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a  b  s  t  r  a  c  t

This work  proposes  a linear  disjunctive  multiperiod  optimization  model  for planning  investments  in
energy  sources  considering  two  objectives,  one  economical  (maximization  of the net  present  value),  and
the other  environmental  (minimization  of  greenhouse  gas  emissions  – GHG).  The general  goal  of this
approach  is  to provide  an analysis  tool  for  energy  decision  makers  in planning  investment  considering
different  scenarios  in GHG  emanation.  The  decision  variables  of  the model  are  the investment  needs
eywords:
enewable energy

nvestment planning
ulti-objective multiperiod optimization

nvironmental and Economic impact

in  money,  capacity  and  time  in order  to  satisfy  100%  of  the energy  market  for Argentina  in  the  period
2010–2030.  Two models  are  proposed,  the first  one  considers  the  total  amount  of  GHG released  in the
horizon  time;  and  the  other  contemplates  the  amount  of  GHG  year  by year.  Twenty  scenarios  are  eval-
uated  with  both  models.  The  results  obtained  are presented,  which  show  the  trade-offs  between  both
objectives.
. Introduction

Every country in the near future must face the energy supply
sing sustainable sources to maintain the population quality of life
IEA, 2012). This situation has emerged, among others, due to the
imited amount of fossil fuel reserves and the global warming effect
f the greenhouse gas (GHG) emissions. In the decades to come,
entral governments have the challenge of delivering energy in an
conomically and environmental friendly way. Several renewable
nd sustainable energy sources such as wind power, solar, biofuels,
ave a certain level of maturity and they are producing an impor-
ant amount of energy around the world (IEA, 2013; IPCC, 2011;

üstenhagen and Menichetti, 2012). All of them have the advan-
age of neutral or zero GHG emissions but they cannot compete
conomically and/or in some other features like availability, power,
tc., compared with petroleum or natural gas. The Energy Depart-
ents must visualize an investment plan in energy via economic

ncentives and subsidies considering comparative advantages in
atural resources. This work proposes a multiperiod optimization

odel for planning investments in energy considering two  objec-

ives, one economical, the maximization of the net present value
NPV), and the other environmental, the minimization of GHG
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emissions. The general goal of this approach is to provide an anal-
ysis tool for decision makers where different future scenarios can
be evaluated in order to provide information about the more suit-
able energy sources to invest considering the opposite objectives
pursued.

In the literature there are several works related to those subjects,
Cicea et al. (2014) present an article to evaluate the environmen-
tal efficiency of investments in renewable energy. They propose
a method considering econometric models based on Kaya iden-
tity, which is an equation used in studies regarding emissions.
They use indicators like energy intensity, CO2 intensity and gross
domestic product per capita and per unit of investment; with
this data they proposed the calculation of an environmental effi-
ciency index; which they claim is the novelty of their work.
The proposed index is applied to several countries in the Euro-
pean Union. Careri et al. (2011) presented a Generation Expansion
Planning (GEP) problem to find the optimal strategy to plan the
construction of new generation plants while satisfying technical
and economical constraints. With this model it is possible to ana-
lyze the impact of some of the most popular incentive systems
(namely feed-in tariffs, quota obligation, emission trade, and car-
bon tax) on generation planning. The resulting problem is solved
using generalized Benders decomposition (GBD) approach, imple-
mented in Matlab programming language. They included in the

article some tests related with the Italian system. Tang et al. (2012)
introduced and formulated a carbon revenue bond as a financing
tool to support investments in renewable energy, which comple-
ments other environmental incentives. According to these authors,
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Nomenclature:

Sets:
i set for source of energy
k set for markets
t periods of time
r capacities intervals
Marketsi,k subset that indicates that source i can supply mar-

ket k
NR subset of nonrenewable energy sources

Parameters:
NT Tax rate
TI interest rate
hr annual operating hours
Pi,k,t selling price of energy sources i, for the market k, in

the period t
COi,k,t operating cost of energy sources i, for the market k,

in the period t
Ti,k construction time
˛Dep depreciation percentage
TVUi,k useful life time
ε epsilon parameter
GGEIup

k,t
Emissions taken as upper bound to each market k
and in each period t

fGEIi,k emission factor for each source i and market k
xSol

i,k,t
optimal solution taken as upper bound

Dk,t estimated demand
D0k initial demand
˛k factor increasing demand
Cmr,i,k scaling parameter of the investment cost
Imaxr,i,k scaling parameter for capacity of converse plants
CSmr,i,k scaling parameter for the start-up cost of new plants
Cap0i,k initially installed capacities for sources i, market k
RD0i nonrenewable reserves available at the beginning of

the horizon time for source i
fi,k performance conversion factor of source i into the

form required for market k
CDi availability of renewable resources

Variables:
NPV net present value
CSFi,k,t cash flows for each source i, market k and period t
CAi,k,t amortization cost
xi,k,t hourly energy flow from source i to market k in

period t
CIi,k,t investment cost
CSi,k,t start-up cost
XGEIk,t emissions of greenhouse gases in tons of CO2
Capi,k,t capacity available from the source i to market k in

period t
wi,k,t−Ti,k

binary decision variable of existence of invest-
ments

yr,i,k,t−Ti,k
binary decision variable of level of investments

ICapi,k,t increased capacity for new investments
RD nonrenewable reserves available at time t for source

r
c
b
a
d
c

i,t
i

enewable energy systems depend on large financial incentives to
ompete with conventional generation methods. The value of the

ond is obtained by predicting future revenues using stochastic
nd historical price data. They applied the methodology to three
ifferent markets: Europe, Australia and New Jersey. They con-
lude that the sale of the carbon revenue bond with a ten year
l Engineering 72 (2015) 222–232 223

maturity can finance a significant portion of a project’s initial cost.
Fazlollahi et al. (2012) worked on methods for multi-objective
investment and operating optimization of complex energy systems.
The idea behind the article is to explore a multi-period energy
system optimization (ESO) model with a mono objective function
and compare it with a multi-objective optimization perspective
to systematically generate a good set of solutions by using inte-
ger cut constraints (ICC) algorithm and ε constraint. They applied
the proposed model to several case studies comprising six types
of conversion technologies, namely, a heat pump, boiler, photo-
voltaics, as well as a gas turbine, fuel cell and gas engine. The authors
conclude that the model is particularly suited for multi-objective
optimizations presenting different trade-offs among them. Giarola
et al. (2011) propose a multi-objective Mixed Integer Linear Pro-
gramming (MILP) framework to optimize the environmental and
financial performances of corn grain- and stover-based bioethanol
supply chains. The first objective is the maximization of profit
and the second one is to minimize the total GHG impact resulting
from the operation of the biofuel SC over a 15-year time horizon.
The model was applied to a real world case study: the emerg-
ing bioethanol infrastructure in Northern Italy. A Pareto set of
sub-optimal solutions is obtained from the bi-objective problem
solution, the results reveals the conflict between environmental
and economic performance in dealing with biofuels productions.
The authors claim the effectiveness of the optimization tool at pro-
viding decision makers with a quantitative analysis assessing the
economic and environmental performances of different design con-
figuration and their effect in terms of technologies, plant sizes and
location, and raw materials. An extension of this work is presented
by Bernardi et al. (2012, 2013) who  formulate a multiobjective MILP
modeling framework to optimize the environmental (carbon and
water footprints) and economic performances of bioethanol sup-
ply chains. They include the water consumption as an objective to
minimize, due scarcity of this resource in some regions and the
evidence that large-scale biofuels production can affect the overall
water footprint significantly. They also applied the model to the
same case study (corn and stover bioethanol, north of Italy). In
the article of 2012 the authors conclude that some ethanol pro-
duction processes (first-generation) involve intensive use of water
resources and the results are significantly affected by the procedure
used to account for by-product end-use effect on the overall envi-
ronmental supply chain performance. While in the work published
in 2013, they assert that the novelty is the contribution assess-
ment compared to the previous one, because the amount of water
consumed for cropping has a geographical dependency and it is
estimated according to a spatially explicit approach.

One key sector that needs more insight is the transportation
segment which strongly depends on fossil fuels, for this sector
there has been a great number of research works. Charles et al.
(2011) establish that the future of road transport, being currently
reliant on carbon-based liquid fuels, is largely unclear. They stud-
ied this sector from different perspectives by considering a single
energy paradigm using electricity; and multiple energy sources like
electricity, biofuels, fossil fuels, hybrid electric vehicles and hydro-
gen fuel cells. In their work they include countries having diverse
characteristics: two developed regions like the European Union
and Australia; and two  developing ones, sub-Saharan Africa and
China. In the conclusions the authors indicate that energy diver-
sity for road transport has emerged as a solution, from a short-
to medium-term perspective, for the challenge of energy secu-
rity, where diversification is potentially better. Besides, some other
benefits can be obtained such as promoting competition, fostering

innovation and mitigating lock-in. Ridjan et al. (2013) pointed out
that transport, compared with other sectors, is still heavily depend-
ent on oil displaying rapid growth in the last decades. The most
promising sources are biofuels along with electricity. The biofuels
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roduced from biomass have problems like: land use shortages,
imited availability, and interference with food production. They
pecify that is essential to make a detailed analysis of this sector
n order to match the demand and meet the criteria of a 100%
enewable energy system in 2050. Lindfeldt et al. (2010) investi-
ated the road transport system based on renewable resources for
weden with the purpose to illustrate how such a system could
e designed to avoid dependency on imports. They consider a
ecrease on demand due to technical and non-technical means
f improving vehicle fuel economy while in the supply side; bio-
uels and synthetic fuels produced from renewable electricity are
iscussed. They conclude that biomass potential could cover from
ne fifth up to half of the energy demand after considering strong
emand-side measures; and the use of renewable electricity in the
ransport sector is needed to cover the rest of the demand, either
n the form of synthetic fuels from renewable electricity (methane
r methanol), or, when mature technology is available, hydrogen
nd/or battery electric vehicles. Von Blottnitz and Curran (2007)
resent a review of assessments for bio-ethanol as a transportation
uel evaluating the net energy, greenhouse gas and environmental
ife cycle perspectives. They show up that some of the previous
eviews done in the area are unfavorable from these perspectives
hile others are in the opposite direction. They study forty-seven
ublished assessments comparing bio-ethanol to conventional fuel
n a life cycle basis. The authors conclude that the technology
hoices in process residue handling and in fuel combustion are
eys in order to cover those issues. Seven of the reviewed stud-
es evaluated a wider range of environmental impacts, including
esource depletion, global warming, ozone depletion, acidification,
utrophication, human and ecological health, smog formation, etc.,
ut they came up with divergent conclusions. The authors pointed
ut that there is now a strong evidence that all bio-ethanol pro-
uction is mildly to strongly beneficial from a climate protection
nd a fossil fuel conservation perspectives. Fuel ethanol produced
rom sugar crops in tropical settings appears by far the most effi-
ient in these categories from a land-use perspective. In the same
irection Floudas et al. (2012) presents a review of the energy
rocesses for liquid transportation fuels using single and hybrid
eedstock. Specifically, they focus this work in the following pro-
esses: indirect liquefaction of coal to liquid (CTL), natural gas to
iquid (GTL), biomass to liquid (BTL), coal and natural gas to liq-
id (CGTL), coal and biomass to liquid (CBTL), natural gas and
iomass to liquid (BGTL), and coal, biomass, and natural gas to

iquid (CBGTL). They analyze contributions that take into account
mong other issues the economic, life cycle and sensitivity anal-
sis. The main products are gasoline, diesel, kerosene, methanol,
nd DME, with optional coproduction of electricity, hydrogen, and
PG. The authors pointed out that the strategic planning prob-
em for both single and hybrid feedstock energy processes is an
pportunity for researchers to investigate the long-term viabil-
ty of each system; either one type or multiple type of plants can
e considered for a certain region or country according to their
esources. Guillén-Gosálbez and Grossmann (2009) presented the
esign of sustainable chemical supply chains in the presence of
ncertainty in the life cycle inventory associated with the network
peration. The design task is mathematically formulated as a bi-
riterion stochastic mixed-integer nonlinear program (MINLP) that
imultaneously accounts for the maximization of the net present
alue and the minimization of the environmental impact for a given
robability level. The authors solved two illustrative examples
howing the set of Pareto optimal that trade-off the environmental
mpact and profit. The article incorporates environmental concerns

t the strategic level of supply Chain Management (SCM), they
xplicit consider uncertainties in the emissions released and feed-
tock requirements associated with the supply chain operation.
rom a methodological point of view, Liu et al. (2011) presented
l Engineering 72 (2015) 222–232

an overview of typical methodologies of energy systems engi-
neering, comprising superstructure based modeling, mixed-integer
linear and nonlinear programming, multiobjective optimization,
optimization under uncertainty, and life-cycle assessment. They
applied these methods in real-life energy systems of very differ-
ent nature and scale like polygeneration energy systems, hydrogen
infrastructure planning, energy systems in commercial buildings,
and biofuel supply chains. In the conclusions, the authors claim that
the generic modeling and optimization methodologies presented in
the article are suitable for energy systems and could be added into
the scope of “energy systems engineering”. Acreche and Valeiro
(2013) address the sustainability of sugar and ethanol production
from a non-vertical integrated sugarcane industry in Argentina. The
paper calculates the energy and greenhouse gas (GHG) emission
balances. They consider in the model the following factors influ-
encing these balances: gas-oil and nitrogen fertilizers used in the
agricultural stage, natural gas consumed by the sugar mill, and sug-
arcane burning (only for GHG balance). The authors pointed out
that the reduction in GHG emissions for this industry using ethanol
in final blends of 95% gasoline and 5% ethanol is negligible, reduc-
tions can be obtained from a mixture of 90% of gasoline and 10%
of ethanol, using 100% bagasse as fuel in mill boilers, ethanol being
produced directly from sugarcane juice and not from molasses.

From the previous works, it can be seen the importance of
producing energy by renewable sources without environmen-
tal impact. The idea behind the model proposed in this work
is to provide an analysis instrument to make efficient and non-
contaminant investments in energy. This article is organized as
follows: first, the objective functions and constraints of the model
are presented together with the scope and problem characteristics;
then the scenarios proposed, the results obtained and their analy-
ses are included becoming the larger section of this work; finally
the conclusions, future directions and the nomenclature section are
included.

2. Multiperiod multi-objective model

This article proposes a linear disjunctive multiperiod multi-
objective model for planning investment in energy sources to
satisfy 100% of the power demands for Argentina. The horizon time
goes from 2010 until 2030. Two opposite objectives are considered,
the first one is the maximization of the Net Present Value (NPV)
installed capacity and operation of energy systems; while the sec-
ond is the minimization of the GHG emissions. Fig. 1 shows the
energy situation for Argentina at year 2010 according to Secretaria
de Energía (2013), the table containing the values of this figure
is provided as supplementary data. On the left hand side of the
graph we have the primary energy sources, in the middle the con-
verser plants transforming the primary into a form of usable energy,
on the right hand side the markets where the energy flows. The
line thickness represents the proportional contribution of each
resource. It can be seen the great dependency on oil and natural
gas (around 95%), which are non-renewable and GHG  contami-
nants. For this study, the renewable energy sources included in the
evaluation are those which Argentina has competitive advantages
(Villalonga, 2013), the technologies have already been proved and
got some level of maturity, as follows: (a) wind power, since there
are several regions in the country where the wind flows almost
continuously at a good average speed, like the Patagonia region in
the south of the country, (b) biodiesel and bioethanol production
due to the country is an important producer of several crops like

soybean, sunflower, corn, sorghum, sugarcane, etc. (c) solar energy
for commercial and residential heating, because in the last years
a strong private industry offering solar heaters has emerged and
(d) hydropower in the form of dams and hydrokinetic turbines;
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Fig. 1. Energy sources, energy con

his last resources is included given that several country’ regions
ave important rivers with continuous streams at good speed. It
ust be taken into account that this technology does not have

he maturity of some others. Non renewable sources contemplated
n the model are mainly oil, natural gas and nuclear power, since
hey contribute to around 95% of the energy matrix. Conversion
lants comprises bioethanol, biodiesel and petroleum refineries,
ind-power and hydrokinetic farms, nuclear power plants, solar

ollectors and thermo electrical plants. Markets are industrial,
omestic and commercial both consuming electricity, heating and
ome other uses, heavy and light transportation.

.1. First objective (economic)

The minimization of the net present value is represented by Eqs.
1) and (2).

PV =
∑

i ∈ Marketsi,k

k ∈ Marketsi,k

t

(
(1 − NT)  · CSFi,k,t + NT · CAi,k,t

)

(1 + TI)t−1
(1)

SFi,k,t = (Pi,k,t − COi,k,t)xi,k,t · hr − CIi,k,t − CSi,k,t

∀t; ∀(i, k) ∈ Marketsi,k (2)

In Eq. (1), NPV corresponds to the Net Present Value, which is
qual to the updated amount of all cash flows CSFi,k,t over every
eriod t, for every energy source i and market k linked by the subset
arketsi,k. This term is multiplied by 1 − NT which represents the

actor that affects the revenues because of taxes. The second term
T.CAi,k,t represents savings in taxes because of depreciation, where
T is the tax payed and CA is the depreciation cost of the installation

or source i, market k, period t.
In Eq. (2) we express each cash flow CSFi,k,t like the annual finan-

ial balance. The term Pi,k,t. xi,k,t represents the revenues obtained by
he source i, market k, period t, where P is the sale price, xi,k,t is the
ourly amount of energy produced by source i, market k, period t,
he term COi,k,t. xi,k,t corresponds to the operating cost of the energy
ystem (new and old plants). This term is the product of the indi-
idual operating cost (COi,k,t) multiplied by the production of the
lant for source i, market k, period t (xi,k,t) and the annual opera-
ion hours of the plant (hr), CIi,k,t is the investment cost for a new
nstallation; while CSi,k,t is the start-up cost of a new installation
considered only once in the life of a new plant) both calculated for
ource i, market k, period t.
The calculation of depreciation for Argentina is made consid-
ring 85% of the total cost of the property divided by the lifetime
ears of the asset. It is very common that financial life of an asset
arely matches the real lifetime. This is the reason because we have
 plants and markets for Argentina.

extended the productive life of the investments along the horizon
of the study but their rates are limited. This is posed in Eqs. (3)–(5).

CAi,k,t = 0 , ∀t ≤ Ti,k ∀(i, k) ∈ Marketsi,k (3)

CAi,k,t =
˛Dep · CIi,k,t−Ti,k

TVUi,k
+ CAi,k,t−1 , (Ti,k + TVUi,k)≥t > Ti,k

∀(i, k) ∈ Marketsi,k (4)

CAi,k,t =
˛Dep · (CIi,k,t−Ti,k

− CIi,k,t−(Ti,k+TVUi,k))

TVUi,k
+ CAi,k,t−1

, ∀t > (Ti,k + TVUi,k) ∀(i, k) ∈ Marketsi,k (5)

For new investments (CIi,k,t) the depreciation is considered from
its starting production time until they complete their period of life,
which is represented by the parameter TVUi,k. When no invest-
ments are made, the amortization cost (CAi,k,t) is zero as indicated in
Eq. (3). When CIi,k,t is different to zero, Eq. (4) calculate the value of
the depreciation considering the investment cost using a straight
line method. In Eq. (4) it is important to take into account in the
depreciation cost of period t the accumulation of depreciation from
previous periods. Eq. (5) in addition to performing the same as Eq.
(4), it deducts the depreciation of the investments that have already
completed its TVUi,k.

2.2. Second objective (environmental)

The other objective is the minimization of the GHG emissions
modeled as epsilon constraints (ε constraints) measured via a set
of parametric values. For this case two approaches are proposed.
The first one is represented by Eq. (6) which restricts the total GHG
emissions evaluated in the horizon time:∑

k

∑
t

XGEIk,t ≤ ε ·
∑

k

∑
t

GGEIup
k,t

(6)

In Eq. (6), XGEIk,t corresponds to the amount of emissions for a
given market k, in period t of all sources i, which is calculated by
Eq. (7):

XGEIk,t =
∑

i ∈ Marketi,k

fGEIi,k · xi,k,t · hr (7)

where fGEIi,k is the emissions generation factor taken from
Intergovernmental Panel on Climate Change (2006), and tabulated

in Table 1. In Eq. (6), ε is a parameter whose value is between 0 and
1, and GGEIup

k,t
is a calculated upper bound value for the emissions,

which is determined by Eq. (8) with the solution obtained with
the model (xSol

i,k,t
) without including any constraint related with
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Table 1
GHG Emission Factor.

GHG Emission Factor (tCO2/m3) (fGEIi,k) GHG Emission Factor (tCO2/TJ) (includes oxidation factor)

Naphtha Transport 2535.462 72.9
Gas  Oil Transport 2642.882 73
Fuel  Oil Electricity 3064.579 76
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Capi,k,t = Cap0i,k ∀t ≤ Ti,k; ∀(i, k) ∈ Marketsi,k (14)

Table 3
Natural Gas Transport 0.022 

Natural Gas Electricity 0.022 

Natural Gas Residential 0.022 

missions. Results obtained for variables xi,k,t and xSol
i,k,t

are provided
s supplementary data.

GEIup
k,t

=
∑

i ∈ Marketi,k

fGEIi,k · xSol
i,k,t .hr (8)

The second approach is represented by Eq. (9) and takes into
ccount the minimization of the GHG emissions for each time
eriod instead in the whole horizon time. The main difference
etween Eqs. (9) and (6) is the summation over the time periods of
oth terms.

k

XGEIk,t ≤ ε ·
∑

k

GGEIup
k,t

∀t > 5 (9)

q. (9) is evaluated after period 5 to allow investments in renewable
nergies in previous terms, in this way; the problem solution can
each the goal in emissions without infeasibilities.

.3. Constraints

The model must satisfy Argentina’ energy demands for elec-
ricity, transportation and heating. Although demands can be an
ncertain parameter, for this study deterministic curve for each
ource and market was calculated using historical statistics data
ollected by several government and independent organizations.
he approximations made are linear and posed according to Eq.
10):

k,t = D0k + ˛k · (t − 1) ∀k, ∀t (10)

Energy demand for market k, period t (Dk,t) is equal to the needs
f the initial period (D0k) plus an increase coefficient (˛k) times
he number of periods minus 1. The initial demand for each market
t year 2010 is showed in Table 2. The demand values of previ-
us periods considered to get the ˛k parameter are provided as
upplementary data.

The energy supply is stated by Eq. (11) where the summation
f the energy production of sources i (represented by the term

i,k · xi,k,t · hr)  must be equal to the demand for a market k in period
.

∑
 ∈ Marketsi,k

fi,k · xi,k,t · hr = Dk,t ∀t; ∀k (11)
In Eq. (11) fi,k is a parameter that takes into account the per-
ormance and unit conversion factor between source i to market k.
his is done in order to express all energy flows in the same unit.
ata used for this factor are given as supplementary data.

able 2
nitial Demand (D0k).

Transport Naphtha 13482594.6 m3

Transport Diesel 9769182.91 m3

Electricity 71172765 MWh
Residential 8481395000 m3
56
56
56

The energy flow for source i must be less than or equal to the
installed capacity Capi,k,t for that supply for market k time t (Eq.
(12)).

fi,k · xi,k,t ≤ Capi,k,t ∀t; ∀(i, k) ∈ Marketsi,k (12)

The installed capacity can vary from period to period according
to the investments made which are discrete decisions formulated
by means of disjunction (13).

⎡
⎢⎢⎢⎢⎢⎢⎣

∨
r=1..R

⎡
⎢⎢⎢⎢⎢⎢⎣

wi,k,t−Ti,k

yr,i,k,t−Ti,k

CIi,k,t−Ti,k
≥Cmr,i,k

ICapi,k,t ≤ Imaxr,i,k

CSi,k,t−1≥CSmr,i,k

⎤
⎥⎥⎥⎥⎥⎥⎦

⎤
⎥⎥⎥⎥⎥⎥⎦

∨

⎡
⎢⎢⎢⎣

¬wi,k,t−Ti,k

CIi,k,t−Ti,k
= 0

ICapi,k,t = 0
CSi,k,t−1 = 0

⎤
⎥⎥⎥⎦

∀t > Ti,k; ∀(i, k) ∈ Marketsi,k (13)

Boolean variable Wi,k,t − Ti,k is used to establish if a new invest-
ment is performed for source i, market k in period t − Ti,k. The
difference represented by t − Ti,k expresses the gap between the
time t the investment decision is made and the moment it start the
production (Ti,k). Once the investment is decided, another discrete
choice is made employing Boolean variable yr,i,k,t − Ti,k to determine
the capacity (ICapi,k,t) and cost (CIi,k,t − Ti,k) of the new asset; which
are defined thorough discontinuous functions, ranging over sev-
eral intervals (r = 1..R). Data used for the investment cost intervals
are provided as supplementary data. Note that in this case only
one term must be true. In disjunction (13), the plant capacity is
limited by the parameter Imaxr,i,k, which is a maximum value for
that term; similarly the amount to invest has a lower bound limited
by parameter Cmr,i,k. CSi,k,t (the start-up cost explained before) also
has a lower bound restricted by CSmr,i,k.

For some sources i for market k at time Ti,k we  have an initial
installed capacity equal to Cap0i,k(Table 3); this situation is defined
by Eq. (14):
Initial installed capacity Cap0i,k .

Oil Industrial 11200 m3/h
Fuel oil Electricity 0.45946 MW
Fuel oil Industrial 1200000 m3/h
Natural gas Transport 326018.371 m3/h
Natural gas Electricity 14358 MW
Natural gas Residential 1026700.47 m3/h
Natural gas Industrial 3.55E+10 m3/h
Bio  diesel Transport 315.489 m3/h
Bio  ethanol Transport 38.09 m3/h
Wind power Electricity 80 MW
Nuclear power Electricity 10180 MW
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Table  4
Initial reserves for 2010 (RD0i) (INDEC, 2010).

Oil 415914000 m3
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Table 6
Relationships sources-technologies-markets.

Sources Technologies Markets

Oil and/or derivates Internal combustion
engine

Transport
Natural gas
Bio fuels
Oil and/or derivates Thermal generators Electricity
Natural gas
Nuclear power
Wind power Wind Farms
Hydraulic power Hydraulic turbines

Hydrokinetic turbines
Natural gas 4.451E+11 m3

Nuclear power 1.05E+08 kg

For time t greater than Ti,k the capacity can be increased accord-
ng to the investments of disjunction (13), this is posed by Eq. (15).

api,k,t = Capi,k,t−1 + ICapi,k,t ∀t > Ti,k; ∀(i, k) ∈ Marketsi,k

(15)

Depending on the source, the capacity to provide energy has an
pper bound limit according to the natural resources available in
he country. For non-renewable energy sources (i ∈ NR), Eq. (18)
tates that the production of energy for sources i at time t for
ll its markets k must be less than the available reserves for that
eriod RDi,t. Reserves are determined for each period in Eq. (16)
t the beginning of the time period and for Eq. (17) for the rest of
he periods. The initial reserves for the non-renewable sources are
abulated in Table 4.

Di,t=1 = RD0i ∀i ∈ NR (16)

Di,t = RDi,t−1 −
∑

k ∈ Marketi,k

xi,k,t−1 · hr ∀i ∈ NR, ∀t > 1 (17)

∑
 ∈ Marketi,k

xi,k,t · hr ≤ RDi,t ∀i ∈ NR, ∀t (18)

For renewable supplies constraint (19) establishes the capacity
imits by means of parameter CDi.

∑
 ∈ Marketsi,k

Capi,k,t

fi,k
≤ CDi ∀t; ∀i /∈ NR (19)

CDi (Table 5) takes different values according to the renewable
ource, for biodiesel it corresponds to the 2% of the total soy-
ean harvested multiplied by the estimated yield of this crop into
iodiesel. Data were taken from Argentina’ National Institute of
griculture (INTA – Instituto Nacional de Tecnología Agropecuaria,
013), a similar estimate was made for bioethanol from sugarcane
nd corn as feedstock.

The installation of windmills is restricted by the free area
here wind blows in average 80% of the time at the operation

anges of wind turbines, this data was extracted from Argentina’
enewable Energy Association (Cámara Argentina de Energía Ren-
vables, 2013), which provides this information. The bound on the
se of solar energy for commercial and residential heating was
etermined taking the value of the solar radiation received on an
orizontal surface with a strong an constant value during the year;

nd taking the number of possible residences in the area. This data
as given by Argentina’ Renewable Energy Association (Cámara
rgentina de Energía Renovables, 2013) and Argentina’ National

nstitute of Statistics (Instituto Nacional de Estadísticas y Censos,
013).

able 5
aximum capacity (CDi).

Bio diesel 1108.853 m3/h
Bio ethanol 232.722 m3/h
Win  power 9267073.2 MW
Solar 712288.529 mGN3/h
Hydro power 16 MW
Natural gas Burners Residential and
commercialSolar power Collectors

Model that evaluates the total GHG emission in the horizon time
(model TEM) is composed of Eqs. (1)–(7), (10)–(19).

Model evaluating the annual GHG emission in the horizon time
(model AEM) is composed of Eqs. (1)–(5), (7), (9)–(19).

Table 6 shows the links among energy sources, technologies and
markets.

The disjunctive linear models were relaxed into a MILP using the
convex-hull and solved with CPLEX 12.3 using GAMS. The statistics
about models execution are set in Table 7.

3. Results

For each model (TEM and AEM) we  have defined 20 different
scenarios changing the value of the ε parameter.

For TEM model, the ε value goes from 0.8, for scenario 1, until
0.601, for scenario 20.
For AEM model, the ε value goes from 0.8, for scenario 1, until
0.615, for scenario 20.

The reasons of having those values intervals are that in both
cases, for ε values between 0.8 and 1.0 the results obtained with
the model does no change; and for ε values below 0.601 (TEM) and
0.615 (AEM) the solution of the models were infeasible, meaning
that it is not possible to satisfy the GHG emissions with the data
and constraints imposed to them. The ε values for the scenarios are
showed in Table 8.

Fig. 2 shows the NPV obtained for each model, in the y axis is
shown the NPV measured in million of US dollars (MUS$) and the x
axis show the emissions in Ton of CO2, each point in the graph corre-
sponds to one scenario. Model TEM obtains better economic results
since it has more freedom to adjust the investment and the emis-
sion values over the whole time horizon and achieves a better profit,
while AEM adjusted year by year the emanation of GHG, without
the possibility of waiting the proper economic moment to make
the investments. In model AEM, from scenario 16 until scenario
20 emissions are constant considering the whole time horizon, in
those scenarios the model generates more GHG emanation from
period 1 to period 5 where no constraints in contamination are

imposed, while in the rest of the periods they achieve its upper
limit, the explanation for this behavior is that the model maximizes
the economic objective.

Table 7
Model statistics.

MODEL AEM TEM

Equations 6801 4506
Variables 7346 5050
Discrete variables 2350 2350
CPU time (per scenario) <1 s <1 s
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Table 8
ε value for each scenario.

Scenario 1 2 3 4 5 6 7 8 9 10

TEM 0.800 0.790 0.779 0.769 0.758 0.748 0.737 0.727 0.716 0.706
AEM  0.800 0.790 0.781 0.771 0.761 0.751 0.742 0.732 0.722 0.712
Scenario 11 12 13 14 15 16 17 18 19 20
TEM  0.695 0.685 0.674 0.664 0.653 0.643 0.632 0.622 0.611 0.601
AEM  0.703 0.693 0.683 0.673 0.664 0.654 0.644 0.634 0.625 0.615

Table 9
Common Investments made for model TEM and AEM.

2010 2011 2012 2013 2014 2016

MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE  MUS$ TOE

Biodiesel Transport 144 136 144 136 144 136 144 136 144 136
Bioethanol Transport
Wind Power Electricity 1868 418 1868 418 1868 418
Solar  Power Commercial-Residential 414 662
Hydrokinetic Electricity 18 1.5
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Fig. 2. Net present value obtained for each scenario in both models.

Table 9 presents the common investments made (in amount,
apacity and time) for both models. In Table 9, and the other tables
resented in this work investments are shown in million of US
ollars, and capacity in tons of oil equivalent (TOE).

From Table 9, can be observed that for solar energy for domestic
nd commercial heating, and for hydrokinetic turbines to produce
lectricity, investments are made at the beginning of the horizon
ime and they reach the upper bound limit of its capacity. The rea-
on is that they are economical sources and do not have emanation
f GHG. For both models the behavior is the same (see Figs. 3 and 4).

ote that in those figures all 20 scenarios are included but they are
idden by scenario 20 because results are same for all of them. The

ig. 3. Solar energy production (in TOE) vs. time period (year) for TEM and AEM
odel.
Fig. 4. Hidrokinetic energy production (in TOE) vs. time period (year) for TEM and
AEM model.

weakness of these technologies is that they only cover a limited
amount of the total energy used.

In Fig. 3 until Fig. 15, the x axis represents the energy production
measured in tons of oil equivalent (TOE) and in the y axis the year
where production of energy starts a new value; on the figures all
20 scenarios are included.

Wind power mills are used for the electricity market. Table 9
shows that investments are made at the beginning and the mid-
dle of the time period for both models. The behavior is the same
considering total (TEM) and annual emissions (AEM) of GHG (Fig. 5).
Investment cost of wind mills is expensive but they have an impor-
tant positive consequence in the environmental objective, without
using the capacity of this source it is not possible to reach the

diminution in the GHG emissions. This is the main reason because
this source is exploited. Note that in this case, all scenarios gave the
same results.

Fig. 5. Wind power energy production (in TOE) vs. time period (year) for TEM and
AEM models.



J. Flores et al. / Computers and Chemical Engineering 72 (2015) 222–232 229

Fig. 6. Petroleum energy usage (in TOE) vs. time period (year) for TEM model.
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Fig. 9. Natural gas usage (in TOE) vs. time period (year) for AEM model.
ig. 7. Petroleum energy usage (in TOE) vs. time period (year) for TEM model.

Oil is used mainly for the transport sector; its utilization is
trongly restricted in both models at the beginning of the hori-
on time until year 2016, where the investment in renewable and
on-contaminant sources start the full production. This is done to
atisfy the constraints imposed in the emission and its environmen-
al impact; it is notorious how the use of oil increases from year
027–2030 for model TEM (Fig. 6) and for high ε values (0.8–0.75)
here more emissions are allowed. The reason for this behavior is

conomic; more revenues are obtained using oil on those years than
he previous periods. In the AEM model (Fig. 7), after year 2016, the
missions are annually adjusted according to the ε value, for high

 values more oil derivatives are employed for energy production.
Natural gas is the cheapest and more efficient energy source

talking about economic terms) and is employed for several mar-
ets: electricity, heating and transport. Due to these conditions, the
odel always tries to make use of this source for those markets. For
odel TEM (Fig. 8), after a decrease in the amount consumed to sat-

sfy the emanation constraints, it start yearly increased to obtain
ore profit. At the end of the horizon time and for less restrictive

cenarios in emanation, it has similar behavior than the petroleum

ase. For the AEM model (Fig. 9), since in the first 5 years emissions
re not controlled and for the more restrictive emissions scenarios,
t increases the use of natural gas at the beginning of the period

Fig. 8. Natural gas usage (in TOE) vs. time period (year) for TEM model.
Fig. 10. Biodiesel usage (in TOE) vs. time period (year) for TEM model.

to satisfy economic energy supply, then it is adjust year by year to
satisfy the environmental objectives.

Table 10 shows the investment made in amount of money and
capacity (in TOE) for biodiesel production for both models, TEM and
AEM, after year 2014. Both models present the same investments
from 2010–2014 (see Table 9).

Since the use of biodiesel is restricted to heavy transportation
sector which consumes a great proportion of the petroleum, the
behavior of this source is the opposite considering both models.
For TEM model (Fig. 10) in the earliest years of the time period, the
use of biodiesel deeply increases to diminish de emanation of GHG
and then is adjusted to satisfy the environmental restrictions. At
the end of the period it diminishes to obtain more profit for those
scenarios that allow more emissions which is the contrary of the
petroleum use. For the annual emissions model (Fig. 11) it increases
the use until year 2015, and then adjust year by year to satisfy the
emanation constraints according to the scenario’ constraints.

Bioethanol competes in the light transportation market with the
use of gasoline and natural gas. From Table 11 can be seen that
investments and start up production is spread along the time hori-

zon. When more restrictions are imposed in GHG emissions new
plants are installed closer to the beginning of the time horizon.
This situation is shown in Fig. 12.

Fig. 11. Biodiesel usage (in TOE) vs. time period (year) for AEM model.
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Table 10
Investments made for model TEM and AEM (after 2014).

TEM AEM

2015 2024 2015 2023 2024 2025 2026 2027 2028

MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE  MUS$ TOE

1 69 25 69 25
2 69 25 69 25
3 69 25 69 25
4 69 25 69 25
5 69 25 69 25
6 69 25 69 25
7 69 25 115 56
8 69 25 137 97
9 115 56 137 97 69 25

10  137 97 137 97 137 97
11  144 136 137 97 69 25 144 136
12  144 136 137 97 144 136
13  144 136 137 97 69 25 137 97
14  144 136 144 136 115 56
15  144 134 144 136 115 56
16  144 134 144 134 69 25 69 25 69 25
17  144 134 144 136 69 25 69 25
18  144 134 144 136 115 56
19  144 134 144 136 69 25 69 25
20  144 136 69 25 144 136 115 56
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ig. 12. Bioethanol production (in TOE) vs. time period (year) for AEM model.

For model AEM the behavior is a bit different than TEM. Invest-
ents to diminish emissions are made along the time horizon

ollowing the scenario constraints (Table 12); the installed capac-
ty is used according to the situation needs. In the most restrictive
nvironmental scenarios, new investments are made at the end of
he horizon time to adjust the emissions and to improve the profit.

his situation can be seen in Fig. 13.

Nuclear power is used for the electricity market. Argentina has
n installed capacity which is not employed in full. In this approach,
his technology does not contribute to GHG emissions; the

ig. 13. Bioethanol production (in TOE) vs. time period (year) for AEM model.
Fig. 14. Power production by nuclear plants (in TOE) vs. time period (year) for TEM
model.

treatment of nuclear wastes is penalized in the operational cost. No
new investments are made for this source in the horizon time due
to the expensive installation and operational cost; and also the long
construction and start time. The capacity installed is employed in
full on the earliest periods to satisfy electricity demands and dimin-
ish GHG emanation, in year 2016, where wind mills start producing
equivalent energy, the use of this nuclear resource to generate elec-

tricity is decreased to a minimum. This behavior is similar in both
models with some particularities in the AEM formulation which is
more scenarios dependable (see Figs. 14 and 15).

Fig. 15. Power production by nuclear plants (in TOE) vs. time period (year) for AEM
model.
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Table 11
Investments made for bioethanol in amount of money(MUS$) and capacity (TOE) for TEM model.

2010 2011 2012 2013 2014 2016 2017 2018 2020 2021 2023 2024 2025

MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE  MUS$ TOE  MUS$ TOE MUS$  TOE MUS$  TOE  MUS$ TOE

1 485 231
2  485 231
3  485 231
4  485 231
5  485 231
6  485 231
7  485 231
8  485 231
9  485 231

10  485 231
11 485 231
12 485 231
13 485 231 231 56
14 485 231 385 108
15  485 231 462 163
16 485 231 485 231
17 485 231 485 231
18 485 231 485 231 231 56
19  485 231 485 231 385 108
20 485 231 485 231 462 163

Table 12
Investments made for bioethano in amount of money and capacity for AEM model.

2012 2013 2017 2018 2019 2020 2021 2022 2023 2024 2025 2027

MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE MUS$ TOE

1 485 231
2  485 231
3  485 231
4  485 231
5  485 231
6  485 231
7  485 231
8  231 56 462 163
9  231 56 462 163

10  485 231
11 485 231
12 485 231
13 485 231 231 55
14  485 231 385 108
15  231 56 485 231 385 108
16  231 56 485 231 231 56 485 231
17  385 108 485 231 231 56 231 56 231 56
IS  462 165 485 231 462 163

19  462 165 485 231 485 231
20  485 231 485 231 485 231
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. Conclusions

In this paper, a multiperiod multi-objective linear disjunctive
odel is proposed for the evaluation of different scenarios about

lanning investments in energy generation. The idea of the model
s to provide an instrument for energy decision makers to evaluate
ifferent scenarios, in order to analyze the economic and envi-
onmental impact (mainly GHG emissions) of different renewable
nd non-renewable power supply in order to satisfy 100% of the
nergy market. With this tool, it is possible to visualize at present
ay the possibility of defining subsidies and some other meas-
res such as incentives, tax reduction, penalties, etc., for energy
eneration in the long-term. The model can be adapted to any
eographical region by including/eliminating components in the
et of sources, transformation plants and/or energy markets. An
mportant amount of time and effort was made to gather sta-
istical information about consumes, prices, installed capacities,
tc. Results show the trade-offs between both objectives ana-
yzed balancing the economical with environmental issues. The
se of natural gas for electricity sector, is maximized since is the
ost economical energy source covering several markets, while

he non contaminant options like solar, hydrokinetic and wind
ower sources are planned to invests at the beginning of the time
eriod to satisfy the GHG emanation constraints. The investments

n biodiesel and bioethanol to replace the use of petroleum deriva-
ives for the transportation market, based on the diminution of
HG emissions are adjusted along the time horizon analyzed. As
an be seen in Table 10, after initial investments in transforma-
ion plants for biodiesel to satisfy GHG emissions constraints, other
nvestments are made along the horizon time to adjust both eco-
omical and environmental objectives. Tables 11 and 12 show the
esults for bioethanol case; this fuel is not economically attractive
or light transportation compared to oil derivatives, and that is the
eason because investments are distributed along the time horizon
here better profits and more restrictive GHG gas emissions are

equired.
Future work contemplates the inclusion of uncertainties in the

ptimization model. Energy production in a long horizon time
an have several uncertainties caused by different aspects of the
roblem. Uncertainties may  be originated by the non constant
vailability of wind and solar radiation, an insufficient crops pro-
uction and also the undetermined demand and prices of the
nergy.

ppendix A. Supplementary data
Supplementary data associated with this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.compchemeng.
014.05.006.
l Engineering 72 (2015) 222–232
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