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Abstract

Due to a wide variety of real-world constraints, proper project portfolio selection is a critical issue for project-oriented
organizations. In this paper, a bi-objective stochastic mixed-integer linear programming model is developed to cope with
the project selection and scheduling problem in the presence of greenhouse gas emissions, and non-hazardous/hazardous
wastes regulatory restrictions. Moreover, reinvesting proceeds of projects as well as loans are allowed to finance projects
over the planning horizon. The proposed model maximizes the net present value of the expected project portfolio’s
terminal wealth under uncertain conditions, as well as the sustainability score of the project portfolio, simultaneously. The
sustainability score is calculated by one of the recent multi-criteria decision-making methods, SECA, based on seven
qualitative sustainability indicators and by solving a non-linear optimization model. To assess the performance of the
proposed model, a case study of eighteen industrial projects is applied. Since the duration of industrial projects is usually
uncertain, the proposed model is reformulated as a scenario-based stochastic programming model. Furthermore, the
CPLEX solver and Branch and Benders algorithm are used to solve the problem. Results show that the Branch and Benders
algorithm is much more efficient than the CPLEX solver. Results show that increasing the carbon and landfill tax rates is
not always an appropriate decision made by policymakers to control various types of emissions. Such decisions may not
only make the projects less attractive for investment but also, do not significantly reduce the negative environmental
effects, which decreases sustainability in both economic and environmental dimensions. This highlights the importance of
considering each problem’s attitudes for setting regulations where copying does not always create the same solutions for
sustainability issues.

Keywords Resource-Constrained Project Selection and Scheduling Problem - SECA approach - Greenhouse gas emissions -
Carbon tax - Landfill tax - Scenario-based stochastic programming - Branch and Benders algorithm - Project finance -
Sustainable development goals (SDGs) - Optimization

1 Introduction projects among available ones which are aligned with the
company’s strategies. Mostly, Regarding the existing lim-
itations of available resources, time, workforce, budget

constraints, and several other limitations of the real world,

Due to the existing competitive environment in the real
world, the issue of correct project selection is an important

strategic problem that companies have to deal with
(Ghorbani and Rabbani 2009; Rabbani et al. 2010). This
problem is related to selecting the most appropriate set of
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it is not possible for companies to select all the available
projects. Hence, companies try to select a set of projects
which address both these kinds of limitations and opti-
mality in gaining profit (Carazo et al. 2010; Rezahosseini
et al. 2020).

One of the important requirements for having proper
project selection and scheduling is to identify and assess
influential qualitative and quantitative factors which should
be indicated by experts (Mohanty et al. 2005). Hence,
different important qualitative and quantitative measures
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Table 1 The SDGs, relevant targets, and indicators considered in the proposed model

Goal Target

Indicator

SDG
12 of natural resources

12.4 By 2020, achieve the environmentally sound management of
chemicals and all wastes throughout their life cycle, in accordance
with agreed international frameworks, and significantly reduce
their release to air, water and soil to minimize their adverse

impacts on human health and the environment

12.5 By 2030, substantially reduce waste generation through
prevention, reduction, recycling, and reuse

12.2 By 2030, achieve the sustainable management and efficient use

12.2.1 Material footprint, material footprint per capita, and
material footprint per GDP

12.4.1 Number of parties to international multilateral
environmental agreements on hazardous waste, and other
chemicals that meet their commitments and obligations in
transmitting information as required, by each relevant
agreement

12.4.2 (a) Hazardous waste generated per capita; and
(b) proportion of hazardous waste treated, by type of treatment

12.5.1 National recycling rate, tons of material recycled

are considered in this paper. Among them, sustainability
measures are important to be considered. Sustainable
development emphasizes the necessity of the environment
and the preservation of natural resources while considering
economic and social development. Because of the influence
that sustainability can have on project success and project
management, it should be taken into consideration (Mar-
tens and Carvalho 2016) in the process of project selection.
In this regard, organizations concentrate on both the set of
financial and non-financial criteria and try to balance all of
them (Khalili-Damghani and Sadi-Nezhad 2013).

As company’s economic growth makes the company’s
position in the market better, the only dimension that is
emphasized by many companies is the economic dimen-
sion (Dasovi¢ and Klansek 2022). But, the truth is that all
three dimensions of sustainable development are important.
Over the last decades, several international environmental
policies, legislation, regulations, and directives have been
applied to deal with sustainability-related challenges
(European Union, 2023). These efforts in 2000 resulted in
the introduction of the Millennium Development Goals
(MDGs). Since the deadline for this document was 2015,
the Sustainable Development Goals (SDGs) were intro-
duced at the United Nations Conference in Rio de Janeiro
in 2012 and initiated in 2015.

Global Warming and Climate Change resulting from
human and industrial activities is one of the major envi-
ronmental problems which have attracted the attention of
many governments all over the world over the last two
decades. Since human intervention and excessive
exploitation of natural resources have disturbed the
ecosystem, it is necessary for all countries to apply sus-
tainable development in setting rules and strategies.
Accordingly, in this research, selected relevant targets and
indicators of SDGs 12 and 13 are considered which are
expected to be influenced significantly by the available
projects. Table 1 depicts the targets of SDGs 12 and 13 and
their relevant indicators based on the global indicator
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framework for the SDGs and targets of the 2030 Agenda
for Sustainable Development (United Nations 2017).

Industrial activities have a big negative impact on the
environment. In fact, it has been stated that factories are
responsible for as much as 2/3 of the pollution which leads to
the climate change. Although the governments have taken
different actions to reduce the amount of pollution which is
produced by factories, what has already been done is not
enough and lots of other changes must be happened (fiel-
d.org.uk, 2018). Carbon pricing policies are defined to deal
with the pollution resulting from human activities and
accordingly effectively reduce Green House Gas (GHG)
emissions. Carbon pricing policies are categorized into three
main methods, including the Carbon Tax Policy (CTP),
Emission Trading System (ETS), and carbon offset policy
(COP). In the CTP, a specified rate is applied to penalize
GHG emissions. This may encourage polluters to produce
less pollution and hence, pay less amount of carbon tax. In an
ETS—also known as cap and trade—a prespecified initial
emission allowance (the cap) is determined for each ton of
GHG emitted, and entities covered by the ETS are legally
obliged to keep their emitted gas below this allowance.
According to the capability of trading these allowances, if the
gas emission exceeds the determined level, the entities must
purchase an additional allowance from the market. On the
contrary, if the emission level stays below the allowance
level, selling an extra amount is possible (United Nations,
nd). What makes the COP different from the CTP is that in
COP a specified level of emission is determined, and any
emission produced beyond this predefined target is penalized
(Malladi and Sowlati 2020; Haites 2018). In this paper, the
CTP is used in a way that the GHG footprint of each project,
is cited in terms of kg CO,eq, and projects are penalized due
to the amount of released pollution.

In addition to global warming, worldwide waste gener-
ation has increased massively in recent decades (Statista,
nd) and is increasing faster than any other environmental
pollutant. This arises from the development of human and
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industrial activities. Hence, providing adequate waste
treatment and disposal services is a vital issue. To help
decrease the effect of waste generation, different govern-
ments have enacted laws to manage landfills. For example,
Her Majesty’s Revenue and Customs (HMRC), determined
two types of rates for landfill tax (Fletcher et al. 2018):

e Inert (inactive) waste: non-hazardous waste with a low
GHG emission potential

e Active waste: Any waste that is not classified as inert
one, will be categorized as active waste, and is liable for
the standard tax rate.

Accordingly, in this paper, waste generated by each
project is categorized as inert or active waste and penalized
according to the amount and type of waste.

Various research was conducted in the scope of project
selection and scheduling while focusing on the different
dimensions of sustainable development. Tabrizi (2018)
considered the concept of sustainability in material ordering
by presenting a bi-objective optimization model with the aim
of minimization of costs and environmental impacts. They
used NSGA-II and Migrating Birds Optimization (MBO)
algorithms to solve the problem. In another paper, Ma et al.
(2020) presented a fuzzy model to rank projects considering
three pillars of sustainability. Their study calculated the
environmental score of the projects by SimaPro software. In
addition, the social scoring was based on the historical data
of projects of the same nature. Also, the economic bench-
mark of projects was considered as the net present value of
the project cash flows.

In some research in the scope of Project Portfolio Selec-
tion and Scheduling (PPSS), the concept of sustainability is
used for ranking suppliers. For example, Habibi et al. (2019)
proposed an optimization model for the simultaneous
scheduling of projects and material ordering considering
social and environmental competencies for selecting sup-
pliers using the fuzzy Analytical Hierarchy Process (AHP).
RezaHosseini et al. (2020) proposed a multi-objective opti-
mization model to cope with the project selection and
scheduling problem, maximizing the project portfolio profit
and the project portfolio sustainability while minimizing the
number of periods of interruption in the execution of pro-
jects. In this regard, they used the Analytic Network Process
(ANP), VIKOR, and UTASTAR methods to calculate the
sustainability utility function of the project portfolio.
Another research dealing with sustainability in project
scheduling is Askarifard et al. (2021), in which, a four-ob-
jective optimization model was proposed to minimize the
cost resulting from the delay occurred in activities, risk, and
environmental and social impacts caused by the project.

In real projects, the proximity of the parameters used in
the selection and scheduling models is under the condition

of uncertainty. The most common approaches to address the
uncertainty of parameters used in such models are Fuzzy,
Stochastic programming, and Robust optimization. Intend-
ing to deal with uncertainty, Robust Optimization is a com-
pletely appropriate approach when it comes to speaking
about the project scheduling problem (Nabipoor Afruzi et al.
2020). Generally, Robust programming is applied in various
project selection and scheduling optimization models.
Chakrabortty et al. (2016) proposed an optimization model in
which the activity durations were represented by random
variables with different probability distribution functions.
They used a robust optimization approach to obtain reason-
ably good solutions under any likely input data scenario.
Moreover, Nabipoor Afruzi et al. (2020) applied a two-stage
robust optimization model to multi-project scheduling under
uncertain durations of activities to overcome some short-
comings in the previous models. In addition, Baluka and
Cohen (2019) proposed a robust optimization model to cope
with the project scheduling problem, assuming that the
duration of projects is non-deterministic. Askarifard et al.
(2021) used the robust optimization approach proposed by
Bertsimas and Sim (2003) to address the uncertainty of cost
resulting from the delay occurred in activities, risk, and
environmental and social impacts caused by the project.
Salehi and Jabarpour (2021) presented a multi-objective
fuzzy mathematical model to cope with the project
scheduling problem with the limitations of multi-skilled
resources. Their proposed model assumed that changing skill
levels and recruitment of skills are allowed. In addition,
several papers cope with the project scheduling problem by
assuming some parameters of the problem to be stochastic.
For example, Choi et al. (2004) used a discrete-time Markov
chain and dynamic programming to address the uncertainties
of durations/costs of tasks, as well as uncertainties in suc-
cess/ failure of projects in an RCPSP setting. Rafiee et al.
(2014) proposed a multi-stage stochastic optimization model
for multi-period project selection and scheduling problem.

Also, Pourahmadi et al. (2015) proposed a scenario-
based mathematical model for project portfolio selection
with stochastic parameters. Their proposed model maxi-
mizes the net present value of the project portfolio, and
minimizes the positive deviations from the allocation of
resources, simultaneously. Golpira (2016) proposed a
mathematical model for multi-phase project scheduling
based on goal programming and scenario-based stochastic
optimization formulation. In addition to the above-men-
tioned aspects, considering borrowing strategies is of great
importance and can play a significant role in supporting
projects’ costs. In this regard, Martins (2017) suggested a
model for scheduling project activities considering the
project finance issue via loans. This is of great importance
in today’s economic environment.
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This paper presents a novel scenario-based bi-objective
stochastic programming model to cope with the project
selection and scheduling problem in the presence of
greenhouse gas emissions and non-hazardous and haz-
ardous waste regulatory restrictions. The proposed mathe-
matical model simultaneously maximizes the net present
value of the expected cash available at the end of the
planning horizon and the sustainability score of the selec-
ted portfolio of projects. This helps project manager(s) to
provide sustainable schedules which are of particular
importance (Dasovi¢ et al., 2022). In this regard, the sus-
tainability score of projects is calculated by one of the
multi-criteria decision-making methods entitled “SECA”
(Keshavarz-Ghorabaee et al., 2018), based on seven qual-
itative sustainability indicators and solving a non-linear
mathematical programming model. Moreover, the project
finance issue via loans and reinvestments of project pro-
ceeds are considered in the proposed model. To assess the
performance of the proposed model, a case study including
eighteen industrial projects is applied. To solve the pro-
posed model, the Branch and Benders algorithm (Klotz
2017) is used. All the above-mentioned issues distinguish
this research from other studies in the literature. Table 2
depicts some papers in the field of project selection and
scheduling problems. Table 2 illustrates the main previous
studies in the project selection and scheduling area, and
provides a foundation to compare them to identify research
gaps and show the novelty of the proposed model.

The novel aspects of the study are as follows:

e Taking advantages of scenario-based stochastic pro-
graming to deal with the project selection and schedul-
ing problem under uncertainty

e Considering the project cash flows, financing projects
via loans and the reinvestment of the excess cash flow
at any time period

e Considering the impacts of greenhouse gas emissions as
well as non-hazardous and hazardous waste regulatory
restrictions

e Using Branch and Benders algorithm to solve the
proposed model

The rest of this paper is organized as follows. In Sect. 2,
the problem description, the proposed mathematical model,
and a description of the SECA method are provided. In
Sect. 3, an illustrative numerical example is used to
demonstrate the applicability of the proposed model. Sec-
tion 4 provides detailed numerical results and analyses.
Finally, Sect. 5 concludes the paper.
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2 Problem description and mathematical
formulation

2.1 Problem description

In this section, first, a bi-objective stochastic mixed-integer
linear program is presented to deal with the resource-con-
strained project selection and scheduling problem
(RCPSSP) considering regulatory restrictions such as car-
bon tax and landfill tax. Waste produced by available
projects is categorized into two types: (1) waste sold for
recycling by third parties, and (2) waste sent to landfills,
where type (2) is categorized as inert and active waste.
Also, some loans are considered to be available to finance
projects, and the proceeds of projects are allowed to be
reinvested in the next periods. The proposed model maxi-
mizes the terminal wealth as well as the sustainability score
of the portfolio of projects.

2.1.1 Assumptions

The assumptions of the proposed mathematical model are
as follows:

e FEach project has two phases including the construction
and operation phases, measured in months.

e The duration of construction and execution phases of
projects are assumed to be stochastic.

e A specified initial outlay is needed to start the
construction phase of each project.

e The implementation cost of each project is uniformly
charged during the construction phase.

e FEach project is assumed to have a gross cash flow,
depreciation cost, and revenue gained from selling
waste during the operation phase.

e All projects are considered to be independent.

e Interruption is not allowed during performing projects.

e All the selected projects must be accomplished within a
fixed, prespecified planning horizon.

e Reinvestment of proceeds is allowed with a constant,
prespecified interest rate.

e The salvage value of each project may be received in
the last month of the operation phase.

e For each project, landfill tax, income tax, and carbon
tax are paid in the last month of each year of the
operation phase.

Based on the type of landfills, an initial landfill tax rate
(measured in terms of millionRials/ton) is determined
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Fig. 1 A schematic representation for the cash flow of project i

for the first year of the time horizon for both hazardous
and non-hazardous wastes.

e The landfill tax rate will be increased annually for both
hazardous and non-hazardous wastes with fixed rates of
pSr and pLr, respectively.

e An initial carbon tax rate (measured in terms of
millionRials /tCO,eq) is determined for the first year
of the time horizon and will be increased annually with
a fixed rate of pe.

e Project finance via different types of loans is allowed.

e Loans can be taken for each project at the start time of
the construction phase.

e The repayment of loans is assumed to be at the start
time of the operation phase or later on.

Figure 1 shows the cash inflows and outflows for an
arbitrary project i schematically.

As mentioned above, in this paper, a two-stage scenario-
based stochastic program is developed to deal with the
sustainable resource-constrained project selection and
scheduling problem under uncertainty. In the two-stage
stochastic programming approach, the decision-maker
makes an initial decision in the first stage. Then, a
stochastic event occurs that affects the performance of the
first-stage decisions. In the second stage, other decisions
are made to offset the potential adverse effects of the first-
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stage decisions. The uncertain parameters (the duration of
construction and operation phases of projects) are repre-
sented by a set of scenarios with prespecified probabilities.
In this paper, the decisions related to selecting a portfolio
of projects are made in the first stage, while the decisions
related to the scheduling of projects are made in the second
stage. The second stage may be affected by the economic
situation of the country and banks, the internal situation of
the company, etc. (Kim et. Al., 2022).

2.1.2 Notations

The notations used to formulate the stochastic program-
ming model are as follows.

Indices

i=1,...,N Indices of available projects
t=0,....,T Indices of monthly periods
y=1,...,Y Indices of yearly periods
k=1,...,K Indices of inert waste
h=1,...,H Indices of active waste
a=1,...,A Indices of waste that can be sold
I=1,....L Indices of loans

s=1,...,S Indices of scenarios
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Indices Indices
i=1,...,N Indices of available projects i=1,...,N Indices of available projects
Parameters E; Surplus money in period ¢ reinvested in period ¢ + 1,
,l Discount rate (%) under scenario s
2 Reinvestment rate (%) DCi Depreciation cost of project i in period ¢, under scenario
K
Pl Interest rate of loans (%) X . . .
re Income tax paid by project i in year y, under scenario s
e Income tax rate (%) .
. . Ty Total carbon tax paid in year y, under scenario s
re Carbon tax rate (millionRials/tonCOseq) >
. . . T Total landfill tax paid in year y, under scenario s
Y Selling price of waste a, produced by project ys o . .
i(millionRials /ton) TM s Total amount of the principal of loans repaid for project
Lr Landfill tax rate for each ton of inert waste i in period ¢, under scenario s
millionRials /ton its otal amount of the interest of loans paid for project i
i I 11 Total f the i f 1 id f ject i
Sr Landfill tax rate for each ton of active waste in period #, under scenario s
(millionRials [ton) Decision Variables
pLr Percentage of increase in Lr Xits Equals 1 if project i is started at period 7, under scenario
pSr Percentage of increase in Sr s, 0 otherwise
pe Percentage of increase in r° m; Equals 1 if project i is selected, 0 otherwise
ailk Amount of inert waste k, produced by project i in each Bl Total allocated budget
period of its execution phase Fius Amount of loan /, taken for project i, in period ¢, under
aizh Amount of active waste &, produced by project i in each scenario s
period of its execution phase
a?ﬂ Amount of salable waste a, produced by project i in
each period of its execution phase
Vi Amount of emission in terms of tonsofCO;eq, produced
by project i in each period of its execution phase 2.1.3 Mathematical formulation
d}s Duration of the construction phase of project i, under
) Scen.ano y . o The formulation of the developed two-stage stochastic
dj, DL‘;:E;’SOOE the execution phase of project i, under mixed-integer linear program is as follows.
. . .. . . K
Cf; Net cash inflow of project i, in each period of its P
execution phase MAXZ, = Z ps % | Erg X Far JIT - B (1)
C; Cost of project i, in each period of its construction s=1
phase N
SV Salvage value of project i MAXZ, = Z SP; X my; (2)
De; Depreciation cost of project 7, in each period of its il
execution phase L 1—d\ -1+ F
10; Initial outlay needed to start the construction phase of — Tpf;, = Z Z Q’_w‘ 3)
t .
pmjgc l lable bud =1 0 (-d} 3o+ (&2 -00)+910) ="
B Initially available budget .
ay g _ Vt=0...T, i=1...N s=1,...
D, Available amount of loans for each project
Ou Repayment duration for each loan L 1—d —1+¥, A
¥, Number of periods after the construction phase of each Tl = Z Fips (ﬁ’r 37Qil) —TM
project until which repayment of the related loans can 1=1 g=max (1—d! 2 + (a2~ Qu ) +'¥1.0)
be postponed V0. T icl. N s
. o . . . t=0,... =1,... s=
SP; Sustainability score of project i, obtained by the SECA e
method 4)
D The probability of scenario s N o
ZT y v L.erl;glgth of horizon time R, = Z Z ofi X Xigs Vt=0,...T, (5)
uxiliary Variables =T gemax (1—d! a2 0)
ST Start time of project i, under scenario s =1 s
FNj Finish time of project i, under scenario s T
R, Total net cash inflow received in period ¢, under
scenario s
EX; Total cost in period 7, under scenario s
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T
> X<l Vi=1...N, s=1...8 (6)
.
T
STy =Y tx Xy Vi=1...N

T
= (t+d,+d}) xXus Vi=1,...N,
=0

s=1,..,8
FN<TT Vi=1,..,N, s=1,.,§ 9)
12(y) t—dj—1

(s x * x pel=

vﬁ(\
>
Il
=

=1 =12(y=1)+1 g=max (r—d}, —a2 0)
X Xio)Vy
SY,s=1,..8

—_—

(10)

N 1—1
-y S

i=1 0:max(l—dl's.,0)

Cix XVt =0,..T,s=1,..,5 (11)

L N
ZF,-,,S +B = 210,» X Xis + EVt = 0,5 = 1,...,S.
1 I=1 i=1

™=

i

(12)

N L
ZZFHZS + Ry +E(l—l)s X (1 + r3)
i=1 I=1
A N t—d}—1
VX Bt DY
=l a=1 =1 g=max(r-d\ —d2 0)

(13)

N
(a?u X r:;) X Xi()s = Eth + ZDC”S + EIOI X Xits

N
+ > (TMis + i)
I

Vi=1,..T,t#12,24,....T,s=1,..8

L

ZFIIT\ +Rt\+Et 1)
1 =1

Y SVix Xyt DY D

i=1 a=1 =1 g—max(r—d} —d2 0)

-

«(1+7)

i

(0 X 1) X Xig

N N
—Ey=EXy+» DCis+ Y _10; % Xis

i=1 i=1

N N
+ Z(TM:‘:: +Tls) + (Tir/lz + Tzz/lz) + ng‘es,r/n
i=1 i=1

Vt=12,24,36,..T, s=1,...,S
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t—dl —1
DCjy = De; x XVt =0,...,T,i
9:mdx(t dl dlz\, )
=1,..N,s=1,..8 (15)
K N 12(y) t—d}—1
= ZZ Z Of x L x pLr®= x Xyp,
k=1 =1 =12(y= D)+ g=max(r—d},~d?,0)

12(3) —dl—1 (16)

H N
+ZZ 712(2 Z 6?,1 x Sr XpSr();l) X Xios

y=1)+1 6:max(r—d}}\ —d? ,O)

Vy=1,...,Y s=1,...,§

12(y) t—d! —1

= S (e

1=12(y=1)+1 g=max(r—d} —d2 0)
(

— De;) X Xjp5) X 1

is?

— Tl X< r"*Vy

=12(y—1)+1
=1,...Y,s=1,...,5i=1,..N
(17)
Fis <Dy % XisVi = 1 I=1,..Lt=0,..T,s
=1,...8
(18)
T
me—miVi—L aN7S— 1a aS (19)
=0
B/I<B (20)
ius€ {0,1} vi=0,..., T, i=1,.,N, s
=1,...,8
(21)
me € {0,1\Vi=1,..,N (22)
STtnFleRtuEXInEt\aDCltu ,)\7 y\? ynTMm?TIm?
Fuys, B >0Vt =1,...Ti=1,...N,I=1,.,L (23)
s=1,..,85y=1,..Y

Eqution (1) shows the first objective function, which
maximizes the expected net present value of the terminal
wealth at the last period of the planning horizon while
subtracting from the available budjet at ¢ = 0. Equa-
tion (2) illustrates the second objective function, which
maximizes the sustainability score of the selected port-
folio of projects. Equation (3) calculates the principal
amount of the loans repaid for Equationroject i, in period
t, under scenario s. Equation (4) calculates the interest
amount of the loans repaid by project 7, in period #, and
under scenario s. In each period, different projects with
specific cash flows can be running. Therefore, the net cash
flow created in each period will be the result of the
performance of the projects that are being implemented in
that period. In this regard, Eq. (5) calculates the total cash
inflow obtained by implementing projects in period ¢,
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under scenario s. Equation (6) ensures that if a project is
selected under scenario s, its start time will be unique.
Equation (7) specifies the start time of project i. The
completion time of a project is determined based on its
start time and its construction and execution durations. In
this regard, Eq. (8) specifies the finish time of project i.
Equation (9) ensures that the finish time of project i,
under scenario s, will be before the end of the planning
horizon (7). Equation (10) calculates the total amount of
carbon tax paid in year y, under scenario s which depends
on the projects that are running in year y. Equation (11)
calculates the cost of implementing selected projects in
period f, under scenario s. This also depends on the
projects that are running in period ¢. Equation (12) bal-
ances the cash inflows and outflows for ¢t =0, under
scenario s. Equation (13) balances the cash inflows and
outflows of all periods except t =0 and multiples of
twelve (last month of each year) under each scenario s.
Equation (14) balances the cash inflows and outflows of
the last month of each year under scenario s. In the
balancing constraints, the most important parts of cash
inflows include those provided from the money invested
in the previous period, received loans, projects’ income,
sale of assets and salable waste. Moreover, the important
parts of cash outflows include those provided from
implementing projects, depreciation of fixed assets, the
payment of loan principal and interest, and various types
of tax. Equation (15) calculates the depreciation cost of
project i, in period ¢ and under scenario s. Equation (16)
calculates the amount of tax paid for the disposal of
unusable waste in year y, under scenario s. Equation (17)
calculates the amount of revenue tax paid for project i, in
year y, under scenario s. Equation (18) indicates that the
amount of loan type [/, taken by project i, in period f?,
under scenario s must be less than D;. Equation (19)
ensures that only selected projects can be scheduled.
Equation (20) ensures that the amount invested at t = 0,
should be less than or equal to the available budget at
t=0.

Equations (21), (22), and (23) notify the nonnegative
and binary variables.

3 Methodology

Figure 2 shows a schematic representation of the steps of
the proposed approach to select and schedule a set of
projects.

3.1 Steps of SECA method

Before implementing the proposed approach, a brief
description of the SECA approach should be provided.
Regarding the proposed model, there is a need to calculate
the value of the parameter SP; (the sustainability score of
project i) as the main parameter of the second objective
function. In this regard, one of the new multi-criteria deci-
sion making methods called SECA is used. The Simultane-
ous Evaluation of Criteria and Alternatives (SECA)
proposed by Keshavarz-Ghorabaee et al. (2018), uses a
multi-objective non-linear program to simultaneously eval-
uate the weights of criteria and the rank the alternatives. The
non-linear program has three objective functions: (1) maxi-
mizing the overall performance of each alternative, (2)
minimizing the deviation of criterion weights from the ref-
erence point based on the between-criterion variation
information which is defined by the correlation measure, and
(3) minimizing the deviation of criterion weights from the
reference point based on the within-criterion variation
information by calculating the standard deviation. The steps
of the SECA method are as follows:

Step 1 Construction of decision matrix X with n alter-
natives and m criteria as follows, where i is the index of
alternatives, i € {1,...,n}, and j is the index of criterion,
j€{1,....m}, and x; denotes the performance of alterna-
tive i in terms of criterion j.

X1 X2 ... Xyjo--o Xim
X211 X220 ... X2j ... Xom
X =
Xil X eeo Xjjooeee Xim
LXnl  Xn2 -0 Xpj oo Xpm |

Step 2 Formation of the normalized decision-making
matrix, where BC and NC are the sets of beneficial and
non-beneficial criteria, respectively.

——— if jeBC

XN_ makakj
/A minkaj JPE
— N rjeNC
i
(xh Xl X X
N N N N
XXy oo x) XY
XN — : : . : . :
X¥oxyoox¥ L x)
X X - X X |

Step 3 Calculation of the standard deviation and degree
of conflict. The standard deviation of the elements of each
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vector (g;) is the within-criterion variation information.
Also, to capture the between-criterion variation informa-
tion from the decision matrix, the correlation between each
pair of vectors of criteria is calculated, where, r;; denotes
the correlation between j” and " vectors (j
andi € {1,2,...,m}). Then, the degree of conflict between
j™ criterion and the other criteria (m;) is calculated as
follows.

m

m=> (1-r)

=1

Step 4 Calculation of the normalized standard deviation
and degree of conflict.
gj T
O’I.V = J ﬂjN = J
oY he YL
Step 5 Using the following multi-objective non-linear
program to rank alternatives.

maxS; = > wixhVi=1,.. N (24)
=
mink, = Z (wj — O’JN)2 (25)
=
mini, = Z (wj — an)z (26)
=
s.t (27)
i — 28
D oW (28)
=
w, <IVj=1,...,m (29)
wi>eVj=1,..m (30)

3.2 LP-metric method

The LP-metric method is one of the popular methods for
multi-objective optimization. In this method, the p norm of
relative deviations of the objective functions from their
optimal values are minimized, p € {1,2,...,00}. For a
mathematical model with two maximization objectives, the
objective function of the LP-metric method is defined as
follows.

Zi— 7\’ Zi —Z\Pr
MinZLP:(wx(%> —|—(l—w)><(2 2))

*
1 ZZ

Accordingly, the LP-metric objective function of the
proposed model with p = 1 is as follows.
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MinZ" = w x (

Zy - (Zle (Ps x (Eqy X (%’rl’T))) B Bl))

Z

+(1 —w) x (Z; — (Z?ZISSPI' X Yi))

3.3 Branch and Benders method

The Branch and Benders algorithm (Laporte et al. 2002 and
Codato and Fischetti 2006) is a combination of the Branch
and Cut and the classic Benders algorithms. In the Branch
and Cut process, the master problem is solved once. In each
node, in addition to the cut that is applied on the integer
variables based on the Branch and Bound algorithm, the
sub-problem is also solved and the feasibility and opti-
mality cuts are added as additional cuts to the Branch and
Cut algorithm, and the linear relaxed master-problem is
solved.

The Branch and Benders algorithm outperforms the
classical Benders decomposition algorithm in terms of
solution time. This is due to the fact that in the classical
Benders process, the mixed-integer model of the master
problem is solved in each iteration. However, in the Branch
and Benders algorithm, this problem is solved only once.
Three types of strategies can be selected to solve the model
in the Branch and Benders algorithm (IBM 2017):

e BendersStrategy 1: The decision-maker decides to
specify the position of the variables in the main
problem or sub-problem with the BendersPartition
command.

e BendersStrategy 2: Firstly, the model is broken down
based on user preferences. In the next step, it tries to
divide the sub-problem into several separate sub-
problems and solve the model.

¢ BendersStrategy 3: All integer variables are in the
main problem and the rest are in the sub-problem.

4 Computational results
4.1 Base scenario

In order to solve the presented model, a set of 18 real
projects is used. Projects 1 — 6 produce ferrosilicon 75%,
projects 7 — 12 produce magnesium, and projects 13 — 18
produce thin slabs. The amounts of emission produced by
each ton of ferrosilicon75%, magnesium, and thin slab,
were estimated based on Haque and Norgate (2013),
Ramakrishnan and Koltun (2004), and Juntueng et al.
(2012). These projects are available to be selected and
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Determination of the parameters of
projects and assumptions of the problem

Social Economical Environmental SECA
S —— N .
/ AN

/ \
v - \
| Identifying the key !
: sustainable criteria Construction of the Normalizing the ]
! according to organization’s decision matrix decision-making matrix \
I goals !
I

1
'\ :
I 1
: é Solvi It Calculation of the '
! .. L olving a multi- .
1| Acquiring the sustainability objec tivegnon-linear nqrmahzed standard !
: scores of the projects deviation and degree of !
: program conflict '
1 \ 'I

A

[ Formulation of the stochastic program ]

Solving the proposed model with the Solving the proposed model with
Branch and Benders algorithm the LP-Metric method

Fig. 2 Steps of the proposed approach to select and schedule a set of projects

scheduled within 240 periods (T = 240). Tables 3 and 4  the parameters. These experts have experience of working
show the required information about the available projects. in the fields of manufacturing, mechanical and materials
The duration information in Table 4 is related to a single  engineering for more than 10 years. All numerical results
scenario (called the base scenario). The information about were obtained using a core i5-6200U 2.3 GHz, 4GB DDR4
the parameters related to waste was extracted from experts’ Memory and 500 GB HDD operating system.

opinions. Three experts have been asked to assign values to
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Values of other parameters that do not depend on pro-

jects are presented in Table 5.

Table 3 General information about the available projects

4.2 SECA output

Before solving the presented model, the sustainability score
(SP;) of each project should be calculated. To this end,
seven criteria were derived from the SDG Indicator
Framework of the United Nations (United Nations 2017).
These criteria are as follows:

projects  Project Type 200““ of Capacity e Criteria 1: Deprivation level in the area where the
e cr year . .
emés;lon per Ron)y project is to be constructed (based on SDG 1) .
ton of e Criteria 2: Number of R&D personnel required
production according to the project nature and the annual produc-
1 Production of 3.44 12,500 3,583 tion capacity (based on Goal 9-5)
5 ferrosilicon75% $7.500 25083 ° Criteria 3: Considering the nature of the product
FeSi ’ ’ roduced by the project and its location, and the
3 (FeS175%) 100,000 28,667 producec by tie proj - an
potential for the use of renewable energy in the
4 112,500 32,250 .
production process of each ton of product (based on
5 125,000 35,833
6 137,500 39,417 Goal 7-2)
. ’ ’ e Criteria 4: The amount of raw materials used to
7 Production of 42.1 6,000 21,050 . .
. produce each ton of product that is supplied from
8 magnesium 23,400 82,095 . .
(Mg) ingot domestic suppliers (based on Goal 8—4)
? 23,700 83.148 o Criteria 5: The number of people that will be
10 24,600 86,305 employed as a result of the project implementation
1 25,200 88,410 (based on Goal 9-2)

12 _ _ 25,800 90515 o Criteria 6: The amount of polluting water produced
13 Pr(;dgcnon of thin  0.43 3,000,000 107,500 and its negative effect on the environment, during the
slal . . .

14 2,700,000 96,750 production of each ton of product in each project (based

15 2,400,000 86,000 on Goal 6-3)

16 2,100,000 75250 o Criteria 7: The effect of construction and operation of

17 1,800,000 64,500 the project on the aquatic ecosystems (based on Goal

18 1,500,000 53,750 6-6).

Table 4 Detailed information - | > ] | N 3 ] ] ]

about the available projects and L4 4 Cfi Ci Ok % O 10; Dei SVi

tv};el:ezssoc‘ated parameters I 48 180 85606 15315 0 0 313 204348 8575 275808
2 54 180 629,240 103,261 0 0 2188 817,393 34,299 1,103,232
3 55 180 684,846 122,419 0 0 2500 919,567 38,586 1,241,136
4 56 180 820,451 131,576 0 0 2813 1,021,741 42,874 1,379,040
5 57 180 956,057 150,734 0 0 3125 1,123,915 47,161 1,516,944
6 58 180 1,021,663 169,892 0 0 3438 1,226,089 51,448 1,654,848
7 18 120 276,478 127,849 110 0 0 355,699 27,179 515,004
8 21 120 869,264 345,731 429 0 0 871,462 66,589 1,261,760
9 21 120 917,588 360,177 435 0 0 880,355 67,269 1,274,635
10 22 120 932,559 383,516 451 0 0 907,032 69,307 1,313,260
11 23 120 969,207 382,409 462 0 0 924,817 70,666 1,339,010
12 23 120 1,045,855 401,301 473 0 0 942,602 72,025 1,364,760
13 42 186 6,032,291 1,517,870 49,500 500 O 9,283,392 464,914 40,802,001
14 38 186 4,999,062 1,396,976 44,550 450 O 10,719,222 441,668 31,161,901
15 34 186 4,165,833 1,176,083 39,600 400 O 10,155,053 418,422 29,521,801
16 29 186 3,532,604 1,255,189 34,650 350 O 9,590,883 395,177 27,881,701
17 25 186 3,099,375 1,234,296 29,700 300 O 9,026,713 371,931 26,241,601
18 21 186 2,766,145 1,213,402 24,750 250 O 8,462,544 348,685 24,601,501
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Table 5 Values of other

Parameters
parameters that do not depend

Value

on projects

pLr

O 0 N N AW N =
i
=

pSr

S
£

18% Peryear

12%Peryear

25%Peryear

1.45 MillionRials

4 MillionRial s for each ton of waste type a produced by project i
1.5 MillionRial s

20 MillionRial s

1.05

1.05

50,000,000 millionRials

Table 6 Decision matrix for eighteen projects according to seven evaluation criteria

Sustainability criteria

Projects Deprivation Number of R&D  Amount of Amount of inner Opportunity  Polluting  Negative effect on
personnel renewable energy material of jobs water aquatic ecosystem

1 0.3 0.375 0.4 0.78 0.2 1 0.667

2 4.0 0.375 0.6 0.78 0.6 0.75 0.667

3 4.0 1 0.6 0.78 0.6 0.75 0.444

4 0.6 1 0.7 0.78 0.8 0.6 0.444

5 1 1 0.7 0.78 0.8 0.6 04

6 1 1 0.7 0.78 0.8 0.5 04

7 0.5 0.375 0.8 1 0.2 1 0.8

8 0.4 0.625 0.9 1 0.2 1 0.667

9 0.6 0.625 1 1 0.2 0.75 0.667

10 0.4 0.75 1 1 0.2 0.6 0.571

11 0.2 0.75 1 1 0.2 0.6 0.571

12 0.6 0.75 1 1 0.2 0.5 0.5

13 0.3 0.5 0.5 1 1 0.5 0.667

14 0.3 0.5 0.5 1 1 0.5 0.667

15 0.3 0.5 0.5 1 1 0.6 0.8

16 0.3 0.5 0.5 1 1 0.6 0.8

17 0.3 0.5 0.5 1 1 0.75 1

18 0.2 0.375 04 1 1 0.75 1

Table 6 presents the decision matrix for eighteen pro-
jects according to the seven above-mentioned evaluation
criteria. Criteria of the degree of deprivation, amount of
producing polluting water, and negative effect on the
aquatic ecosystem are negative criteria (NC), while four
other ones are positive criteria (PC).

Using the SECA model presented in Sect. 2.2, the
standard deviation and degree of conflict, related to each
criterion are presented in Tables 7 and 8.

As mentioned in the previous section, a non-linear
mathematical model should be solved to obtain the weights
of the evaluation criteria as well as the sustainability scores

of the projects. Using GAMS software (version 2.1.25) and
Baron solver, this model was solved. To determine the
appropriate value of f§, the mathematical model was solved
eight times considering different values from one to eight
for . The value change continues until the ranking of the
seven criteria weights follows an almost constant trend.
Table 9 shows the weight of each criterion in eight itera-
tions. As shown in Table 9, ranking seven criteria based on
their weight has a steady trend from f§ = 5 onwards. Thus,
the ranking of criteria in the descending trend is
5,7,6,2,3,1, and 4. Figure 3 shows the weight of the
seven evaluation criteria based on different values of /5.
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Table 7 Standard deviations and degree of conflicts for seven evaluation criteria

Sustainability criteria

Deprivation Number of R&D  Amount of Amount of inner Opportunity Polluted  Negative effect on
personnel renewable energy material of jobs water aquatic ecosystem
g; 02291 0.2277 0.2114 0.1037 0.3211 0.1665 0.1761
m;  5.5107 5.7191 6.1133 5.3658 6.7274 6.0000 7.3955
Table 8 Normalized standard deviations and degree of conflicts for seven evaluation criteria
Sustainability criteria
Deprivation Number of R&D  Amount of Amount of inner Opportunity Polluted  Negative effect on
personnel renewable energy material of jobs water aquatic ecosystem
g; 0.1575 0.1565 0.1453 0.0648 0.2401 0.1144 0.1210
m;  0.1285 0.1334 0.1426 0.1258 0.1569 0.1399 0.1725
Table 9 Rankings of seven .
. = criteria p
sustainability criteria for
different values of f§ 1 9 3 4 5 6 7 3
1 0.084 0.114 0.124 0.128 0.132 0.133 0.135 0.136
2 0.105 0.125 0.132 0.135 0.137 0.139 0.139 0.140
3 0.110 0.127 0.133 0.136 0.137 0.138 0.139 0.140
4 0.162 0.129 0.116 0.112 0.108 0.106 0.105 0.104
5 0.115 0.157 0.171 0.178 0.182 0.185 0.187 0.188
6 0.244 0.185 0.166 0.156 0.150 0.147 0.144 0.141
7 0.180 0.164 0.158 0.155 0.153 0.152 0.152 0.151

According to Table 10 and Fig. 4, the ranking of pro-
jects in terms of the value of the sustainability score, from
f = 3 onwards follows an almost steady trend and from
f = 6 onwards follows a completely steady trend. Hence,
f =6 is selected to obtain the SECA model output (the
highlighted column in Table 10).

4.3 Solving the proposed stochastic
programming model

In this paper, for the scenario-based stochastic program-
ming model, three scenarios (pessimistic, most probable

and optimistic) are considered to determine values of dils
and d7.. In pessimistic and optimistic scenarios, d, and d,
are two months greater and less than their values in the
most probable scenario, respectively. These values are
shown in Table 11.

There are different policies for determining the carbon
tax rate. In some countries, for example, carbon tax rates

increase at a certain annual rate. Accordingly, to solve the
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model for the base scenario, a specific rate is set for the first
year of the planning horizon and will be increased by five
percent annually. Using the information in Tables 3, 4, 5,
10 and 11 and assuming a weight of 0.5 for both objective
functions in the LP-metric method, the proposed model is
solved to optimality by the Branch and Benders algorithm
within 654.259 seconds. Since CPLEX solver in GAMS
software supports Branch and Benders algorithm, Using
GAMS software (version 25.2.1) and CPLEX solver, this
algorithm was applied to solve the model. The CPU time
for solving the model was 5838.8384 seconds, implying the
high efficiency of the Branch and Benders algorithm. The
economic objective function was equal to 60,723,370
millionRials, and the sustainability objective function was
equal to 7.658. Also, the project selection variables are
(1,1,1,1,0,0,1,1,1,1,1,1,0,0,0,0,1,1), i.e. projects
5,6,13,14,15, and 16 were not selected by the model.
However, without considering the second objective func-
tion, which maximizes the sustainability score of the pro-
ject portfolio, the status of project selection changes as
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Fig. 3 The weights of the seven evaluation criteria based on different values of f§ in each iteration of the SECA method
Table 10 The sustainability B
score of the eighteen projects
for different values of f§ Projects 1 2 3 4 5 6 7 8
obtained via SECA method
1 0.625 0.560 0.538 0.528 0.522 0.518 0.515 0.512
2 0.640 0.614 0.604 0.600 0.597 0.596 0.594 0.594
3 0.666 0.655 0.652 0.650 0.649 0.648 0.648 0.647
4 0.680 0.694 0.699 0.701 0.703 0.704 0.704 0.705
5 0.706 0.732 0.741 0.746 0.749 0.750 0.751 0.752
6 0.682 0.714 0.725 0.730 0.734 0.736 0.737 0.738
7 0.742 0.682 0.661 0.651 0.645 0.641 0.638 0.636
8 0.747 0.692 0.674 0.665 0.659 0.656 0.653 0.651
9 0.714 0.681 0.670 0.665 0.662 0.660 0.658 0.657
10 0.657 0.631 0.622 0.618 0.615 0.614 0.613 0.612
11 0.640 0.608 0.597 0.592 0.589 0.587 0.586 0.585
12 0.636 0.623 0.619 0.617 0.616 0.615 0.614 0.614
13 0.651 0.647 0.645 0.645 0.644 0.644 0.644 0.644
14 0.700 0.647 0.645 0.645 0.644 0.644 0.644 0.644
15 0.700 0.687 0.683 0.682 0.680 0.679 0.679 0.678
16 0.772 0.687 0.683 0.682 0.680 0.679 0.679 0.678
17 0.772 0.748 0.739 0.736 0.733 0.732 0.731 0.730
18 0.740 0.708 0.697 0.693 0.689 0.687 0.633 0.631
(1,1,1,1,0,0,1,1,1,1,1,1,0,0,1,0,0, 1). Therefore, without considering uncertainty, the economic objective

considering the economic and social dimensions, the
mathematical model did not select project 15, while it adds
project 17 to the portfolio of projects.

Table 12 shows the start and finish times of the selected
projects, obtained by solving the bi-objective optimization
model under all scenarios.

A comparison between solving the proposed optimiza-
tion model with and without uncertain parameters shows
that when uncertainty is considered, the economic objec-
tive function value is 60,723,370 millionRials, while

function is equal to 90, 863, 320 Million Rials. This shows
the importance of implying uncertainty to the presented
model.

To obtain the Value of Stochastic Solution (VSS) and
Expected Value of Perfect Information (EVPI), first, Here
and Now (HN), Wait and See (WS) and Expected Value
(EEV) solutions are obtained. The relation among these
three objective functions (in minimization problems) must
be as follows:

Zws <Zun < Zgev
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Sustainability score of projects

Values of 8 used by the SECA method

Fig. 4 Sustainability score of the projects obtained via the SECA method for different values of 8

Table 11 The values of parameters d}x and d?s under all scenarios

d; d;
Projects Pessimistic Most probable Optimistic Pessimistic Most probable Optimistic
scenario scenario scenario scenario scenario scenario
1 46 48 50 178 180 182
2 52 54 56 178 180 182
3 53 55 57 178 180 182
4 54 56 58 178 180 182
5 55 57 59 178 180 182
6 56 58 60 178 180 182
7 16 18 20 118 120 122
8 19 21 23 118 120 122
9 19 21 23 118 120 122
10 20 22 24 118 120 122
11 21 23 25 118 120 122
12 21 23 25 118 120 122
13 40 42 44 184 186 188
14 36 38 40 184 186 188
15 32 34 36 184 186 188
16 27 29 31 184 186 188
17 23 25 27 184 186 188
18 19 21 23 184 186 188

Because both objective functions are of minimization
type, they are multiplied by -1, and the model is solved by
setting w = 0.8. In addition, for each case of model
infeasibility, the result is recorded as oc. The acquired
result is shown in Table 13.

@ Springer

Generally, EVPI measures how much it is reasonable to
pay to collect perfect information related to the future. In
other words, it represents the loss of profit due to the
presence of uncertainty. Moreover, VSS calculates the
goodness of the expected solution value when the expected
values are replaced by the random values for the input
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Table 12 Start andv finish period Scenario Projects
of the selected projects under
each scenario s 1 2 3 4 7 8 9 10 11 12 17 18
ST;s 1 1 2 0 50 0 49 0 24 48 33 36
2 0 0 5 4 0 33 1 31 21 7 28 0
3 2 2 0 46 52 48 48 51 52 25 0
FNj, 1 225 232 231 232 184 137 186 138 163 187 240 239
2 228 234 240 240 138 174 142 173 164 150 239 207
3 234 240 240 240 188 197 193 194 198 199 240 211

Table 13 value of objective functions in pessimistic, most probable and optimistic scenarions

First objective function

Second objective function

Scenarios Expected Value Wait and See Here and Now Expected Value Wait and See Here and Now
Pessimistic infeasible — 54,428,020 — 58,449,140 infeasible — 7.760 — 7.658
Most probable — 62,125,860 — 62,125,860 —9.144 —9.144

Optimistic — 81,229,620 — 86,229,620 —9.144 — 8.439

Mean of results o — 67,594,500 — 58,449,140 oc — 8.447 — 7.658

— 67,594,500 < — 58,449,140 < oc
— 8447 <—-17.658 <

Table 14 The values of parameters for solving small- and large-sized
test problems

Values Parameters

rl 18% annually
r? 12% annually
r 22% annually
e 0.25

r 145

ry 4

Lr 1.5

Sr 20

pLr 1.05

pSr 1.05

pe 1.05

¥, 0

Py P, =0.25 P, =0.5 P3; =0.25

variables. In other words, it shows the value of knowing
and also using distributions on future outcomes (Bridge and
Louveaux 2004). The calculated values for VSS and EVPI
are as follows:
EVPI =Zyy — Zys

— 58,449,140 — (—67,594,500) = 9, 145,360

VS8S =Zgpy — Zun
o0 — (=58, 449, 140) = oo

Given that the obtained values for these two criteria are
positive, the suitability of using the stochastic two-stage
programming framework is confirmed. In addition, it is
concluded that it is reasonable for investors to pay up to
9, 145,360millionrials to obtain perfect information about
the future and the uncertain parameters.

In order to analyze and compare Branch and Benders,
Augmented Epsilon Constraint (version 2), and CPLEX,
two groups of small-sized and large-sized test problems are
used. The parameters of the test problems are randomly
generated by uniform distributions. It is noteworthy that the
lower and upper bounds of the parameters, as inputs for the
uniform distribution function, are determined in a way that
projects remain profitable in all states. To reduce the
impact of random data and errors on the results, eleven
small-sized and five large-sized test problems are solved,
and the mean of results is considered for each problem size.
The values of the parameters for small- and large-sized test
problems are shown in Tables 14 and 15.

In order to solve the proposed model by the Augmented
Epsilon Constraint method (version 2), 13 grid points are
defined. Due to the importance of the profitability of the
selected projects from the investors’ point of view, the
maximization of the net present value of terminal wealth is
selected as the main objective function, and the other
objective function, the maximization of the sustainability
score of the selected projects, is considered as a constraint.
Tables 16, 17 show the results obtained by solving small-
and large-sized test problems, respectively. As Table 17
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Table 15 The values of other parameters for solving small- and larg

e-sized test problems

parameters Values

al_lk round(uniform(0,4))

aizh round(uniform(0,4))

o round(uniform(0,4))

Vi round(uniform(10,20))

d. d} = round(uniform(36,38)) d} = round(uniform(38,42)) d! = round(uniform(42,48))
d d}. = round(uniform(100,102)) d} = round(uniform(102,104)) d} = round(uniform(104,108))
Cf; round(uniform(10,000,11,000))

C; round(uniform(100,120))

SV; round(uniform(1000,1100))

De; round(uniform(5,10))

10; round(uniform(20,30))

D, round(uniform(800,900))

Qi round(uniform(20,32))

Py round(uniform(10,20))

SP; uniform(0/3, 0/9)

shows, in large-sized test problems, the mean CPU time for
solving the test problems by Branch and Benders is
remarkably less than that of the CPLEX solver. Since the
time needed to solve the large-sized test problems by the
augmented epsilon constraint (version 2) exceeds the rea-
sonable time, just results obtained by using Branch and
Benders and CPLEX are shown in Table 17.

Moreover, considering the fact that the second objective
function of the model is discrete, despite determining 12
grid points for the augmented epsilon constraint (version
2), the number of points on the efficient frontier in some
test problems is less than 12 and even equals two points.
Figures 5, 6, 7, 8, 9 show all the Pareto fronts with more
than three points. In each figure, it can be seen that each
solution is efficient, and is not dominated by other
solutions.

4.4 Sensitivity analysis
In order to assess how sensitive the model is to fluctuation
in the environmental parameters, the single objective

model with the economic objective function under uncer-
tainty was considered. Considering the base real scenario,

@ Springer

the following graphs show the changes in the amount of
paid carbon tax, the amount of produced gas, the paid
landfill tax, and the amount of landfill produced as a result
of changing the base rate of the carbon tax and the lower
landfill rate.

As shown in Fig. 10, increasing the carbon tax rate from
—30% to +30% of the base value (1.45millionRials) leads
to increase in production of gas and lessen portfolio ter-
minal wealth. This makes an increase of 5,418,000 tons in
gas production. To this end, the best rate for policymakers
with the aim of selecting a portfolio with less volume of the
produced gas is the first point which is equal to
1.015millionRials. As it is shown, when the carbon tax rate
increases from 1.16¢01.305millionRials, projects 16 and 17
are removed and projects 2,3,4, and 15 are added to the
selected portfolio.

Figure 11 depicts the trend of the economic objective
function value and the trend of the amount of paid carbon
tax considering changing the carbon tax rate from -30%
to + 30% of the base value (1.45) millionRials. As can be
seen, there is a relatively uniform change in each step of
change. As depicted by Fig. 11, changing the carbon tax
rate gives rise to a decrease in terminal wealth and to
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Table 17 Results obtained by solving large-sized test problems

Branch and Benders

LP Metric

Waste Waste Waste Budget W  Num of

Time

Row Num of

Solving Time
(second)

Solving Time Obj 1 Obj 2
(second)

Obj 2

Obj 1

Loans

Horizon Type H Type K Type A

projects

7.410 4045.444

3.689
15.129

4,896,815.877 22.936 4772.040

1,131,963.931
606,884.395

7.410 20,389.471

3.689
15.129

1,131,963.931
606,884.395

2
2
3
4
2

0.3

6000
4000

16
10

15
10

15
10

168
168
168
168
168

34
30
28
40

42
Average computational time (second)

1944.095

2150.405
18,617.068

0.4

872.119

3,761,232.291

3,761,232.291

15,000 0.1

6000
7500

4945.720

4,896,815.877 22.936

0.4
0.4

25 25

25

7.636 6413.583

1,251,854.215

3609.45

7.636  7689.752

1,251,854.215
10,758.48

30 25

30

1,50,000
1,48,000 -
1,46,000
1,44,000
1,42,000
1,40,000 °
1,38,000
1,36,000 °
1,34,000
1,32,000
1,30,000
0.200 0.400 0.600 0.800

Terminal Wealth

Sustainable Score

Fig. 5 Pareto front of example 7

1,50,000
1,48,000 -
1,46,000
1,44,000
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1,40,000
1,38,000
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1,32,000
1,30,000
0.200 0.400 0.600 0.800
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Sustainable Score

Fig. 6 Pareto front of example 8

4,05,000
4,00,000
= [ ]
=
S 3,95,000 »
g [ )
E 3,90,000
— ,7U, ()
g
S
()
= 3,85,000
3,80,000

1.000 1.500 2.000 2.500

Sustainable Score

Fig. 7 Pareto front of example 9

increase in paid carbon tax. Thus, the best point with the
aim of producing less volume of the carbon tax is the
carbon tax rate which is equal to 1.015 millionRials.

As shown in Fig. 12, increasing the carbon tax rate from
=30% to +30% of the base value (1.45), resulted in
decreasing in the produced landfill. The general trend of
landfill production concerning the carbon tax rate is uni-
form, except when the carbon tax rate varies between 1.16
and 1.305millionRials. Thus, according to Fig. 12, if pol-
icymakers want to arise a carbon tax to prevent the volume
of the landfill, the rate of 1.305 is the best choice. Because
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Fig. 9 Pareto front of example 11

with a rate larger than 1.305millionRials, there is no
change in the volume of landfill and on the other hand the
attractiveness of the portfolio is diminishing dramatically.

As illustrated by Fig. 13, except for changing the rate
from 1.16 to 1.305millionRial s per ton of CO,eq, the
amount of paid landfill tax will remain steady. This is
because by changing the rate from 1.16 to 1.305
millionRial s per ton of COjeq, projects 16 and 17 are
removed and project 15 is added to the portfolio. As said
before, due to the dramatic decrease in the economic
objective function after the rate of 1.305 and the steadiness
of the amount of landfill tax, the rate of 1.305 is the best
choice for policymakers.

As shown in Fig. 14, increasing lower landfill rate from
1.05 to 1.2 millionRial s, resulted in increasing gas pro-
duction significantly. Again, changing the lower landfill
rate from 1.35 to 1.45 millionRial s, leads to a significant
decrease and a selection of the portfolio as same as the one
in rate 1.05. According to Fig. 14, the best rate is 1.05.

Because increasing this rate lessens
attractiveness.

As depicted in Fig. 15, changing the lower rate from
—30% to +30% of the base amount of the lower rate makes
no change in the selected project and the slight decrease in
objective function comes from the change in the schedule
with no change in selected portfolio. This also makes the
amount of carbon tax to be remained steady. Hence 1.05
millionRial s is the best rate to choose.

According to Fig. 16, increasing the lower rate from
—30% to +30% of the base amount is not a good policy for
decreasing the production of landfill. And this just leads to
having a negative effect on the terminal wealth of the
project. Thus, the first point which is equal to 1.05
millionRial s is the best choice.

As shown in Fig. 17, an increase in the lower rate makes
a significant increase in paid landfill tax but a decrease in
the objective function. Hence, 1.05 millionRial s is
recommended.

From a practical point of view, this paper seeks to
provide an optimization model that helps project managers
as well as research and development managers in the
selection and implementation of large industrial projects
that have important financial and environmental impacts.
In other words, the presented model not only helps to
create optimal cash flows and maximize the obtained
profits, but also provides conditions that help to create less
environmental problems. Therefore, it is clear that such an
approach can be of special practical implication in today’s
world especially for the project-based organizations.
Some managerial insights provided based on the numerical
analyses conducted in this paper are as follows:

the portfolio

e Setting higher tax rates for penalizing carbon/landfill
production is not always an appropriate solution for
decreasing the environmental side effects of industrial
projects. Instead, setting a threshold for the maximum
allowed amount of carbon/landfill production may be a
better policy.

e Changing the carbon tax rate can be effective in
reducing the volume of landfill produced by the
selected projects.

e It is expected that increasing the lower rate is likely to
reduce the amount of landfill produced. However,
results show that increasing this rate leads to selecting a
portfolio of projects with much more amount of landfill
produced and less economic attractiveness.
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Fig. 10 Sensitivity of economic objective function and total GHG produced by changing the carbon tax rate
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Fig. 11 Sensitivity of economic objective function and total carbon tax paid by changing the carbon tax rate

5 Conclusion

In this paper, a bi-objective stochastic mixed-integer linear
programming model was developed to cope with the pro-
ject selection and scheduling problem in the presence of
greenhouse gas emissions and non-hazardous and

@ Springer

hazardous wastes regulatory restrictions. The proposed
model aimed at maximizing the net present value of the
expected project portfolio’s terminal wealth under uncer-
tain conditions, as well as the sustainability score of the
project portfolio, obtained by using the SECA method,
simultaneously. Furthermore, reinvesting proceeds of
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Fig. 13 Sensitivity of economic objective function and landfill tax produced by changing the carbon tax rate

projects as well as loans were allowed to finance projects  discrete scenarios. Moreover, a case study of eighteen
over the planning horizon. industrial projects was applied to assess the performance of

The construction and operation phases belonging to the  the proposed model. Furthermore, CPLEX solver (using
projects were considered to be uncertain. Hence, in  LP-Metric method), Augmented Epsilon Constraint (ver-
accordance with the two-stage stochastic programming  sion 2), and Branch and Benders methods were used to
framework, the duration parameters were defined with  solve the test problems. Numerical results showed that the
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Branch and Benders algorithm is much more efficient than
the CPLEX solver. This efficiency with respect to CPU
time is noticeable, especially for large-sized test problems.
In addition, two important measures namely the value of
stochastic solution (VSS) and expected value of perfect
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information (EVPI) were calculated to show the applica-
bility of using the two-stage stochastic programming
framework to deal with the problem under consideration.

Finally, a thorough sensitivity analysis was performed to
analyze the objective values concerning changing
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parameters of the problem, especially carbon tax and
landfill lower rates. Results showed that increasing the
carbon and landfill tax rates is not always an appropriate
decision made by policymakers to control various types of
emissions. In other words, in some cases, increasing the
carbon and landfill tax rates, does not significantly reduce
the negative environmental effects, while making the pro-
jects less attractive for investment. This highlights the
importance of coping with the problem under consideration
for managers, legislators, and policymakers.

One of the limitations of the current research was the
ambiguity in domestic environmental laws. To overcome
this problem, the authors have used international

environmental laws, which are more comprehensive, in
their research. Another important challenge in this research
was that the project implementation time estimation may
be subject to significant errors. In this paper, the authors
have tried to overcome this important problem by using the
scenario-based stochastic programming approach.

Some extensions of this paper as future research might
be of interest. Considering that the implementation of such
projects can have an important impact on the local context
of the regions, it can be useful to consider social factors in
future studies. Incorporating inflation as a key economic
parameter in the proposed model can also be a matter of
attraction for future research. Moreover, projects can be
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represented and scheduled in terms of activities. Further-
more, using the parallel solving mode for solving large-
sized problems as well as using other solution approaches
might be matters of great interest.
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