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The COVID-19 pandemic exacerbated the erratic demand, supply, and prices of energy. It is unlikely that these
effects would subside post-pandemic, especially with the pre-existing climate change crisis that also needs to be
addressed. Emissions policies aimed at mitigating climate change place economic pressures on already disrupted
energy systems, which could worsen energy insecurity. Configuring disrupted energy systems to build robustness

Polygeneration . . . s L . . .
Risk to supply chain-related uncertainties and economic pressures of emissions policies are desired to simultaneously
Optimization address these problems. To this end, this study introduces a robust mixed-integer linear program that simulta-

neously incorporates the abovementioned needs for configuring energy production systems. The proposed model
is tested through a demonstrative case study that deals with a biomass-based polygeneration plant design
problem. The scenario analysis and sensitivity test on the model concerning the case under consideration yields
the following results: (1) setting ambitious target profits reduces the probability of the resulting plant configu-
ration to achieving the set targets in the presence of supply chain-related uncertainties, while conservative
targets promote the opposite; (2) the inoperability of the plant’s process units reduces the robustness of optimal
process configurations, and drastic configurations may be required to achieve targets despite the inoperability of
process units; (3) a hybrid cap-and-trade and emissions tax policy yields approximately similar implications to
the robustness of the resulting optimal plant configurations compared to a pure cap-and-trade policy, but the rate
of decrease in robustness with respect to the initial emissions cap is lesser in the hybrid policy than in the pure
cap-and-trade policy.

1. Introduction

The energy sector is at the receiving end of the impacts of the COVID-
19 pandemic (Klemes et al., 2020; Mastropietro et al., 2020). The
challenges introduced by the pandemic on energy systems include high
voltage levels and inaccurate load forecasting, which are direct results of
irregular consumption patterns, high ramp rates, and fluctuations in
frequency (Navon et al., 2021). Furthermore, the volatility in energy
supply and demand during the pandemic has resulted in fluctuations in
energy prices (IEA, 2020); Navon et al., 2021). The severe disruption
dealt by the COVID-19 pandemic to energy supply chains has exacer-
bated energy demand and supply uncertainties, which has profound
economic implications, especially in the energy sector. Even as lock-
downs ease, travel bans persist, and some industries remain closed,

while others are operating at less than full capacity due to various forms
of social distancing or a lack of demand (Szczygielski et al., 2021).
Selerio and Maglasang (2021) showed that these disruptions ripple and
result in disruptions and uncertainties in industries like the energy
sector, which are also evidenced by other studies (i.e., Salisu & Ade-
diran, 2020; Szczygielski et al., 2021; Liu et al., 2022). This issue makes
the development of engineering strategies that increase the robustness of
energy systems critical.

On top of the uncertainties associated with the pandemic, the energy
sector is also susceptible to uncertainties consequent from climate
change (Laghari, 2013). For instance, as the average global atmospheric
temperature increases, an increase in the energy demand for essential
utilities (i.e., electricity, water, heating, and cooling) is almost inevi-
table in the long run (Schaeffer et al., 2012; Koljonen & Lehtila, 2012).
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Long-term climatic changes make these uncertainties in energy demand
(i.e., uncertainty in the extent of increase in energy demand) and un-
certainties consequent to limited energy supply lasting (Carvajal et al.,
2019). The looming climate change crisis would eventually require
countries to expedite cleaner energy production technology in-
vestments. Based on the previous discussions, cleaner energy production
should be implemented in view of post-COVID-19 conditions. While
several methodological studies have addressed strategies for post-
COVID-19 recovery efforts in various sectors of the economy (e.g.,
Ocampo et al.,, 2021a; Ocampo, Tanaid, Tiu, Selerio, & Yamagishi,
2021b; Selerio, Caladcad, Catamco, Capinpin, & Ocampo, 2022), in-
vestigations in the energy production research domains remain to be
scarcely explored, especially in view of process optimization, climate
change, and post-COVID-19 uncertainties.

The energy sector is one of the largest emitters of greenhouse gases
(GHG). For instance, in 2020, 76.2 % of direct GHG emissions originated
from energy production (IEA, 2020). Furthermore, about 70 % of total
global GHG emissions are in the form of COy originating from the
combustion of fossil fuels (Olivier et al., 2017). The massive GHG
emissions of the energy sector warrant the acceleration of investments in
cleaner energy production technologies in response to the climate
change crisis. Among the popular technologies promoted to address this
problem are polygeneration technologies (Jana et al., 2017).

Polygeneration technologies can deliver multiple utilities from a
single feedstock to obtain an efficient multi-utility system. It has been
recognized as a promising pathway for resolving problems associated
with GHG emissions (Jana et al., 2017). Polygeneration is a thermo-
chemical process that simultaneously produces at least two different
products in non-trivial quantities. However, polygeneration is not a
petroleum refining process, a co-generation process, or a tri-generation
process; at least one product is a chemical or fuel, and at least one is
electricity (Adams & Ghouse, 2015). The purpose of polygeneration is to
increase energy yield (Ubando et al., 2020), promote potential carbon
drawdown (Jana et al., 2017), and decrease energy production costs
(Wang et al., 2017).

On the other hand, despite the increasing public concern over
climate change and the availability of technologies that could poten-
tially address it, the actions undertaken by the energy industry to
address this crisis are considered largely inadequate (Buso & Stenger,
2018). This scenario is commonly known as the adaptation gap (UNEP,
2016). Furthermore, market failures caused by environmental exter-
nalities have likely worsened the adaptation gap. These challenges in-
crease the need for government interventions (e.g., subsidies, economic
policy, energy consumption policy) to address these GHG emissions
concerns in the energy sector. Governments opt for either emissions tax
or cap-and-trade policies to address these challenges.

The emissions tax policy assigns a cost-per-ton of GHG emissions
across all emitters (Wood, 2018). On the other hand, the cap-and-trade
policy assigns carbon emissions allowances (or caps) to firms at a given
planning horizon (Zhou & Wang, 2016). At the same time, firms can also
purchase carbon allowances from a carbon trading market if it needs to
increase production. Consequently, the firm can trade-off (or sell) its
surplus allowances to those who need them (Chai et al., 2018). The
adoption of these emissions policies in many countries has motivated
industry practitioners and academics to investigate methods to opti-
mally configure operations (Ubando et al., 2020; Zhou & Wen, 2020).

Carbon-constrained planning models are usually employed to
address process integration/synthesis problems (Foo & Tan, 2016).
Process integration techniques are a family of methodologies for syn-
thesizing several operations to increase the efficiency of resource con-
sumption and/or reduce harmful emissions (Klemes, 2013). Foo and Tan
(2016) performed a comprehensive review of process integration tech-
niques for carbon-constrained operations planning. So far, the consid-
eration of emissions policies in process integration has been performed
only in the macro planning context (see Manesh et al., 2013). Further-
more, the consideration of economic pressures consequent to emissions
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policies in configuring plant-wide energy production systems, i.e., pol-
ygeneration plants, is not yet explored in the domain literature. Imple-
menting emissions policies to motivate the adoption of clean energy
production technologies, i.e., polygeneration, makes the configuration
of operations challenging, especially in view of the economic pressures
introduced by these policies to recovering energy firms and the un-
certainties associated with the post-COVID-19 conditions.

During the brunt of the COVID-19 pandemic, many renewable en-
ergy production plants worldwide have laid off their workers to keep
operations (Graff & Carley, 2020). These lay-offs have reduced their
operational capacities, making them inoperable and highly vulnerable.
In addition, long-term inoperability can also arise from the lack of
supplies for the replacement and repair of damaged process units,
especially when the suppliers were bankrupt during the pandemic. The
process units of energy production plants involve expensive heavy-duty
equipment whose parts are usually sourced from specialized suppliers.
This is relevant because a disruption in the operations of these suppliers
could cut off specialized equipment maintenance services essential to
keeping energy production operations running. The reality of situations
wherein disruptions ripple from one production entity to another has
been recently documented in the context of the COVID-19 pandemic
(Selerio & Maglasang, 2021). This issue exacerbates the need to
configure operations in response to the long-term operational challenges
introduced by post-COVID-19 conditions.

The above discussions imply the need to simultaneously consider the
influence of emissions policies, process inoperability, and supply chain-
related uncertainties to obtain a robust configuration of polygeneration
plants in response to both climate change risks and post-COVID-19
conditions. In this work, supply chain-related uncertainties are defined
by uncertainties in both the demand for energy products and the supply
of raw materials to produce them. These uncertainties could be repre-
sented by uncertainties in demand quantity and price of goods, just like
in the work of Sy et al. (2016). Developing a modeling framework that
addresses the problems expounded above is essential to managers, pol-
icymakers, and engineers as it maps the effects of emissions policies on
energy systems design. Furthermore, the need to implement policies that
promotes flexibility for polygeneration plants has been proposed as a
way for the energy sector to become resilient against extreme disruptive
events (e.g., COVID-19 pandemic) (Heffron et al., 2021). In the context
of emissions policies, a consensus is not yet achieved regarding which
among emissions tax and cap-and-trade is better at drawing down GHG
emissions in response to climate change.

Promoting a hybrid policy that integrates the two previously
mentioned emissions policies is increasingly studied in the literature
(Wood, 2018; Cao et al., 2019). Canada implemented a hybrid policy
wherein firms have the flexibility to choose which among the existing
emissions policies to subscribe to - either emissions tax or cap and trade
(Wood, 2018). It has allowed firms to choose the more economically
viable policy for their scale of operations and has addressed the vola-
tility of the price of emissions allowance (Wood, 2018). Hybrid emis-
sions policies have also been implemented in China (Cao et al., 2019)
and the USA (Brooks & Keohane, 2020). Whether hybrid emissions
policies are better than pure emissions policies in promoting energy
systems’ robustness is not yet investigated in the literature. Investigating
this question in the context of polygeneration plants and the other gaps
highlighted previously can provide useful insights into developing a
robust and resilient energy system.

This work contributes to the carbon-constrained process integration
literature by introducing a novel mathematical programming-based
process integration model for the automated configuration of poly-
generation plants while incorporating the implications of emissions
policies, supply chain uncertainties, and inoperability in view of post-
disaster conditions (e.g., post-COVID-19). This work is also the first to
investigate the effects of hybrid emissions policies on the optimal
configuration of polygeneration plants. The proposed model is tested
through a demonstrative case study that deals with a biomass-based
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polygeneration plant design problem. In this work, the measures adop-
ted to promote robustness against supply chain-related uncertainties in
polygeneration plants are investigated by conducting a scenario analysis
where target profit is varied, and the robustness of the resulting plant
design associated with the target profit is recorded. The influence of the
inoperability of process units on the robustness of plant configurations is
also investigated through the scenario analysis by comparing the
robustness of configurations for a disrupted and undisrupted plant sce-
nario. Lastly, the effects of hybrid and “pure” emissions policies are
investigated by obtaining a manifold of polygeneration plant designs
associated with the implementation of each policy type and recording
how key parameters, i.e., robustness, are affected by each policy type.

The rest of the paper is outlined as follows: Section 2 presents the
detailed formulation of the proposed process integration model. Section
3 presents the material and methods used to test the viability of the
proposed model for obtaining polygeneration plant designs. Section 4
presents the results of the tests. Section 5 presents the discussions of the
results. Lastly, Section 6 presents the conclusion and suggestions for
future works.

2. The model
2.1. Problem statement

Let M = {1,2,---,m} be the set of all production materials (e.g., raw
materials, final outputs, and by-products) in the system and P = {1, 2, ---
,p} be the set of environmental by-products, i.e., emissions, such that
PcM. Also, let N={1,2,---,n} be the set of all process units in the
system. The specific problem tackled in this study can be formally stated
as follows:

= A multi-functional energy production system utilizes inputs, i.
e., biomass feedstocks, to produce multiple outputs, e.g., power
and heat.

m The technological performance of the process units of the sys-
tem is defined by a fixed set of proportions of input and output
streams.

m The demand and price of material streams are subject to
uncertainty.

m Production disturbances are in the form of process failures (e.g.,
damaged equipment), which lead to abnormal operations and
reduced operational capacity.

m Cap-and-trade or emissions tax policies are in effect and applied
to the environmental emissions (elements in P) of the system.

The objective is to determine the energy production system that
maximizes profit (i.e., revenue less costs) while considering un-
certainties in supply chain-related parameters and economic pressures
of emissions policies throughout the duration of abnormal operations.

2.2. Notations

From here on out, Greek letters denote decision variables, while the
conventional Alphabetical letters denote model parameters. Uncertain
variables are characterized by the accent tilde (~). The transpose of
matrices is characterized by the superscript 1. The diagonalization of a
matrix is denoted by the operator diag(*). Furthermore, the indices used
in this study are as follows: i € M and j € N, representing production
materials and process units, respectively. The notations are briefly
presented in the following subsections.

2.2.1. Coefficients

A is the m x n technology matrix that describes the input-output
streams of m materials to n process units.

K, Ksr are n x 1 vectors denoting the lower limit of the part-load
operating level of a process unit and spare operating capacity from the
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application of safety factors, respectively.

V is the n x 1 variable capital cost vector.

F is the n x 1 fixed capital cost vector.

Q is the n x 1 fractional inoperability vector.

P4y, is the p x 1 vector denoting the price (per ton) of emissions
allowance.

E is the p x 1 vector denoting the emissions tax rate.

H is the p x 1 vectors denoting the initial emissions cap.

P;,R, P;R are the m x 1 nominal value and maximum perturbation
value of the uncertain material price vector, respectively.

D',D’ are them x 1 nominal value and maximum perturbation value
of the uncertain production limit vector, respectively.

Won, War are the total annual plant operating hours and the annu-
alizing factor of total capital expenditure, respectively.

F is the predefined target profit.

2.2.2. Decision variables
Kk is the n x 1 part-load operating level vector.
¢ is the n x 1 binary unit selection vector.
y is the scalar binary emissions policy selection variable.
A is the p x 1 vectors denoting the emissions allowance.
G is the p x 1 vector denoting the total emissions.
6 is the robustness index.

2.2.3. State variables
G is the p x 1 vector denoting the total emissions.
« is the profit.
Ppr is the m x 1 uncertain material price vector.
D is the m x 1 uncertain production limit vector.

2.3. Model assumptions
The following assumptions are followed in this modeling work:

m A is scale-invariant. Thus, reductions (or increases) in the
operational capacity of process units do not affect the pro-
portions of the input-output streams in A. The values of A are
predetermined during the design stage.

m The entire feasible operating range of process units is bounded

by a lower limit (i.e., the minimum part-load capacity) and an

upper limit (i.e., the rated capacity with safety factor).

The price and demand of material streams are uncertain.

The firm does not produce outputs above the demand limit.

Similarly, the firm does not generate environmental emissions

above the emissions cap.

m The capital cost of each process unit is annualized and
described by a piecewise linear function of capacity.

= Two emissions policies are considered, namely emissions tax
and cap-and-trade.

m The price of an emissions allowance in the cap-and-trade pro-
gram is constant.

m Emission allowances are sold in competitive markets. There is a
readily available demand for emissions allowances whenever
the firm decides to sell its on-hand allowances.

2.4. Model development

This study considers the economic implications of inoperability,
capital costs arising from process configurations, and emissions policies.
The profit obtained from the configuration of the energy production
plant is calculated as follows:

& = WonPpeAk — War (Vi + F1¢p) — E'G(1 —y) — P}, Ay €}
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¢, €{0,1} and"A
€ %", “where . %" “is the “space of "all” p — dimensional vectors

The total capital cost arising from decisions on vectors k and ¢ is
denoted by the term Wxr(V'k +F'¢h). The term V'k represents the vari-
able capital cost of scaling the production, while F'¢p represents the
fixed capital cost of operating the process units. The cost arising from the
emissions policies is represented by the term —E'G(1 —y)—P}; Ay.
Specifically, the cost arising from emissions tax is presented by
E'G(1 —y) while the costs arising from cap-and-trade are represented by
P}, Ay. The model is linear when y is fixed because in the term P}, Ay,
the multiplication of the variable A to another decision variable is
avoided. Fixing the value of y indicate that only one of the two emis-
sions policies can take effect. However, when a hybrid emissions policy
is in effect where an energy firm is given the flexibility to choose which
policy to subscribe to, like the Canadian policy discussed in Wood
(2018), y becomes a decision variable that makes the model quadratic
(nonlinear). The quadratic term P}; Ay in Equation (1) can be easily
linearized by letting Q = Ay and adding the following constraints:
Ly <Q<Uy,Q<A-L1-y),Q>A-U —y),whereL = —#7,U =
A, and .# is aknown large number (i.e., .#Z— ). It should be noted that
L < A < U because A € .#". The details of the decision variable A are
presented in the subsequent discussions. Although the linearization of
the nonlinear term in the objective function is apparent and straight-
forward, as previously demonstrated, it is not reflected in the succeeding
models to keep the models’ form concise and as simple as possible.

On the other hand, revenue is represented by the term WOH;)}T,RAK,
where Ak represents the total input-output streams (production) of the
plant. In this study, production is limited by the annual demand and
emissions limits as follows:

WonAk < D 3

The production limit vector D contains the annualized limits on the
demand of outputs (final products) and emissions (environmental by-
products). From the term Ak, the total emissions can be isolated as
follows:

Gi = Won» Aiji;, Vi € P )
J

In the cap-and-trade policy, energy firms are restricted by regulators
in their generation of emissions. However, they have the option to
purchase emissions allowances A to increase their emissions cap from
the initial cap H that they previously acquired. They may also sell the
allowance that they have on hand for profit. Following these policy
conditions, the emissions limit is represented as follows:

G <H+A, where A € %" (5)

From Equation (5), the emissions limit can be extracted from vector
D as follows:

D; = H; + A;, where A; € %" Vi € P (6)

The emissions limit D; is meaningful when the cap-and-trade policy is
in effect. When the emissions tax policy is in effect, f)i is a variable with a
sufficiently large value, which prevents it from interfering with pro-
duction decisions under the emissions tax policy.

On the other hand, by performing some substitutions on Equations
(3) —(6), the scalar form of Equation (3) that is solely on the emissions
production limit can be obtained as follows:

WOHZA!‘\/K/' <H;+ A,‘, where A; € %”,Vi epP (2]
J
Under this cap-and-trade policy, the development of negative emis-
sions technologies is incentivized by providing firms with free allow-
ances equivalent to their negative emissions. Such allowances can then
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be sold for profit. To regulate the amount of emissions allowances
circulating in the carbon market, the government may interfere by
reducing the amount of emissions allowances present in the system in
the next planning horizon. In this way, this proposed policy can function
in a stable fashion — at least in principle.

In this study, the production of an energy plant is subjected to pro-
cess failures or inoperability in the form of damaged process units. These
damages may be caused by climate change-induced extreme weather
conditions. Such types of inoperability may be sustained throughout the
entire planning horizon, i.e., one year, especially with the mobility re-
strictions or supply chain disruptions that may still linger after a
disaster; or especially when the supplier of rare/specialized replacement
parts for repair has been bankrupted because of the disaster. Inoper-
ability is modeled as the reduction of the part-load operating level of
process units, which is represented as follows:

diag(K5)¢p < x < diag(1 —Q+Ksr)dp (€))

The part-load operating level « scales the operations of the energy
production plant. It is defined in an interval with a minimum part-load
operating level (lower limit) denoted by K;3. Below the lower limit, the
part-load operation is assumed to be unstable. On the other hand, the
maximum part-load operating level (upper limit) is denoted by 1 —Q +
Ksr. The spare operating capacity Ksr comes from the safety factors
incorporated in the design of process units, which are predetermined at
the design stage. The fractional inoperability level Q originates from
disturbances that affect the process units. It indicates whether a process
unit is fully operable, i.e., Q; = 0, partially operable, i.e., Q; € (0,1), or
fully inoperable, i.e., Q; = 1. On the other hand, the binary unit selec-
tion vector ¢ indicates whether a process unit operates, i.e., ¢; = 1, or
not, i.e., ¢; = 0. It switches off a process unit whenever it cannot operate
within the limits of its part-load operating level.

The deterministic model follows:

Model.(1)

max Equation(1)
subject to:
Equation(2) — (6), &(8)

The uncertainty of the supply chain-related parameters, i.e., price
and demand of the material streams, are modeled here using the target-
oriented robust optimization (TORO) framework (Ng & Sy, 2014). The
uncertain material price vector and production limit vector are repre-
sented as follows:

Prx = Ppy— Prg ©

D=D -D (10)

The vectors P,, and D' represent the most optimistic values of the
material prices and production limits, respectively. On the other hand,
the vectors Ppr and D represent the perturbations of the nominal values
such that:

Zy = {(Ppx, D) € #"?|0 <Ppr < Ppi0,0<D <D0} a1

The robustness index 6 € [0, 1] determines the perturbation of the
uncertain values. It can be observed that the largest perturbations are
obtained when 6 = 1. The largest perturbations take the values Ppr =
P;R and D = D’". Thus, under the most favorable case, the values of ;’pR
and D would be at the maximum. It is also apparent that larger per-
turbations correspond to a higher value of 6. Some practical insights can
be obtained from these observations. First, an uncertainty-averse atti-
tude would prefer a higher value of 6. Second, a risk-seeking attitude
would prefer a lower value of 6. Lastly, this model provides a way to
address uncertainties in process configuration by representing uncer-
tainty as an interval.



E. Selerio, Jr. et al.

The TORO framework hinges on robust optimization theory and
satisficing theory, which promotes target-oriented decision making (Ng
& Sy, 2014). It is desired to configure energy production plants that are
under risk so that they can remain feasible for as wide a range of un-
certainties as possible. To this end, target-oriented decision making is
reflected by transforming the original objective function in Model (1)
into a constraint that corresponds to a target profit F. The modification
of the model is presented as follows:

Model.(2)

6" = maxd 12)
subject to:

WouP peAk — Wi (Vi + F'p) — E'G(1 —y) — Py, Ay > F,VPp € Z,

(13)
Ak < D,VD € 7, 14
D; = H;+ A, VD, € Zgwhere A; € %" i € P (15)

Equation(2), (4), (5), &(8)

Equation (12) represents the objective function mentioned earlier
which describes robustness. Equations (13) represents the trans-
formation of the objective function of Model (1) into a constraint that
corresponds to a target profit F. Unlike conventional optimization pro-
cedures wherein the objectives are either maximized or minimized, a
target-oriented approach is adopted here. In particular, the value z,
which is maximized in Model (1), is converted into a fixed value, and,
thus, represented as F, which corresponds to the target profit. Setting
targets instead of aiming for the theoretically best possible outcome (i.e.,
maximum z) is a standard procedure employed in practice. This is
commonly known as the “satisficing behavior” in economics (Ng & Sy,
2014). It means that decision-makers, in practice, tend to settle for good
enough solutions (determined by the target) instead of seeking to ach-
ieve the theoretically best solution. On the other hand, Equations (14)
and (15) are modifications of Equations (3) and (6), respectively, for
incorporating the conditions on the uncertain parameters. The condition
for their transformation is based on the definitions in Equations (9)-(11).

The terms VPpg € Zg and VD € Z, require the evaluation of infinitely
many constraints to solve Model (2). It is because of the uncertain
constraints containing f’pR and D that would lead to the creation of in-
dividual constraints for each of their infinite possible realizations in Z,.
There is, therefore, a need to convert Model (2) into an equivalent model
that is amenable to solving using traditional mathematical programming
techniques. To this end, the property of duality is employed.

To demonstrate the application of duality, Equation (13) is modified
such that the perturbation of Ppg is maximized through the term
Ppr —maxPpg. The resulting expression is as follows:

Wio (Ppg — maxPpg) A — Wyr(Vik+ F'¢p) —E'G(1 —y) — P}, Ay > F
16)

The term maxPpr could then be represented as an isolated optimi-
zation (maximization) problem by following the conditions set in
Equation (11). The maximization problem is as follows:

Model.(3)

maxPpr 17)
subject to:
0 < Ppr < Ppif 18)

Equation (17) represents the maximization term in Equation (16)
which is treated as an objective function of a separate optimization
problem. Equation (18) is the constraint derived from Equation (11).
The duality property of linear programming is applied to this model to
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obtain its dual counterpart as follows:

Model.(4)

minP,,0z, (19)
subject to:

2120 (20)

The specific procedures of applying the duality property are omitted
here for brevity. Instead, the readers are referred to the work of Bert-
simas and Sim (2003) for a more detailed discussion on the property of
weak and strong duality, which proves the equivalence of Model (3) and
Model (4). The translation of the demand constraints in Equation (14)
and Equation (15) follows the same procedure. After the application of
the duality property on the uncertain constraints and the substitution of
the dual models into Model (2), the resulting robust optimization model
is obtained as follows:

Model.(5)

Equation (12)
subject to:

Wiio (Ppg — Ppgt21) Ak — War(Vik + F1p) — E'G(1 —y) — Py, Ay > F

(21)
Ax <D —D 6z, (22)
D, —D;0z; = Hi+A;, Vi€ P (23)
21,22 >0 (24)

Equations (2), (4) — (5), &(8)

where z; and z, are dual variables.

Equations (21) —(23) are obtained by substituting the dual models
that correspond to the maximization of the perturbations of the uncer-
tain variables Ppg and D. Specifically, Equation (21) is the result of
substituting the objective function in Equation (19) for the term
maxPpg = P;R(le in Equation (16). On the other hand, Equation (22) and
Equation (23) are the results of repeating the procedures applied to
Equation (13), which was demonstrated through Equations (16)-(20), to
Equation (14), and Equation (15), respectively. Lastly, Equation (24)
represents the dual variables associated with Equations (21)-(23), which
are obtained from the transformations performed on Equations (13)-
(15).

Zy CZy whenever 0 > 6. Thus, if a policy is feasible for an uncer-
tainty set defined by 6, then it will be feasible for all perturbations that
would fall within this range. It can also be observed that given a fixed
value of 6 and y, Model (5) is linear concerning the decision variables «,
¢, and A. Model (5) could thus be conveniently solved for the maximum
value of 6 by performing a line search on 8 € [0, 1]. We could utilize well-
known search algorithms like the bisection or golden search method to
solve this model.

The bisection search method takes an interval [a, b] in which the root
of a function is believed to lie, such that R(a) and R(b) have opposite
signs. The method then proceeds to find the midpoint c of [a, b] and then
checks whether the root lies in [a,c], or [c,b]. In contrast, the golden
search method selects two points on the interval, a < ¢ <d < b, and
compares R(c) and R(d) to determine whether the root lies in [a,c], or
[d,b]. Ng and Sy (2014) introduced an efficient bisection search algo-
rithm that is readily adaptable for solving TORO models. In this study,
the bisection search algorithm promoted by Ng and Sy (2014) is applied
to solve Model (5). The bisection search algorithm is implemented in this
study using the following pseudo-code:

Model.(6)

Set tolerance level w into a sufficiently small number;

Initialize #* =1 and 6~ = 0;
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WHILE 6" -6~ > w DO:

0 =030 )

Solve Model 5 using 0 = 6';

IF a feasible solution exists THEN.
0 =0

ELSE

0 =6

END

END

Material and methods

The applicability of the proposed model is tested in this study. A
biomass-based polygeneration plant is considered a case in point.

3.1. System description

The case study considers a polygeneration system for producing
syngas, power, heat, bio-oil, and biochar using biomass as the primary
feedstock. The biomass considered in this study is forest residue. The
scenario presented here is hypothetical. However, the assumptions used
are based on realistic and plausible parameters; thus, this case should be
seen as an illustrative example that demonstrates the advantages of the
proposed model for this type of problem. The plant consists of the
following process units:

e Co-generation (Cogen) module — an integrated unit comprised of a
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processing of forest residues is 5.90 MJ e m~3 (Kostiir & Kacur, 2015).
The operational setting of the process units considered here is sourced
from Ubando et al. (2020). The input and output streams of the process
units, their capital costs (fixed and variable), and part-load operating
levels are presented in Table 1. The prices of materials streams, along
with their maximum perturbation values, are shown in Table 2. The
flowsheet of the polygeneration plant described here is presented in
Fig. 1.

The values of the parameters pertaining to emissions policy for the
baseline scenario of this study are as follows: Pa;, = 8.24 USD e t ™! (Zeng
etal., 2017), E =8USD et ! (Jenkins, 2014), H = 0t (assumed). For the
benchmark case, =1 is assumed. The following further case-specific
assumptions are followed in this study:

e All economic parameters used here are expressed in 2021 U.S. Dol-
lars (USD).

e The emissions considered in this case study are only CO3 emissions.

e It is assumed that the maximum perturbation values are D" = 0.5D’
and Py = 0.5Pp.

o The polygeneration plant is assumed to operate for Woy = 8000 h e
y~! with a target profit of F = 1.0 x 107USD.

Table 2
Price and Demand Limits of Material Steams with their Assumed Perturbation
Values.

. e - Material ~ Unit Ppr(USD/Unit) 4, by b
gas turbine (GT) generator to produce electricity from synthetic gas D D
(syngas), coupled with a heat recovery steam generator (HRSG) to Ppr(USD/Unit)  (10°) (10%)
generate heat from the residual heat in the GT exhaust. Biomass  t i 10.00 35.00 17.50

. . . ) - . £20.00
e Boiler — an auxiliary gas-fired boiler considered to potentially pro-
is Syngas 100em® 14.92 0.11 55.00
duce the additional heat demand on top of the heat generated from 29.83
the Cogen module. Power MWh 292,10 46.05 3.96 1.98
e Gasification unit —a g.a51f.1er with a reactmt temPerature greater tl?an Heat MWh ) 25.79 4.40 2.20
500 °C to produce bio-oil and syngas, with biochar co-production 51.58
from biomass. Bio-oil t 540.00 20.00 26.40 13.20
e Pyrolysis unit — a pyrolizer for producing the same products as the Biochar ¢ s 164.50 0.55 0.28
gasifier at varying production yields using biomass as input. 529.00
e Torrefaction — forest residue was torrefied at 250 °C in this process €0, ¢ 20.00 0.00 H+4 0
unit for 60 min with a calorific value of 19.56 MJ/kg (Ubando et al., : -
2019). The torrefaction upgrades the biomass to biochar with bio-oil N Obtained from Ubando et al. (2020).
co-production from the condensable gases Assumed values for the baseline case.
P & ’ ¢ Obtained from the U.S. Department of Energy (2011).
. . 4 Obtained from Pei et al. (2016).
The calorific value of syngas produced from the thermochemical
Table 1
Process Parameters.
a, Unit Cogen Boiler Gasification Pyrolysis Torrefaction
Biomass teh! 0.00 0.00 —24.87 ~179.62 -9.10
Syngas 103 em® eh™! ~1,199.46 -4.97 24.09 24.09 0.00
Power MW 362.69 0.00 0.00 0.00 0.00
Heat MW 282.90 6.51 ~-2.76 ~7.50 -0.10
Bio-oil teh! 0.00 0.00 1.58 23.69 0.55
Biochar teh! 0.00 0.00 2.76 21.71 5.00
CO, teh! 65.28 0.52 ~7.41 -58.19 ~13.40
) 0.00 0.00 0.00 0.00 0.00
Kip
‘ 0.15 0.20 0.10 0.12 0.00
b K
SF
b 0.00 0.00 0.00 0.00 0.00
QT
aypr 109 « USD 1,204.13 9.05 108.60 84.72 12.34
a pr 106 o USD 481.65 2.35 43.44 33.89 4.93

# The input-output proportions and their corresponding capital costs are obtained from Ubando et al. (2020).

b Assumed values for the baseline case.
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Fig. 1. Flowsheet of the Polygeneration Plant.
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e It is assumed that the process units have no salvage value at the end
of their service lives (40 years), and their respective book values
follow straight-line depreciation, with an annualizing factor of
Wur = 0.06 y~1.
The fixed capital cost of process units is estimated using the average
fixed-to-variable (FtV) cost ratio of the main and auxiliary process
units in Sy et al. (2016). This assumes that the polygeneration plant
investigated here follows the cost structure (Aboody et al., 2018) of
the polygeneration plant in Sy et al. (2016), which has an FtV cost
ratio of 0.4 for main process units (e.g., Cogen) and 0.26 for auxiliary
process units (e.g., boiler).

e In the torrefaction process, the generated non-condensable gases
were assumed negligible in the analysis because they are relatively
minimal compared with the biochar and bio-oil produced (Stelte,
2012) by the unit.

3.2. Analyses

3.2.1. Scenario analysis

Four scenarios are considered in this analysis to illustrate the influ-
ence of target setting (i.e., setting different target profits) on the
robustness of the resulting plant design associated with it. The first
scenario (CS1) corresponds to the optimal design of the baseline case
(F =1.0 x 107). The second scenario (CS2) corresponds to an ambitious
target setting (F = 3.0 x 107) in USD. The third scenario (CS3) corre-
sponds to a conservative target setting (F = 2.0 x 10%) in USD. The
fourth scenario (CS4) corresponds to a conservative target setting
(similar to CS3) but under severe process failure of the boiler leading to
its inoperability equivalent to Qgorsr = 0.60. This scenario presupposes
that the nominal plant design is the one obtained in CS3, but the design
is struck by an unexpected failure of the boiler unit. The plant manager is
pressured to take a course of action to abate the effects of the disruption
and achieve targets amidst it. Repairing the boiler requires the purchase
of customized replacement parts for the cyclone separator. However, the
operations of the parts supplier are currently in an indefinite post-
ponement due to the economic challenges induced by the pandemic. The
plant manager could invest in other fully operational and available
process units to buffer lost production due to boiler inoperability. Due to
the circumstances mentioned earlier, it is assumed that the inoperability
of the boiler covers at least the entire planning horizon, i.e., at least one
year. CS2 and CS3 aim to demonstrate the design implications of target
setting, while CS4 intends to espouse process failure (inoperability) in a
polygeneration plant. Model (5) is solved for all the scenarios. The re-
sults of the four scenarios are compared based on their resulting material
flow configurations, robustness, and economic (i.e., revenue, capital
cost, emissions cost, and profit) and environmental (i.e., CO2 emissions)
performance.

3.2.2. Monte Carlo simulation

In this analysis, the Monte-Carlo simulation is performed on the
resulting polygeneration plant designs of the four scenarios (CS1-CS4) to
assess the efficacy of the proposed model in addressing supply chain
uncertainties in the price and demand of material streams. This analysis
is performed assuming a uniform distribution of values of the uncertain

Table 3
Device Specifications.
Feature Specifications
Processor Intel(R) Core(TM) i7-10750H CPU @ 2.60 GHz

2.59 GHz
Installed Random Access Memory  16.0 GB (15.8 GB usable)
(RAM)
System Type
Operating System (OS)
OS Version and Build

64-bit operating system, x64-based processor
Windows 11 Home Single Language
22000.258
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variables. Uniform distribution is assumed to safely approximate how
uncertainties in the real world could occur. The adoption of skewed
distributions could result in large errors, especially when the estimation
of the distribution’s skewness is incorrect. Also, several works that
deployed Monte Carlo simulation as a post-analysis to TORO models
have also assumed uniform distribution (Ng & Sy, 2014, Sy et al., 2016).
Model (5) is then solved for 1 x 106 random realizations of the uncertain
variables, then a tally is made whenever the design from the scenario
that is being evaluated is feasible concerning the constraints of Model
(5). Suppose there are ¢ number of instances where the design is feasible
out of the 1 x 10° simulations, the estimation of the simulated robust-
ness of the design that is being evaluated is, therefore, equivalent to
e € [0,1].

3.2.3. Sensitivity analysis

Two sets of sensitivity analyses are performed in this study. The first
analysis (SA1) simultaneously solves Model (5) while setting y = 1 and
F=1.0x10%USD for a range of values of the price of emissions
allowance Py, € [0,100] in USD e t! and emissions cap H € [0,100] in t.
This analysis intends to assess the robustness of the optimal system
design and its resulting total emissions under various policy conditions
concerning cap-and-trade. The second analysis (SA2) simultaneously
solves Model (5) for a range of values of the emissions tax rate E €
[0,100] in USD e t~!, price of emissions allowance P, € [0,100] in
USD e t1, and emissions cap H € [0,100] while setting  as a decision
variable. This analysis intends to assess the robustness of the optimal
system design under various policy conditions concerning a hybrid cap-
and-trade and emissions tax policy compared to the pure cap-and-trade
policy.

3.3. Device and software

The mathematical program of Model (5) and the search algorithm in
Model (6) is coded using LINGO programming language and ran in the
Global Solver of LINGO 19.0 software (Educational License) using a Dell
(G5 5500) Laptop whose specifications are presented in Table 3. The
LINGO code used is presented in Appendix A. Furthermore, the Monte
Carlo simulation is performed in Microsoft Excel using the Data
Table feature to propagate the 1 x 10° simulation instances. The file
containing Monte Carlo simulation results is provided in the supple-
mentary file.

4. Results

4.1. Influence of target setting and process inoperability on process
configuration

The optimal configuration of the baseline scenario (CS1) is presented
in Fig. 2. The gasification unit is inactivated in this design. Syngas
(1287.14 x 10% e m® e h™?1) is outsourced along with biomass (188.97
teh™!) as primary feedstock. While the polygeneration plant produces
all four outputs, it is a primary power-producing plant with a capacity of
394.69 MW. In this regard, the co-generation unit is operated the most
for power production. The secondary product of the plant is heat
(308.06 MW). Some of the heat is utilized as intermediate inputs for the
pyrolysis and torrefaction units for the thermochemical processing of
biomass. The two thermochemical process units produce bio-oil (24.27
teh1). They also sequester CO, to produce biochar (26.74 teh 1)
resulting in COy neutrality. The baseline design is considered the
benchmark in the analysis of the succeeding scenarios (CS2-CS4).

Fig. 3 presents the optimal configuration of the second scenario
(CS2). This configuration shows a 5.67 % and 6.92 % increase in the
operating capacity of the co-generation and pyrolysis units, respectively.
It is apparent that the increase in operating capacities of these process
units is in response to the ambitious target profit that characterizes this
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394.69 MW
Power
o
Scenario 1 . ‘e 208.06 MW
g g "~ Heat
394.69 MW 307.86 MW 7.81 MW
Power Heat Heat
Cogen Boiler
1305.30 x 10% - m® - h~! 596 x 10° - m?-h™!
1287.14 Syngas Syngas
x10%-m3-h7! C
Syngas
\ 4
24.10% 10% - m3 - h~? 7.51 MW 0.10 MW
Syngas Heat Heat
179.71 t-h™? 9.10¢t-h7?
_ Biomass Biomass
188.97.t -h71 Pyrolysis »| Torrefaction
Biomass
23.72t-h7t 21.74t-ht 0.55t-h7t 50t-h7t
Bio-oil Biochar Bio-oil Biochar
2427 t-h7!
Bio-oil
L 26.74t-h7!
Biochar
Fig. 2. Optimal Configuration for CS1,F = 1.0 x 107USD.
417.09 MW
Power
Scenario 2
. ' . 325.02 MW
"~ Heat
417.09 MW 325.33 MW 7.81 MW
Power Heat Heat
Cogen Boiler
1379.38 x 10% - m? - h™! 596 x 10% - m?® - h™!
1359.55 Syngas Syngas
x10%-m?-h7! C
Syngas
\ 4
2579 x10% -m3-h™t 8.03 MW 0.10 MW
Syngas Heat Heat
19228 t-h™* 9.10t-h7t
1 Biomass Biomass
201'38,t'h Pyrolysis »] Torrefaction
Biomass
2536t-h™* 23.24t-ht 0.55t-h7? 50t-h™*
Bio-oil Biochar Bio-oil Biochar
2591t-h7t
Bio-oil
28.24t-h7!
- " Biochar

Fig. 3. Optimal Configuration for CS2,F = 3.0 x 107USD.

scenario, F = 3.0 x 107USD. Consequently, biomass (201.38 te b
and syngas (1359.55 x 10° e m® e h™!) consumption increased by 6.58
% and 5.63 %, respectively. On the other hand, power (417.09 MW),
heat (325.02 MW), biochar (28.24 teh™!), and bio-oil (25.91 teh™!)
production increased by 5.67 %, 5.50 %, 5.62 %, and 6.76 %, respec-
tively. The increase in production capacity also resulted in the emissions
of CO, amounting to 15.16 t.

Fig. 4 presents the optimal configuration of the third scenario (CS3).
In this configuration, the co-generation, gasification, and pyrolysis units
are inactivated. The boiler unit operates at the same level as the baseline

scenario, while the operating capacity of the torrefaction unit is reduced
by 95 %. The syngas (5.96 x 10° e m® e h™!) and biomass (0.42 teh™ 1)
consumption is reduced by 99.54 % and 99.78 %, respectively. Power
production is completely ceased due to the inactivation of the co-
generation unit while the heat (7.81 MW), bio-oil (0.03 teh™!), and
biochar (0.23 t e h™!) production are reduced by 97.47 %, 99.89 %, and
99.13 %, respectively. It is apparent that the operational capacity of the
process units is reduced in response to the low target profit that char-
acterizes the scenario, F = 2.0 x 10°USD. The configuration is CO,
neutral, and the primary product of the polygeneration plant is heat,
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Scenario 3

® 7.81 MW
Heat
7.81 MW
Heat
Boiler
596 x10%-m3-h7!
5.96 Syngas
x103~n;3~h-1 > > > >
yngas
y
0.005
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0.42t-h7t
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0.03t-h7! 0.23t-h7!
. Bio-oil Biochar
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Bio-oil

023¢t-h™?t
Biochar

Fig. 4. Optimal Configuration for CS3,F = 2.0 x 10°USD.
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Scenario 4 X ‘o 286.10 MW
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371.20 MW 289.54 MW 3.58 MW
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x103-m3-h? > > = =
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v
22.23x10%-m?-h7! ‘6.92 MW 0.10 MW
Syngas Heat Heat
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21.86t-ht 20.04t-h7t 0.55t-h7t 50t-h7t
Bio-oil Biochar Bio-oil Biochar
2241t -h?t
Bio-oil
a L 25.04¢t-h7!
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Fig. 5. Optimal Configuration for CS4, F = 2.0 x 10°USD, Qpoprr = 0.60.
Table 4
Economic and Environmental Performance of the Obtained Configurations.
Variable Unit Cs1 Cs2 Cs3 Cs4
Revenue 10° USD 126.45 151.29 1.32 111.24
Capital Cost 10° USD 116.45 121.29 1.12 111.04
Emissions Cost 10° USD 0.00 124.90 7.19 390.37
Profit 10°USD 10.00 30.00 0.20 0.20
Robustness 0.41 0.19 0.88 0.50
Emissions t 0.00 15.16 0.00 47.37

10
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Fig. 6. Comparison of the Calculated and Simulated Values of Robustness ¢ of
each Configuration.

along with bio-oil and biochar.

The optimal configuration of the last scenario (CS4) is presented in
Fig. 5. Note that this scenario has the same target profit as CS3, i.e., F =
2.0 x 10°USD, but is under the condition of process inoperability of the
boiler unit equivalent to Qporer = 0.60. Unlike CS3, in this configura-
tion, only the gasification unit is inactivated. However, compared to the
baseline case, the operational capacity of the co-generation, boiler, and
pyrolysis units are reduced by 5.95 %, 54.17 %, and 7.85 %, respec-
tively. The operating capacity of the torrefaction unit is the same as the
baseline scenario. The CO5 emissions of this configuration amount to
47.37 t. The economic and environmental performance of the four
configurations discussed in this section is summarized in Table 4.
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4.2. Viability of the robustness metric in the practical setting

The comparison of the calculated values of the robustness index "
for each of the four previously presented configurations against the
obtained robustness from the Monte Carlo simulations performed on
each of them is presented in Fig. 6. Clearly, the calculated robustness is
validated by the simulations. On the other hand, the robustness of the
optimal configuration for the baseline case under various target profits F
is presented in Fig. 7. The plot clearly shows that robustness decreases as
the target profit increases.

4.3. Influence of emissions policies on the robustness of process
configuration

The results of SA1 are summarized in Fig. 8. The finding in Fig. 8(b)
suggests that the optimal configuration that employs strategies to
drawdown CO; emissions is motivated by the price of emissions allow-
ance Pa; > 8.08USD et~ L. It is also observed in Fig. 8(a) that robustness
of the optimal configurations decreases as the price of emissions
allowance increases. Robustness also decreases as the initial carbon
emissions cap H decreases. The economic pressures introduced by these
parameters on the polygeneration firm are the apparent cause of this
influence on the robustness of optimal configurations. It is also impor-
tant to note that the model may choose to configure the capacities of
activated process units or activate process units that have CO4 seques-
tration capabilities, i.e., pyrolysis, gasification, or torrefaction, in
response to the disincentives of CO2 emissions introduced by the cap-
and-trade policy. The activation of the CO5 sequestrating process unit
may lead to neutral or negative CO9 emissions. Hence, the red shade
patterns observable in Fig. 8(c) are attributable to the activation of these

Target Profit, F

Fig. 7. Robustness 6" of Configurations as Target Profit F Increases.
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Fig. 10. Comparison of Optimal Process Configurations in CS3 and CS4.

Table 5
The Performance of the Polygeneration Plant if CS3 is not Configured Regardless
of the Qponer = 0.60 Inoperability.

Variable Unit CS3 (Qgower = 0.60)
Revenue 106 USD 0.82

Capital Cost 10° USD 0.78

Emissions Cost 10° USD —-2.57

Profit 10° USD 0.019

Robustness n/a

Emissions t —0.31

process units. On the other hand, Fig. 9 shows that a hybrid emissions
policy that provides the polygeneration firm with the flexibility to
subscribe either to a cap-and-trade or emissions tax has a relatively
similar impact on the robustness of the resulting optimal process
configuration compared to pure cap-and-trade.

5. Discussion
5.1. Risk aversion and the role of target setting in process configuration

The robustness of the optimal process configurations decreases as the
target profit increases. Although setting conservative target profits in-
creases the robustness of the resulting configuration, it limits the
amount of profit that the polygeneration plant can obtain. The robust-
ness of the resulting configuration also suffers from extremely ambitious

12
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targets. Thus, a risk-averse attitude would lean towards conservative
targets, while a risk-seeking attitude would lean towards ambitious
targets. A decision-maker would benefit economically, i.e., in terms of
achieving desired profits, and psychologically, i.e., confidence towards
the probability of achieving target profits, from a decision within their
risk appetite — the level of risk that the decision-maker is willing to
absorb. In the context of post-pandemic energy supply chains, which are
permeated by manifold uncertainties, a moderately ambitious target
profit setting, i.e., F = 1.0 x 107USD with 0" =0.41 (CS1) would be
desirable. The value of 8" can be considered the probability of achieving
the target profit given the implementation of the resulting process
configuration. The observed trade-off between target profit setting and
robustness is an obvious idea in practice. The utility of the proposed
model of this study is that it obtains optimal process configurations that
adhere to this obvious and practical idea. It should be noted that the
process design implications of robustness and target profit setting are
not readily available in practice.

5.2. The cost efficiency of process configuration under boiler inoperability

The analysis performed in CS4 demonstrated the influence of process
inoperability on the optimal configuration of processes in the poly-
generation plant. Fig. 10 compares CS3 (zero inoperability) and CS4 (the
boiler is inoperable). Both scenarios are capable of achieving the target
profit F = 2.0 x 10°USD; however, the inoperability of the boiler unit
incurred major drawbacks to the optimal process configuration in CS4.
In CS3, the optimal process configuration is a primarily heat-producing
polygeneration plant. The inoperability of the boiler unit introduced a
challenge to heat production. Instead of relying solely on the boiler for
heat production, in CS4, the co-generation unit is activated to produce
heat and power. To sequester the CO2 emissions consequent to the
activation of the co-generation unit, the pyrolysis unit is also activated.
The activation increased the production of auxiliary products such as
bio-oil and biochar. However, the activation of capital-intensive units in
response to the inoperability of the boiler unit drastically reduced the
cost-efficiency of the resulting optimal configuration, which is evi-
denced by the dip in the value of the profit margin ratio of the plant (see
Fig. 10). It has also reduced the robustness of the resulting configuration
and made it less “clean” in terms of CO; emissions. Nevertheless, the
target profit can be achieved through this design at a relatively high
probability of achievement despite the challenges introduced by the
inoperability of the boiler unit. Table 5 presents the performance of the
polygeneration plant in scenario CS3 if not configured regardless of the
inoperability of the boiler unit (Qgomrr = 0.60). In comparison to CS4,
the polygeneration plant would have lost 180,663.08 USD in profit if its
design was not configured to achieve targets amidst the inoperability of
the boiler unit. The incorporation of inoperability analysis in process
configuration is among the advantages of the proposed model. It in-
troduces a viable approach to designing the polygeneration plant that
adapts to the risks associated with process failures without compro-
mising target profit.

Table 5 presents the performance of the polygeneration plant in
scenario CS3 if not configured regardless of the inoperability of the
boiler unit (Qgorrr = 0.60). In comparison to CS4, the polygeneration
plant would have lost 180,663.08 USD in profit if its design was not
configured to achieve targets amidst the inoperability of the boiler unit.
The incorporation of inoperability analysis in process configuration is
among the advantages of the proposed model. It introduces a viable
approach to automatically generate designs for the polygeneration plant
that can adapt to the operational challenges introduced by severe pro-
cess failures without compromising target profit.
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5.3. Influence of economic pressures of emissions policies on process
configuration

The findings obtained from SAl demonstrated the straightforward
effect of emissions policies on polygeneration plants. The robustness of
polygeneration plants suffers from strict emissions policies, i.e., policies
with a high carbon price. While this observation is apparent in practice,
its implication on process configuration is not easily determined. For
instance, the findings suggest that investments in technologies that draw
down CO; emissions are motivated by sufficiently high carbon prices.
Although this finding is evident in practice, the selection of specific
technologies and the decision on its operational capacity in such a way
that meets economic targets are not readily apparent. The advantage of
the proposed model lies in the integration of this analysis in response to
emissions policies. On the other hand, the tests employed in SA2 showed
that different emissions policies, i.e., pure or hybrid policies, have an
approximately similar impact on the robustness of the resulting optimal
process configurations. This is largely due to the “carbon price” set for
both cap-and-trade and emissions tax policies being almost equivalent.
However, it is noticeable that the rate of decrease in robustness with
respect to the initial emissions cap is lesser (see Fig. 9) in the hybrid
policy than in the pure cap-and-trade policy (see Fig. 8(a)). This is a
consequence of the flexibility of the polygeneration firm under the
hybrid policy, which allows it to subscribe to emissions tax, which incurs
a lesser cost per ton of CO, when the initial emissions cap decreases to
sufficiently low levels. The effect of a hybrid policy on the robustness of
the resulting configuration may be more pronounced under conditions
where there is a disparity between the price of emissions allowance and
the carbon tax rate.

5.4. Viability of the proposed model

The previous discussions highlighted the practicality of the perfor-
mance of the designs produced by the proposed model, which means
that it follows what is expected of a polygeneration plant when it be-
comes operational in the real world. The sophisticated aspect of the
model is its ability to execute an optimal process configuration in
response to the factors considered in the modeling work while producing
a practical performance. The computed performance of the model was
assessed using Monte Carlo simulation. The findings from the analysis
suggest that the robustness metric used in the study is a viable metric to
assess the performance of the obtained polygeneration plant designs
against uncertainties in supply chain-related factors (i.e., price and
demand).

6. Conclusion and future works

Simultaneous consideration of the influence of supply chain-related
uncertainties, inoperability, and the economic pressures of emissions
policies on the configuration of polygeneration plants receives minimal
attention in the current literature. The risks brought by the COVID-19
pandemic exacerbated the need to address this gap. This study
approached this problem in view of target-oriented robust optimization,
which hinges on the satisficing behavior of decision-makers. An illus-
trative case study is undertaken involving process integration for a clean
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biomass-based polygeneration plant. The case study elucidated the
following findings:

e Setting ambitious targets reduces the probability of the resulting
configuration to achieving the set targets in the presence of supply
chain-related uncertainties, while conservative targets promote the
opposite.

Inoperability of process units reduces the robustness of optimal
process configurations. The case study has shown that drastic process
configurations may be required to achieve targets despite the inop-
erability of process units. While targets may be achieved through
these configurations, the cost-efficiency of the plant may suffer from
the configuration of capital-intensive process units.

For the specific case undertaken in this study, a hybrid cap-and-trade
and emissions tax policy yields approximately similar implications to
the robustness of resulting optimal process configurations compared
to a pure cap-and-trade policy.

However, it was observed that the rate of decrease in robustness with
respect to the initial emissions cap is lesser in the hybrid policy than
in the pure cap-and-trade policy.

The viability of the robustness metric used in the study is validated
using Monte Carlo simulation. The computed robustness has been vali-
dated by the performed simulation. It suggests that the designs obtained
using the proposed model effectively address supply chain-related un-
certainties. However, the results of this work are limited. First, the re-
sults of this study are based on a hypothetical case and may vary in
actuality. Thus, these results should be interpreted as estimates of how
the polygeneration system could perform in actuality. Second, the pa-
rameters are based on secondary data and, thus, must be adjusted if
applied to specific and real-case applications. Future works may use the
proposed model for configuring actual systems that resemble a pro-
duction network to address these limitations. The model may also be
extended to account for the elasticity of the price of emissions allowance
and its influence on obtaining optimal process configurations. Lastly, it
might be worthwhile to determine ways to extend the proposed model
for use in energy planning at the macro scale.
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Appendix A. . LINGO code for model (5) and model (6)

SETS:
M /1..7/:
P PR, !Material price;
D, !Production limit;
DNOM, !Nominal production limit;
DPERT, !Demand perturbation;
PNOM PR, !Nominal price;
PPERT PR !Price perturbation; ;
N /1..5/:
k, !Process scaling;
K_LB, K SF, !Operational limits;
phi, !Process selection variable;
V_PR, !Variable cap cost;
F PR, !Fixed cap cost;
Q !Tnoperability; ;
MN (M, N):
A !Input-output material stream; ;
ENDSETS

SUBMODEL MODEL_5:
!TORO translation of uncertain variables;
Q@FOR (M:
P PR = PNOM PR - PPERT PR*tetha;
D = DNOM - DPERT*tetha;);
!Objective;
W _OH*@SUM(MN(I,J): P _PR(I)*A(I,J)*k(J))-
W_AF* (@SUM(N: V_PR*k) + @SUM(N: F PR*phi)) -
(1-psi) *E*G - psi*P AL*delta >= tau;
!Constraints;
!'Production limit;
@FOR(M(I) :
W OH*@SUM(N(J): A(I, J)*k(J)) <= D(I);):
!Operational limits;
@FOR(N:
k >= K LB*phi;
k <= (1 - Q + K SF)*phi;);
!Total emissions;
W_OH*@SUM(N (J) : A(7, J)*k(J)) = G;
!Emissions limit;
G <= H o + delta;
@FREE (delta) ;
!Binary condition;
@FOR(N:
@BIN(phi););
!'Policy selection;
@BIN (psi);
ENDSUBMODEL
CALC:
!Initialize;
THETAP = 1; THETAM = 0; OMEGA = 0.0000000000000001;
!'Search algorithm;
@QWHILE (THETAP - THETAM #GT# OMEGA:
!Theta adjustment;
THETA = (THETAP + THETAM) *0.5;
!Solve model 5;
@SOLVE (MODEL_5) ;
!Solver status check;
STAT = @STATUS();
@IFC (STAT #EQ# 4:
THETAM = THETA;
QELSE
THETAP = THETA;
)
)
ENDCALC
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Appendix B. Supplementary material
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.cie.2022.108637.
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