricity during peak
hours, compared to the off-peak, requires the company to
cease production for three hours a day. Thus, the company (capable of operating 24 hours per day) currently
produces about 1500 tons of paper per month.
This study aims to find a solution to the energy supply
during peak hours, enabling the operation of the company during the 24 hours of the day.
Obviously, the company reserves the peak hours to
perform daily maintenance tasks. The intention is to follow the schedule allowing peak for these activities, but
with the intention to proceed with the production of paper whenever possible.
The problem can be viewed as a simple extension of a
system based on diesel, with additional modules, wind
turbines and a plant [5,6]. The isolated system and the
system connected to the grid must be compared [7,8].
Contribution to sustainable development is an additional
motivation for everyone involved [9,10].
The study was performed in two stages, as described
in the next section. At first, the acquisition of a disabled
micro hydro power plant was considered. At the second
timing, the construction of a new hydro power plant at
another location has been considered.
The study was based on computer simulations with
software Homer, described in a later section. Homer
simulates the operation of a power system and provides
the optimal combination of components considered, receiving input data like component costs and their performances. Figure 1 shows schematically the system was
simulated, described in detail in the next section.

3. Components of the Energy System
The study was conducted in two phases, known hereafter
as Alternative A and Alternative B. These alternatives
Copyright © 2013 SciRes.

Figure 1. Hydro PV diesel hybrid system used to supply the
recycled paper mill considered in the study.

are described in the following sections.
The first solution considered was a diesel generator set.
Over time, it has become possible to acquire a disabled
micro hydroelectric power plant with output of 240 kW
and potential for expansion. A large covered area of the
building that houses the two machines encouraged the
inclusion of PV power generation in the study. These
three possibilities were considered in Alternative A. A
diesel generator set, another hydroelectric plant to be
fully built and the same idea of using the covered area for
photovoltaic generation is Alternative B.
These two alternatives take into account the sale of
surplus power to the interconnected power system as an
important factor in their development, both in the offpeak period and even at peak times.
In this study, the demand for electricity was divided
into two loads, one for the office and the other corresponding to the papermaking machines and their auxiliary systems. Figure 2 shows the demand profile for the
first load and Figure 3 shows the profile for the second
load. These consumer loads only consider consumption
to peak hours, since there is no intention to break the
demand contract with the concessionaire of electric
power distribution to the rest of the day.
Figures 2 and 3 show two graphs each. At first, the
average electrical demand for each month, the deviations
around these averages and maximum and minimum values are shown. The second graph consists of a diagram
that summarizes the distribution of electrical demand for
each hour of the day over all days of the year, according
to the legend on the right. The step that appears in the
months of November, December, January and February
CWEEE
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Figure 2. Average daily demand profile of the office of the paper mill.

Figure 3. Profile of average daily demand for machinery of the paper mill.
Copyright © 2013 SciRes.
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matches the DST (daylight saving time).

3.1. Alternative A
The diesel generator set consists of two units with 150
kW each and possibly a third rig with 30 kW. The generators of 150 kW present initial cost of $36,000 and
replacement cost at $32,400. Equipment with 30 kW
presents initial cost of $8200. All have useful life of
15,000 hours.
The micro hydroelectric power plant considered in this
alternative is the Trail 48, located in the municipality of
Ivoti2, Rio Grande do Sul, launched in 1914 with 240 kW
of installed power as a private venture, operated for several years by the government and deactivated in 1971.
The distance to the headquarters of the company is
around 72 km.
The Figure 4 shows the monthly average stream flow
in the small dam that is part of this plant. The data set is
synthetic and is compiled from data rainfall stations in
the region. It is evident the wide variation between the
months of highest and lowest availability, including energy restriction if the plant is expanded.
The cost of restoration of the facilities was not included in this study and may reverse in indirect benefits
for a certain tourism potential in the region. The cost of
refurbishing the plant was valued at $200,000 to modernize equipment and increase the installed capacity to
252 kW.
The dam is only 2.7 meters high and about 42 meters
long. The annual average stream flow is 0.681 m3/s.
There is a strong commitment to the small volume of
storage due to silting occurred mainly due to human occupation of their surroundings.
A large covered area of the building that houses the
papermaking machines encouraged the consideration of
PV modules in this study. The opportunity to purchase
PV modules from countries with low production costs or
obtaining government incentives directed insertion of the
modules in this study seeking the cost that would allow
greater penetration of PV energy.
The software Homer [11] allowed the acquisition of
data from solar availability in the region of Caxias do Sul,
where the factory is located. Figure 5 shows the average
incident solar radiation on a horizontal plane for each
month, the deviations around these averages and maximum and minimum values are shown.

3.2. Alternative B
This alternative differs from Alternative A because it
considers a new micro hydroelectric power plant. It’s
actually a site with potential newly identified and not yet
2

The city of Ivoti can be located on Google Maps [4] at
http://goo.gl/maps/lD30s.
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cataloged, located about 10 km from the headquarters of
the factory. The height is 88 meters, the dam is approximately 30 meters long and 12 meters high, the annual
average stream flow is 0.718 m3/s, with a total estimated
potential of about 427 kW.
The Figure 6 shows the monthly average stream flow
for the location originally designed for the implementation of a small dam. The data set is also synthetic and
was compiled from data of rainfall stations in the region
without storage capacity.

3.3. Energetic Complementarity between Water
Availability and Solar Radiation
The water availability, both in Figure 4 as in Figure 6,
and the incident solar radiation, in Figure 5, shows a
clear and evident complementarity. Following the proposal of Beluco et al. [12], this complementarity can be
assessed by the complementarity index κ.
Comparing Figures 4 and 5, the values 0.98 for complementarity in time, 0.82 for energy complementarity
and 0.78 for complementarity between amplitudes are
obtained. The overall index value is 0.63.
Comparing Figures 5 and 6, the values 0.92 for complementarity in time, 0.74 for energy complementarity
and 0.89 for complementarity between amplitudes are
obtained. The overall index value is 0.61.
The final values of the indices were low (0.63 and
0.61), but the complementarity that strikes the eye observing the figures are evaluated by complementarity in
time, where values were higher (0.92 and 0.98).
References [13,14] present results that show the influence of different degrees of complementarity on the performance of hybrid energy systems. This subject is not
well known and is still a matter of research.

4. Simulations with Homer
The software Homer [11] was developed by National
Renewable Energy Laboratory (NREL) and is available
for universal access in its version 2.68 beta. Homer
simulates a system for power generation over the time
period of 25 years at intervals of 60 minutes, presenting
the results for a period of one year [15,16].
Simulations were performed for the following values
for the optimization variables: 0.00 kW and 2000 kW for
PV modules; 0 kW, 150 kW and 300 kW for diesel generation set; 0 kW and 380 kW for the purchase capacity
from the grid; and 0.0 kW, 380 kW and 2000 kW for the
converter power capacity.
Simulations were performed for the following values
for the sensitivity inputs: 500 l/s, 900 l/s, 1,300 l/s and
1700 l/s for stream flow; $0.80, $1.10, $1.40 and $1.70
per liter of diesel; 1.00, 0.25, 0.15, 0.10, 0.05 and 0.01
for PV Capital Cost, PV Replacement Cost and PV
CWEEE
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Figure 4. Trail 48 micro hydro characteristics.

Figure 5. Incident solar radiation on a horizontal plane, obtained with software Homer.

Figure 6. Trail 48 micro hydro characteristics.

Operating and Maintenance Costs multipliers, these latter
two linked to the first.
$200,000, $320,000, $400,000 and $480,000 for hydro
capital cost, $160,000, $256,000, $320,000 and $384,000
for hydro replacement cost, $4000, $6000, $8000 and
$10,000 for hydro operation and maintenance costs,
linked to 740 l/s, 860 l/s, 980 l/s and 1100 l/s for design
flow rate, for Alternative A.
$1,075,000, $1,285,000, $1,500,000 and $1,700,000
for hydro capital cost, $800,000, $960,000, $1,200,000
Copyright © 2013 SciRes.

and $1,400,000 for hydro replacement cost, $20,000,
$24,000, $30,000 and $36,000 for hydro operation and
maintenance costs, linked to 600 l/s, 720 l/s, 840 l/s and
960 l/s for design flow rate, for Alternative B.
A set of 72 simulations, with 1536 different values for
the variables of sensitivity, for Alternative A, and other
72 simulations, with 1536 different values for the variables of sensitivity, for Alternative B, were performed.
The results are presented and discussed in the next section.
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A. BELUCO ET AL.

48

5. Results and Discussion
Figures 7 and 8 show the main results for the Alternative
A. The system of Figure 7 is able to sell 2000 kW to the
grid and the system of Figure 8 has no capacity for sale
to the grid. These two figures show the optimal combinations of components of the system of Figure 1 for different values of average stream flow and diesel price.
It can be seen in Figure 7 that the combination of grid
connection and hydro power plant would prevail only for
higher values of average stream flow. All combinations
in brown in this figure correspond to the combination of
grid and hydro, supported by diesel generator set.
For larger values of design flow rate and peak power
price, in Figure 8, with no ability to sell energy to the
grid, the area in the figure corresponding to the combination of grid supplies and hydro is smaller on the right
side. It appears on the left, in black, a series of combinations of grid and diesel generator set only.
In Figure 7, the leftmost points of the optimization
space have energy costs near $0.2/kW·h. This value will
decrease further to the right of the chart, passing situations highly profitable due to higher water availability.
The sale of surplus power to the grid allows these combinations present operating profit. Equilibrium occurs
approximately at points around the stream flow of 900
l/s.
In these two figures, the regions corresponding to
combinations including diesel generator set, the leftmost
points, with less water availability, include two generators of 150 kW. More to the right, with higher water

availability, combinations include one generator.
Figures 9 and 10 show the main results for the Alternative B. The same manner as for A, the system of Figure 9 is able to sell 2000 kW to the grid and the system
of Figure 10 has no capacity for sale. These two figures
also show the optimal combinations of the system of
Figure 1 for different values of average stream flow and
diesel price.
Figure 9 shows a much more favorable situation for
the combination of grid connection and hydro power
plant than that of Figure 7. The combinations which include diesel generator set, in brown, are now reduced to
the lower right corner of the optimization space.
This difference is due in part to the best results obtained with a hydro power plant with higher available
power and less stream flow variation. In Alternative A,
the hydro power plant has a design flow rate of 740 l/s
and an installed power of 240 kW, while in B, the design
flow rate is 600 l/s and the power is equal to 380 kW.
In Figure 10, without possibility of selling energy to
the grid and allowed to purchase energy, it arises in extreme lower left of optimization space a region corresponding to the combinations of grid connection and
diesel generators only. All combinations include two
generators of 150 kW, with cost of energy around
$0.400/kW·h.
The simulations with different values for the stream
flow can be useful for two reasons. First, the time series
used in the study were synthesized from data sets obtained from stations in neighboring river basins, providing

Figure 7. Results for the optimization space of the system of Figure 1, with components of Alternative A.
Copyright © 2013 SciRes.
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Figure 8. Results for the optimization space of the system of Figure 1, Alternative A, without grid sale capacity.

Figure 9. Results for the optimization space of the system of Figure 1, with components of Alternative B.

information that may be undersized. Second, they allow
viewing combinations of system components and the cost
of energy to higher water availability.
Alternative A would lead to an optimum combination
of components that include the micro hydro power plant
with design flow rate of 740 l/s, a 150 kW generator with
no network connection, with probable failure in meeting
Copyright © 2013 SciRes.

the demand of around 10%.
The possibility of selling surplus power to the system
makes this combination of components a solution quite
profitable. The demand will represent only 15% of the
total energy produced per year.
The price of diesel currently prevailing in the region is
$1.1 per liter. The diesel generator is required only in
CWEEE
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Figure 10. Results for the simulation of the complete system of Figure 1, Alternative B, without grid sale capacity.

periods of low water availability, when it would also be
necessary to acquire power from the grid.
Alternative B would lead to an optimum combination
of components that include the micro hydro power plant
with design flow rate of 600 l/s, a 150 kW generator with
no network connection, also with probable failure in
meeting the demand of around 10%.
In Alternative A, the micro hydro power plant would
have an installed power of 252 kW with a design flow
rate of 740 l/s. In Alternative B, the installed power will
be 427 kW, with a design flow rate of 600 l/s.
The results of these four figures indicate the presence
of the connection to the grid as a component of optimal
solutions. In part because the price charged for the provision of demand is relatively low, but also because at
various times the cost of energy supplied by the hybrid
system becomes greater than the cost of energy of the
grid even at peak times.
The energy purchased from the system is always small,
never exceeding 10% of all energy consumed during
peak hours. If this supply is limited, the hybrid system
would fail at most 10% in meeting demand. Considering
that the company does not currently operate at peak times,
go to operate for 90% of this period would be an increase
in revenue that cannot be overlooked.
The modules do not appear in combinations of spaces
optimization of simulations performed. Obviously, the
high initial costs unfeasible solutions including solar energy. The difference between the hours of insolation and
peak times requires an agreement for the sale of energy
to the power system. The next section includes some
Copyright © 2013 SciRes.

results on this topic.
For Alternative A, an optimum combination of components, e.g., for 0.900 m3/s, for diesel price of $1.10,
and design flow rate of 0.740 m3/s, include therefore the
hydro power plant operating at 252 kW and diesel gen
set with a capacity of 150 kW, with sale of surplus power
to the grid. The energy price reaches $0.118 per kW·h
sold, with 97% penetration of renewables and only 387
hours of operation of the diesel system.
The difference between the value of installed hydro
power and value provided by Homer is due to the fact the
software is identifying the flow that optimizes the system.
The existing plant can be operated with a higher wattage
or can be made a feasibility study for increasing the installed power.
For Alternative B, e.g., for 0.900 m3/s, for diesel price
of $1.10, and design flow rate of 0.720 m3/s, the simulations indicate an optimum combination of components
including the micro hydro power plant operating at 513
kW and selling surplus energy to the grid, without diesel
gen set. The energy price reaches $0.388 per kW·h sold,
with 97% penetration of renewables obviously equal to
100%. In this case it is easier to deal with the difference
between the design flow and flow provided by Homer
because the plant is still in the design phase.
These results and the above discussion indicate that
the best choice is the Alternative B.

6. How Much Should Be the Cost of PV
Modules to Increase Its Penetration?
PV modules do not appear among the optimal solutions
CWEEE
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in the previous section, from Figures 7 to 10. A large
collection area and the high cost per kW installed, are
certainly the reasons for this absence.
It is reasonable to seek prices from which the PV
modules present a higher penetration. These prices could
be considered as a minimum price for achieving greater
penetration. With these values in mind, it will be possible
to devise strategies to promote the installation of mod-
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ules in greater quantity. With these values in mind, negotiate better prices with suppliers, obtaining benefits by
buying in large quantities will also be possible.
Figure 11 shows simulation results for the optimization space of the system of Figure 1, Alternative A, with
sales capacity to the grid equal to 380 kW, with PV capital multiplier equal to 0.05, above, and 0.01, lower.
The PV capital cost multiplier is simply the price of

Figure 11. Results for the optimization space of the system of Figure 1, Alternative A, with sales capacity to the grid according to the installed PV power, with PV capital multiplier equal to 0.05 (above) and 0.01.
Copyright © 2013 SciRes.
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PV modules, multiplied by the indicated value. A multiplier 0.05 or 0.01 therefore corresponds to a hypothetical
cost equal to 5% or 1% respectively of the current price.
Simulations indicate the PV modules in optimization
space only if the multiplier reaches 12%, corresponding
to lower stream flow values. In such conditions, PV
penetration becomes greater than zero.
In Figure 11, above, combinations that include PV
modules appear only on the extreme left, where there is
less water availability. Below, the area corresponding to
combinations including PV modules occupies half the
optimization space.
The simulations with 2000 kW sold to the grid indicate
the operation of photovoltaic modules already starting
with price at 40% of current prices, obtainable in the
market for large acquisitions. Under these conditions, the
company’s demand during peak hours becomes 15% of
the total energy produced by the system. The hybrid system becomes a supplier of energy to the system, rather
than an alternative to peak hours.
Reference [17] shows the main results obtained with
Homer, with input and with the spaces corresponding to
the different values of the variables of sensitivity.

7. Final Remarks
This paper presented a study to identify the optimal solution for a recycled paper mill that also intends to work
during the period from 19 to 22 hours without relying
solely on the power supply provided by the grid.
Alternatives considered for power generation were two
micro hydro power plants, a diesel generator set and PV
modules. One of the hydro power plants requires a restoration while the other must be completely constructed.
PV modules were considered in a separate study, since it
did not appear in solutions for its high initial cost.
The alternative which includes this second plant, designated as B in the text, is shown to be more appropriate.
This alternative has a higher initial cost, but allows a
lower cost of energy.
The possibility of selling surplus energy to the system
is the key to enabling a lower cost of energy and to enabling the installation of PV modules, occupying a vast
area available for photovoltaic generation.
The results indicate that Alternative A, with a combination of hydro and diesel leads to sell excess power and
a return $0.188 per kW·h sold. Alternative B, only with
hydro, leads to the sale of energy by the final value of
$0.388 per kW·h sold.
Simulations indicate that a reduction to 40% of the
actual cost of photovoltaic modules makes possible a
higher PV penetration. Larger reductions can obviously
further increase this penetration.
The study indicated that the photovoltaic power generation was more interesting in this case as an investment
Copyright © 2013 SciRes.

rather than as an alternative generation at peak times. Its
viability will depend on the bargaining agreement of sale
of surplus power to the grid.
The photovoltaic power generation was included in
this study by the availability of large area for installation
of the modules. The study should be extended, considering different values of installed power and different
amounts of energy sold to the grid, to determine the optimal investment to be made.
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