
energies

Article

Energy Efficiency Investments in Industry with
Uncertain Demand Rate: Effects on the Specific
Energy Consumption

Beatrice Marchi * , Simone Zanoni and Ivan Ferretti

Department of Mechanical and Industrial Engineering, University of Brescia, via Branze 38, 25123 Brescia, Italy;
simone.zanoni@unibs.it (S.Z.); ivan.ferretti@unibs.it (I.F.)
* Correspondence: beatrice.marchi@unibs.it

Received: 19 November 2019; Accepted: 22 December 2019; Published: 29 December 2019 ����������
�������

Abstract: The term “energy efficiency” covers a wide scope and it is affected by a lack of clarity.
To overcome this issue, quantitative measures should be defined and evaluated for each unit
of product or process considered. These quantitative indicators are necessary to support and
evaluate energy efficiency improvements in industry, by allowing to (i) monitor the energy
performance, and (ii) perform benchmarking analyses with best available techniques or similar
processes. The specific energy consumption (SEC), i.e., the amount of energy consumed per unit
of product/output, is the most commonly used index. Because of the uncertain demand faced
by companies, production processes run at a rate that can vary within a certain range, to which
correspond a different utilization of plants. Energy efficiency investments can be categorized in
accordance to how they affect the SEC: i.e., the first group of investments has the same effects for
each production rate (e.g., replacement of dated electric motors with new technologies), while the
other has different effects for different ranges of production rate (e.g., installation of an inverter).
The present work proposes a novel decision model for supporting the evaluation of the more suitable
energy efficiency investment in an industrial context where the demand is uncertain. A numerical
example based on a case study from the aluminum industry is then proposed in order to highlight the
relevance of the problem discussed and to evaluate the behavior of the models in different scenarios
characterized by different load factors. From the results, it evinced that the return of the investment
strongly depends on the range of production rate and, thus, on the demand variability.

Keywords: energy efficiency; investment; specific energy consumption; uncertain demand; net
present value

1. Introduction

The European Commission recognized energy efficiency as one of the most relevant means in
order to reach a sustainable energy future by allowing the reduction of the energy consumptions and of
the greenhouse-gas (GHG) emissions, and the enhanced security and reliability of the energy supply [1].
Moreover, the measures aiming at improving the energy efficiency lead to many other benefits that
can address social, financial, legal, and competitiveness issues [2]. The potential impact is relevant
especially in the industrial sector which uses more delivered energy than any other end-use sector.
For instance, in the 2016, it was responsible for about 54% of the world’s total delivered energy [3].
In addition, the worldwide industrial sector energy consumption is expected to further increase
up to a value of 309 quadrillion British thermal units (Btu) in 2040, by an average of 1.2%/year [3].
The evaluation of the energy performance has become very important for the companies and the
society, and emerged as one of the most significant manufacturing decisions because of the rising and
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volatile energy prices, the new environmental regulations, and the changes in customers’ purchasing
behavior keen on “green” and energy efficient products [4,5].

The EU Commission tried to enhance the energy culture in companies and to increase their
awareness underlying that “energy is the same as other valuable raw material resources required
to run a business—and is not merely an overhead and part of business maintenance. Energy has
costs and environmental impacts and needs to be managed well in order to increase the business’
profitability and competitiveness, as well as to mitigate the seriousness of these impacts” [6].
Though, energy is still viewed by the majority of companies as an operational cost instead of
a competitive advantage; energy savings are seen as incidental benefits because of other events
rather than a central value-generating proposition. In order to start a gradual process of rethinking
toward a more energy-efficient acting, the following key drivers have been highlighted by previous
studies: i.e., the energy turnaround in Europe through the proposal of stringent targets in the 2030
climate and energy framework which sent strong signals to the market and encouraged private
investments [5]; the relevance of energy issue on the strategic objectives of companies, which are costs,
time, and quality [5,7]; and the increasing ecological awareness of the final consumers [5,8].

The term “energy efficiency” is widely used referring to the methods for addressing different
objectives (e.g., reduction of carbon emissions, enhancement of security of energy supplies, reduction
of costs), and it is affected by a lack of clarity. It can mean different things at different times and in
different places or circumstances. A possible way to overcome this lack of clarity is represented by the
introduction of key performance indicators (KPIs). The main purpose of the energy efficiency indicators
is to be able to monitor the progress of the energy efficiency improvement measures and projects
on the energy performance of the company and to perform benchmarking with similar processes or
with best available techniques (BAT). Energy efficiency was defined in the EuP Directive 2005/32/EC
as “a ratio between an output of performance, service, goods or energy, and an input of energy.”
The indicator mostly used is the specific energy consumption (SEC), i.e., the ratio between the total
energy consumption and the physical or economic output value, or, in other words, the amount of
energy consumed per unit of output [6]. This energy indicator presents several advantages, such as the
direct correlation to the process operations and technology, and the insensitivity to price fluctuations.
However, a comparison of the energy performance of different units and aggregate efficiency is possible
only after a conversion of the physical units into a common economic value [9].

The energy consumption profile of industrial plants is usually given by two contributions [10]:
one is constant given the production plant (e.g., energy for auxiliary equipment), while the other is
variable depending on the production rate (e.g., energy to run machineries for production requirements).
As a consequence, the amount of energy consumed per unit of product, i.e., the specific energy
consumption, decreases with an increase of the production rate, as the incidence of the fixed share
decreases. The reduction of the SEC because of an increased production rate is quite normal and it is
mainly caused by two factors [6]. First, the production equipment operates for longer periods and thus
the idle periods become shorter. Second, there is a base energy consumption not depending on the
utilization of production capacity (e.g., consumption related to the starting up of equipment, to the use
of lights and fans, etc.,), which will be spread over more products.

Industrial plants have to face variable, uncertain and intermittent demands (e.g., days with
high production and days with no production, alternation of working times and idle times, etc.,).
For that reason, the production process is run at a wide range of production rates, and the required
flexibility results in reduced energy efficiency and increased costs [11]. Consequently, this range
of production rates should be considered when investments in energy efficiency measures (EEMs)
are planned. Ref. [12] proposed a framework to characterize such measures, based on 17 attributes
grouped according to six categories, such as: economic, energy, environmental, production-related,
implementation-related and the possible interaction with other systems. Specifically, the proposed
framework allows to share knowledge on EEMs and on the barriers currently hindering their adoption
(e.g., economic, competence- related or information-related). Barriers that can be overcome, at least in
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part, through collaborative practices among different actors, such as supply chain management [13],
energy synergies [14], and supply chain finance [15].

From industrial evidences, two investment options can be defined while considering the effect on
the SEC: (i) Investments that have the same impact in reducing the SEC for all the production rates
with a relevant expenditure (e.g., substitution of dated equipment), and (ii) investments that differently
reduce the SEC for different production rate with organizational improvements (e.g., dispatching rules)
or less expensive effort on technologies (e.g., installation of inverters). For instance, [16] investigated
the economic feasibility of reducing electric motor electricity consumption in the Korean manufacturing
sector through different strategies: e.g., improving the performances of the motor through the increase
of the load factor (i.e., reducing the oversizing of the equipment) or enabling the motor to better match
the requirements of the process through the installation of variable sped drivers. While, [17] proposed
a life cycle cost model for comparing the economic performance of improving the energy efficiency of
an electric arc furnace transformer by investing in replacing or revamping the dated technology and
implementing intangible services (e.g., maintenance activities, operational consultancy).

In order to evaluate and compare the alternative investment options, the net present value (NPV)
approach has been used as it gives better results and allows to compare investments with different
characteristics and durations [18]. This work aims to identify the most suitable investment option in
energy efficiency and the optimal amount of capital invested capable to maximize the expected NPV,
for a given industrial plant under constant and uncertain demand profiles. The remainder of the paper
is organized as follows: Section 2 introduces the notations and assumptions and the mathematical
model for the different investment options; Section 3 provides numerical examples to illustrate the
proposed models; and, finally, Section 4 concludes the paper summarizing the main findings and
providing suggestions for future research.

2. Methodology

In this section, two models are provided for evaluating the optimal amount that should be invested
aiming at identifying the most suitable investment in improving the energy efficiency with the focus
on a single manufacturing company. In Scenario 1, the demand rate faced by the industrial plant,
and consequently the production rate, is assumed to be constant. Then, an uncertain demand profile is
considered and, hence, the production rate is subject to variations (Scenario 2). In those circumstances,
the decision-maker has to establish if it is better to incur in higher expenditures while reducing the
specific energy consumption over the interested range of production rates (“SEC reduction”), or in less
expensive investment to reduce the variability decreasing the SEC while the equipment is underused
(“SEC levelling”).

First, the notation and the assumptions of the model are defined (Section 2.1). Then, in Section 2.2,
two models are formulated: i.e., with a constant (Scenario 1) and a stochastic (Scenario 2) demand rate.
For the model with a constant demand rate, after having demonstrated the existence of an optimal
value, the optimization procedures are provided through an analytical approach which allows to
obtain a closed-solution or through the implementation of a step-by-step algorithm, depending on the
investment considered.

2.1. Assumptions and Notation

The notation used in the model are:

D Annual demand rate (unit/year)
P Actual production rate (unit/h)
Pmax Nominal production rate (unit/h)
n Investment’s lifespan (years)
i Subscript identifying the considered year, [1; n]
a0 Sensitivity coefficient on the constant of the SEC curve without investment (kWh h/unit2)
b0 Sensitivity coefficient on the exponential of the SEC curve without investment
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a Sensitivity coefficient on the constant of the SEC curve (kWh h/unit2)
b Sensitivity coefficient on the exponential of the SEC curve
c0, en Energy cost per unit of production before investment (€/unit)
cen Energy cost per unit of production after investment (€/unit)
pe Energy price per kWh (€/kWh)
SEC0 Specific energy consumption before investment (kWh/unit)
SEC Specific energy consumption after investment (kWh/unit)
S Savings introduced with investments (€/year)
ρ Discount rate (%)
δR Decrease coefficient in the constant of the SEC per € increase in the investment
δL Decrease coefficient in the exponential of the SEC per € increase in the investment
IR Investment made to reduce the SEC equally for every production rate (decision variable) (€)
IL Investment made to reduce the SEC in different way for different production rates (decision variable) (€)

The main assumptions of the model are the following:

• The demand rate Di is constant in Scenario 1, while uncertain and, thus, modelled with a stochastic
distribution in Scenario 2.

• The operation of the plant is set on a rate, P, which is lower than the nominal production rate, Pmax,
and greater than the demand rate, Di. Because of the underuse (i.e., Di < P < Pmax), inefficiencies
are introduced, and, consequently, the performance of the plant is worse than the nominal one
which means higher energy consumption.

• A lot-for-lot policy is assumed, i.e., the annual demand faced by the company corresponds to the
effective production rate multiplied for the hours of operation.

• Stock-outs or shortages are not allowed.
• The SEC of the production process can be approximated and defined as a power function of the

production rate, P, as follows [19]:
SEC = aP−b (1)

• The energy price per kWh, pe (€/kWh) is constant over the period considered.
• The investments are mutually exclusive.
• A logarithmic investment function is used to describe the effects of the investments on the

parameters of the SEC, due to the diminishing marginal contribution of investments [20–22]:

Ik = δxln
(x0

x

)
(2)

where x identifies the parameter defining the SEC affected by the investment (i.e., “R” or “L”),
while k the investment option.

2.2. Model Formulation

The developed model considers a single firm that has to select the optimal amount of capital that
should be invested in energy efficiency in order to maximize the net present value, when facing a
range of possible production rate, as he wants to satisfy the uncertain demand through a lot-for-lot
policy. Specifically, he can invest in two different options which have different effects in reducing the
specific energy consumption curve, i.e., “SEC reduction” which reduces in the same way the SEC at
every production rate, and “SEC levelling” which introduces higher reduction for lower production
rates levelling the SEC curve. As it is defined in traditional capital budgeting investment decisions,
the investment is profitable when the discounted sum of savings, Si, introduced with the reduction
of the unit cost due to the lower specific energy consumption, is greater than the investment cost, Ik.
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The NPV allows to estimate the net financial benefit provided by the investment undertaken to the
company [18], and can be defined as follows:

NPV =
n∑

i = 1

Si

(1 + ρ)i − Ik (3)

where Si = (c0, en − cen)Di, and cen = SEC · pe.
In the equations below, the different effects on the SEC of the two investments option are defined.

In Equations (4) and (5), “SEC reduction” investment (Ik = IR) affects only the constant of the
SEC curve (i.e., parameter a). On the contrary, in Equations (6) and (7), “SEC levelling” investment
(Ik = IL) reduces the slope of the SEC curve (b) while maintaining unchanged SEC for the maximum
production rate, Pmax.

a =
a0

eIR/δR
(4)

b = b0 (5)

b =
b0

eIL/δL
(6)

a = a0P−b0+b
max (7)

First, in Section 2.2.1, the demand rate is considered constant, evaluating the optimal investment
decision for a given value of the production rate (Scenario 1). Then, in Section 2.2.2, it is considered
uncertain and modelled with a stochastic distribution leading to a variable production rate (Scenario
2). As the investments are mutually exclusive, the analysis of the optimal invested capital amounts can
be done separately.

2.2.1. Scenario with Constant Demand

In Scenario 1, the demand is assumed to be constant over the time period. Given Equations (4)–(7),
the NPV for “SEC reduction” and “SEC levelling” are defined in Equations (8) and (9), respectively.

NPV =
n∑

i = 1

(
1 − 1

eIR/δR

)
a0peDiP

−b0
i

(1 + ρ)i − IR (8)

NPV =
n∑

i = 1

(
P−b0

i − P−b0+b0/eIL/δL
max P−b0/eIL/δL

i

)
a0peDi

(1 + ρ)i − IL (9)

Through the study of the derivatives of the NPV with respect to the invested amount, for both the
investment options (i.e., Equations (10)–(12) for the “SEC reduction” scenario and Equations (13) and
(14) for the “SEC levelling” scenario), it is possible to demonstrate the convexity of the NPV and thus
the existence of an optimal value for the amount of capital that the firm has to invest (Ik

∗).

∂NPV
∂IR

=
n∑

i = 1

a0peDiP
−b0
i

δReIR/δR(1 + ρ)i − 1 (10)

∂2NPV
∂IR2 = −

n∑
i = 1

a0peDiP
−b0
i

δ2
ReIR/δR(1 + ρ)i ≤ 0 (11)

I∗R = δRln

 n∑
i = 1

a0peDiP
−b0
i

δR(1 + ρ)i

 (12)
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∂NPV
∂IL

=
n∑

i = 1

a0peDib0e−IL/δL P−b0+b0/eIL/δL
max P−b0/eIL/δL

i (ln(Pmax) − ln(Pi))

δL(1 + ρ)i − 1 (13)

∂2NPV
∂IL2 = −

n∑
i = 1

a0b0peDie−2IL/δL P
−b0e−IL/δL
i P

−b0+b0/eIL/δL
max (ln(Pmax)−ln(Pi))

δ2
L(1+ρ)

i(
eIL/δL − b0ln(Pi) + b0ln(Pmax)

)
≤ 0

(14)

While for the scenario with the “SEC reduction” investment, it is possible to find a closed solution
for the optimal invested amount, as defined in Equation (12); in the “SEC levelling” scenario, it is quite
complex to reach. Thus, it can be obtained by implementing the following step-by-step algorithm:

Step 1. Set IL = 1 and NPVL(IL − 1) = 0.
Step 2. Calculate NPVL(IL) trough Equation (9).
Step 3. If NPVL(IL) > NPVL(IL − 1), then set IL = IL + 1 and go to Step 2, otherwise IL − 1 is the

optimal solution.

2.2.2. Scenario with Stochastic Demand

In Scenario 2, the demand rate is uncertain, and this uncertainty affects the production rate.
Both the rates are, hence, modelled with stochastic distributions. As a consequence, the savings
introduced through the invested capital and the NPV previously obtained are expected values. So, it is
not certain that the decision taken will be the best. In this case, it is possible to compare the behavior of
two investment options and the respective NPV by evaluating the probability that one NPV is greater
than the other, in order to have more precise and detailed results. Specifically, the probability that “SEC
levelling” generates higher financial benefits than “SEC reduction,” p(NPVL ≥ NPVR), is defined in
Equation (15).

p(NPVL ≥ NPVR) =

+∞∫
0

f (NPVL)


+∞∫

NPVL

f (NPVR)dNPVR

dNPVL (15)

From industrial evidence, it results that a standard normal distribution can be considered for both
the demand and production rates. Hence, also the resulting NPV fits a normal distribution (Figure 1),
and the probability defined in Equation (15) becomes [23]:

p(NPVL ≥ NPVR) = Φ

 NPVL −NPVR(
σ2

NPVL
+ σ2

NPVR

)1/2

 (16)
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3. Numerical Study

In the present section, a real case study in the aluminum casting is proposed to investigate the
behavior of the model developed and gain some managerial insights. In [24], improvement actions for
energy wastes reduction in a die casting company in Italy with a capacity of more than 20,000 tons of
aluminum per year have been identified through the use of energy oriented value stream mapping
(EO-VSM) tool. Starting from the results of the previous investigation, this case study considers two
alternative investment options (i.e., the substitution of dated electric motors with more efficient ones,
from IE3 to IE4, and the installation of inverters) to be implemented on some of the production lines,
which are a total of 20. The replacement of the main electric motor of the high pressure die casting
islands impacts on the energy consumption increasing about 8% of the energy efficiency and reducing
the SEC for each production rate. While, the installation of the inverter by adjusting the production
speed of the presses of the various high pressure die casting islands allows to modulate the power and,
hence, it flattens the SEC curve reducing mostly the energy consumption in condition of underuse
(i.e., for lower production rates). The model developed in the previous section can be useful both to
investigate the optimal amounts of the alternative solutions and to compare the net present value of
two investments with a given investment cost. The parameters used in the numerical example are
the following: Pmax = 100 unit/h, n = 10 year, ρ = 4%, pe = 0.1 €/kWh, a0 = 145 kWh·h/unit2, b0 = 1.13,
δR = 30,000, δL = 3500. It is also assumed that the plant operates for 2000 h/year.

The data available on the demand rates well fit a normal distribution with mean value µD = 170,000
unit/h and standard deviation σD = 500, to which corresponds a normal distribution with mean value
µP = 85 unit/h and standard deviation σP = 11 as a good approximation for the production rate,
given the annual operation time. However, the load factor (LF), i.e., production rate probability
distributions, highly affects the financial benefits of the two investment options. Thus, the load factor
resulting from the real data (LF1) is compared with two additional load factors with the same standard
deviation but with different mean values: i.e., 50 unit/h and 15 unit/h for LF2 and LF3, respectively
(see Figure 2). It should be noted that scenario 1 represents a particular case of scenario 2 in which the
standard deviation is equal to zero.Energies 2020, 13, x FOR PEER REVIEW 8 of 14 
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Figure 2. Load factors considered in the numerical analysis.

The effects of the investments change whereas the demand and production rates are not fixed
values but can vary in a range of value according to a stochastic distribution. The probability of
occurrence of each rate is used as the weight of the savings introduced with the specific rates in order to
determine the total savings and the NPVs. In addition to the NPV, the easier payback period (PB) has
been also evaluated since it gives a faster response and fits the managers’ investment decisions-making.
The numerical example for scenario 2 characterized by the normal distributions leads to the expected
results shown in Table 1.
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Table 1. Expected results of the numerical example for different load factors in scenario 2 if the demand
rate follows a normal distribution.

LF1 LF2 LF3

“SEC reduction”

I (k€) 42.01 46.64 48.64
∆SEC (%) −69.19% −78.88% −72.52%
NPV (k€) 49.69 65.37 73.16
PB (year) 4.07 3.64 3.47

“SEC levelling”

I (k€) 6.23 9.42 8.76
∆SEC (%) −14.63% −51.75% −75.82%
NPV (k€) 13.33 64.56 119.84
PB (year) 2.64 0.67 0.07

From the results in Table 1, it is possible to gain some insights. First, it can be observed that
the NPV is positive in both the scenario for each load factor. Thus, both the investment options are
convenient (Figure 3). In particular, the scenario with the investment tending to level the SEC curve
leads to a better result than the other investment for lower load factors (LF3). In fact, “SEC levelling”
highly reduces the specific energy consumption with respect to the as-is scenario (i.e., scenario without
any kind of investment) for low production rates without facing a great expenditure. The effects of this
investment option on the SEC is highly dependent on the load factor considered, while “SEC reduction”
presents less-variable results. On the contrary, higher load factors (LF1) allow “SEC reduction” to be
more convenient, since in this case fewer events of underuse occur. The NPVs for both the investments
are lower for higher load factors because of the lower effects of the investments and, consequently,
the payback (PB) is higher. The payback periods result in different conclusions, since “SEC levelling” is
less expensive than “SEC reduction,” it leads always to shorter PB even if the NPV is lower. Note that
for the intermediate load factor (LF2), the NPV of the alternative solutions are closer. “SEC reduction”
leads to great energy benefits however the investment cost counterbalance its effects; while “SEC
levelling” has lower effects but also lower cost. Moreover, from Figure 3, it is evident that the NPV of
“SEC reduction” is subject to lower variance; while, “SEC levelling” has more variable results.
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Figure 3. Probability distributions of the NPV of the two different investment options—“SEC
reduction” (Investment A) and “SEC levelling” (Investment B)—under normal distributed demand
and production rate.

The profitability of the investments highly depends on the production rate of the production
plant. Consequently, an analysis of the behavior of the alternative investment options for different
mean values of P should be examined. Lower mean values of the production rate lead to higher
expected NPVs (Figure 4a) despite the higher specific energy consumption. This can be explained by
the convenience to invest greater capital amount (Figure 4b).
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Figure 4. Effects of variation in the mean value of the production rate P on (a) the expected net present
value, NPV, and (b) the invested amount, Ik. Legend: Investment A stands for the investment in “SEC
reduction,” while Investment B for the “SEC levelling.”

Interesting values of the production rate are the mean values at which the two investments
have the same (i) impact on the energy consumption (i.e., equal SEC), and (ii) financial performance
(i.e., equal NPV). Above these values, the investment that has higher effects in the reduction of the SEC
and better financial performance is “SEC reduction.” If the NPV curves of the two investment options
do not intersect, it means that one investment leads to better results for all the range of production rates
considered. In the present example, the value at which the effects of the two investment in reducing
the SEC is equal is near 21 unit/h; while the same NPV occurs for a production rate of about 50 unit/h.
The probability that the NPV of “SEC levelling” in greater the one of “SEC reduction,” as defined
in Equation (16), is 0.68%, 48.28%, and 88.24% for LF1, LF2, and LF3 respectively. This probability
confirms the previous observation that for lower (higher) load factor, “SEC levelling” (“SEC reduction”)
performs better.

Some additional relevant analyses have been carried out in order to consolidate the model’s
behavior and to evaluate the significance of several parameters. First, in Figure 5a, the NPV has been
estimated by changing the energy price, pe, since that parameter is frequently variable and policy
dependent. The NPV increases for higher values of the energy price, considering both the investment
options and all the load factors. For LF1 and LF2, “SEC reduction” is more sensitive to variation in
the electricity price and increases its convenience over “SEC levelling” for higher prices. While, if we
consider LF3, “SEC levelling” maintains its convenience and the performance gap within the two
options remains almost constant. An analysis on the as-is specific energy consumption (i.e., the specific
energy consumption before any types of investment, SEC0) has also been performed by varying the
coefficients a0 (Figure 5b) and b0 (Figure 5c). Changes in both the coefficients of the SEC have higher
effects on the “SEC reduction.” In addition, in both the analyses, higher SEC0 (higher a0 and lower b0)
increases the NPV and, thus, the convenience of the investments. Note that the convenience of one
investment against the other is different for different parameters’ value; e.g., for very low values of a0

“SEC levelling” is more convenient than “SEC reduction” for each load factor.
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Figure 5. Variations in the net present value of the two investment options—“SEC Reduction”
(Investment A) and “SEC levelling” (Investment B)—for each load factor by changing: (a) the energy
price, pe, (b) the coefficient a0, and (c) the coefficient b0 of the specific energy consumption without
any investment.

Another interesting analysis can be carried out considering an annual variation of the demand rate.
Specifically, in the following analysis, it has been considered that the demand rate is not constant over
the years, but it is subject to a constant rate of growth/decrease every year. From Figure 6, it is possible to
observe that the benefits introduced with the investments are greater if the demand rate is characterized
by a positive annual variation. Considering the intermediate load factor (LF2), “SEC levelling” is
more convenient for decreased demand rates through the years, while “SEC reduction” for positive
variations. Moreover, “SEC reduction” generates an NPV that increases with a higher rate than the
alternative investment option.
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Figure 6. Effects on the NPV of both the investment options—“SEC reduction” (Investment A) and
“SEC levelling” (Investment B)—while considering an annual variation of the demand rate.

The parameters defining the logarithmic function that evaluates the effects of the investments
on the SEC (i.e., δR and δL) highly influences the results. Figure 7 shows the effects on the NPV of
variations in δR, and δL for the three load factors. Higher values of both the parameters, which mean
higher investment costs, lead to lower NPV and lower invested amounts.
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Figure 7. Sensitivity analysis on the expected NPV of the investments in “SEC reduction” (Investment A),
and “SEC levelling” (Investment B) for the different load factors with respect to the parameters of the
logarithmic investment function: i.e., (a) δR, and (b) δL.

The last sensitivity analysis evaluates how different variability of the production rate (i.e., different
standard deviation, σP) affects the results of the investment. A higher variability of the production
rate increases the convenience of “SEC levelling” with respect to “SEC reduction,” since it leads to a
flattened SEC curve influencing the SEC of a wider range of production rates. In Figure 8, the NPV for
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different standard deviations of the normal distribution defining the production rate, is presented for
the three load factors. The NPV of LF2 is less affected by the variations in the standard deviation.
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Figure 8. Expected NPV of the investments in “SEC reduction” (Investment A) and “SEC levelling”
(Investment B) for different standard deviation values of the normal distributions defining the production
rate for the three load factors investigated.

4. Conclusions

Taking into account the energy demand in an industrial process, two contributions can be
distinguished: one fixed and one variable with respect to the production rate. As a direct consequence,
the SEC decreases for increased production rate. This aspect is relevant since usually the demand
that industrials plants has to face is variable and uncertain and, thus, the production rate does not
correspond to a fixed value but covers a wide range of values. The aim of the present work is to
propose a novel decision model to support the evaluation of the more suitable energy efficiency
investment option and the more profitable amount while considering a stochastic demand that defines
its uncertainty. Specifically, two alternative investment options have been considered which have a
different impact on the SEC curve. A first option (“SEC reduction”) has the same effects in reducing the
SEC for all the production rate and can be implemented only with an expensive expense (e.g., change of
technologies). The other option (“SEC levelling”) has different effects for different values of production
rate and can be usually obtained with a less expensive effort (e.g., installation of inverters for modulating
the equipment use, organizational improvement). The main field of application, in which the proposed
models can be more beneficial, is the energy-intensive industries (e.g., metal, pulp and paper, etc.)
facing an uncertain production rate.

The numerical example proposed considers a specific case study, hence, the results has no aim of
generalization. They allow to highlight the relevance of the problem discussed and to evaluate the
behavior of the models in different scenarios characterized by different load factors. The analyses
show that both the investment options are convenient in the lifetime considered and generate energy
cost savings. Moreover, it evinced that the return of the investment strongly depends on the range
of production rate and, thus, on the demand variability. When the variability of the production rate
is high, the investment option which leads to a flatter SEC curve (“SEC levelling”) acquires greater
relevance than in the scenarios where the uncertainty and the variability are lower.

One of the main limits of the models is the assumption of the continuity and possibility of
differentiating the NPV function. In industrial practice, NPV is not a continuous function, as the cost
of capital expenditure is affected by relevant and unpredictable variations. This limitation can be
overcome by assuming an uncertain capital cost. A further development of the present study may
concern the opportunity to implement both the investment options and to evaluate the joint effects,
by relaxing the assumption of mutual exclusiveness. Finally, the study focused on the direct energy
consumption related to production machines while the contributions of auxiliary and indirect systems
is not considered. To address this issue the energy value stream mapping approach can be used [24].
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