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Abstract: Reduction of CO2 emissions from industrial facilities is of utmost importance for sustainable
development. Novel process systems with the capability to remove CO2 will be useful for carbon
management in the future. It is well-known that major determinants of performance in process
systems are established during the design stage. Thus, it is important to employ a systematic tool for
process synthesis. This work approaches the design of polygeneration plants with negative emission
technologies (NETs) by means of the graph-theoretic approach known as the P-graph framework.
As a case study, a polygeneration plant is synthesized for multiperiod operations. Optimal and
alternative near-optimal designs in terms of profit are identified, and the influence of network
structure on CO2 emissions is assessed for five scenarios. The integration of NETs is considered
during synthesis to further reduce carbon footprint. For the scenario without constraint on CO2

emissions, 200 structures with profit differences up to 1.5% compared to the optimal design were
generated. The best structures and some alternative designs are evaluated and compared for each
case. Alternative solutions prove to have additional practical features that can make them more
desirable than the nominal optimum, thus demonstrating the benefits of the analysis of near-optimal
solutions in process design.

Keywords: multiperiod optimization; process network synthesis; negative emissions technologies;
carbon dioxide removal; power-to-x

1. Introduction

Technological development and economic growth have led to a rise in the emissions
of CO2 derived from the combustion of fuels. Global carbon emissions increased from 19.7
Gt CO2 eq./y in 1970 to 37.3 Gt CO2 eq./y in 2010. In the same period, CO2 emissions from
fuels and industrial processes increased by 17.05 Gt CO2 eq./y, representing 97% of the
total growth [1]. However, there have been recent efforts to mitigate the environmental
problems resulting from the emissions of greenhouse gases (GHGs), such as the reduction
of pollutants during product generation, the enhancement of process efficiencies to reduce
the consumption of resources, or the integration of processes to save energy. An example
of a technology for reducing GHG emissions is polygeneration, which is defined as the
generation of multiple utilities and products from a single facility; it allows reductions
in fuel consumption and GHG emissions by capitalizing on opportunities for process
integration when producing multiple outputs [2].

Furthermore, the deployment of negative emission technologies (NET) has been
proposed to indirectly decrease the net amount of CO2 released to the environment. NETs
are defined as methods that result in a reduction of the level of GHGs through their
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permanent removal from the atmosphere [3]. Large-scale use of NETs will be needed in
the coming decades to minimize temperature rise throughout the remainder of the 21st
Century [4]. Several initiatives have been developed in this field and can be classified in six
general categories [5]: Afforestation and reforestation, land management to increase and fix
carbon in soils, bioenergy production with carbon capture and storage (BECCS), enhanced
weathering, direct capture of CO2 from ambient air with CO2 storage (DACCS), and ocean
fertilization to increase its CO2 absorption capability. In addition to well-known NETs,
new concepts have also been proposed recently. For instance, Davies et al. [6], proposed a
NET concept based on the integration of reverse osmosis (RO) process with electrolysis; in
this scheme, the waste brine produced during the RO step is processed in an electrolytic
cell with a gas diffusion anode (EGDA) to transform the MgCl2 in the waste brine into
Mg(OH)2,. The resulting waste brine is thus slightly alkaline and is capable of absorbing
CO2 when released in the ocean. The term Davies process will be used to refer to this
concept from hereon.

The Davies process was originally envisioned as a standalone NET [6]. Tan et al. [7]
proposed its integration in a flexible polygeneration plant that employs RO to produce
water, and presented a mathematical programming model for the optimal synthesis of the
network. The Davies process is used as part of a power-to-X scheme to take advantage
of cyclic variations in electricity price and product demand. Such integration requires
additional capital investment during early design stages, and an assessment of various
profitability scenarios should be considered. This evaluation for the design of processes
can be performed employing a multiperiod optimization approach.

Multiperiod optimization is beneficial over separate single-period optimizations. The
improvement in the optimal results has been demonstrated in multiple areas, e.g., public
transport optimization [8], gas transmission network design [9], or waste recycling [10].
The decision of existence and partial operation of units in the different periods within mul-
tiperiod consideration constitutes a combinatorial problem by nature, and generally results
in a mixed integer linear programming (MILP) or mixed integer nonlinear programming
(MINLP) model. Conventional solution methods are only capable of generating a single
solution for this kind of model. Solutions can be obtained with available deterministic
solvers for limited-size problems [11], or by heuristic or nondeterministic approaches [12]
for larger problems.

The unique solution obtained may not be enough for the design engineers to make
a decision, because of the inherent simplifications of the model and the design aspects
not considered in it [13]. The importance of generating multiple near-optimal solutions
to enable further analysis of the synthesis problem was demonstrated by a P-graph based
approach of Orosz and Friedler [14] for heat exchanger network synthesis.

Generation of alternative designs can also be performed by introducing integer cut
constraints in the MILP or MINLP problem [13]. Conversely, P-graph is a powerful
and versatile framework for rigorous process network synthesis (PNS) that is especially
useful for handling combinatorial aspects of design problems [15]. This approach permits
the systematic generation of the best solution and a set of near-optimal alternatives by
efficiently reducing the size of the optimization problem.

This work develops an alternative graph-theoretic approach for the synthesis of a
polygeneration plant with an integrated Davies process for multiperiod operation. The
proposed method relies on the tools of the P-graph approach, which permits the effective
identification of the n-best alternatives for the plant design. In this work, storage tanks
can be used between periods to store byproducts to achieve a certain stabilization of the
network when fluctuating resources are employed by means of a power-to-X system. The
combinatorial tools of the P-graph framework [16] permit the identification of the most
cost-effective network in consideration of various operating conditions. Moreover, near-
optimal design networks are also generated which may potentially be more practical to
implement.
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2. Problem Statement

The synthesis problem addressed in this paper starts with the definition of the sets
P, R and O. The set P includes all the industrial services or products to be generated.
Conversely, the set R comprises candidate raw materials that can be transformed into
products or intermediate materials. The definition of sets P and R requires the association
of the elements of these sets with their individual prices, availabilities and demands. On
the other hand, the set O contains the candidate operating units that are considered for
performing the transformation of materials within the process. The technical coefficients,
emission factors and cost estimator functions of the operating units in O are assumed to be
known. Additionally, the time horizon is defined and divided into K periods. Altogether
with the number of periods K, the length of each period is also specified.

The objective is to identify the set of potential alternative designs that satisfy the
demand of products P, and to determine the operating state for the units in the different
periods for each network. The identification of the alternative designs is performed by
maximizing the profit of the operation, considering as decision variables the topology of
the networks, the capacity of units involved in them, and the working capacity for each
period. Therefore, this set of alternatives comprises the optimal design in terms of profit,
as well as a set of near-optimal designs that provide additional information for decision
making. Furthermore, removal of CO2 by inclusion of NETs in the network is considered
as one of the outputs of the system.

3. Methodology
3.1. P-Graph Framework

The P-graph framework is a graph-theoretic approach that can deal with problems of
combinatorial nature in a systematic way. P-graph relies on a bipartite graph with O-type
and M-type nodes that represent process units and process streams, respectively. The
methodology has its basis on three main cornerstones: The P-graph representation, a set of
five axioms, and a set of combinatorial algorithms. The P-graph representation is capable
of unambiguously depicting a process, thus allowing the realization of the combinatorial
transformations required for synthesizing multiperiod operations. Figure 1 shows the
representation of an operating unit (boiler) that employs purified water and biomass for
the generation of vapor. The streams are represented by M-type vertices (i.e., circles),
whereas the operation is depicted by an O-type vertex (i.e., horizontal bar). Figure 1 also
describes the different subtypes of M-type vertices, or circular nodes, commonly employed
in P-graph representation.

The set of algorithms used in P-graph allows for effective solution of PNS problems.
Maximal structure generation (MSG) enables the algorithmic generation of a rigorous
superstructure (referred to as the maximal structure) from individually specified process
units. MSG connects process units based on common streams, and the resulting maximal
structure is both complete and nonredundant. This algorithm eliminates the risk of hu-
man error that may occur in heuristically specified superstructures [17]. Next, solution
structure generation (SSG) allows the enumeration of all combinatorially or structurally
feasible networks in a PNS problem [18]. Local search can be done within each of these
structures to allow a range of different solutions to be evaluated by the designer. Finally,
accelerated branch-and-bound (ABB) utilizes PNS logic to allow rapid optimization via
drastic reduction in search space [19].

P-graph was originally developed to solve steady-state PNS problems. The devel-
opment of a multiperiod model in P-graph was initially proposed by Heckl et al. [20]
by representing the problem as a superstructure that separates the capital costs from the
operating costs. This structure can consider constraints for multiple periods, such as the
maximum capacities of operating units, or availabilities and demands of materials. This
representation of the problem is generated by replicating the vertices that are involved
in multiperiodic operation. The subsequent interconnection of these nodes generates a
superstructure that depicts all the operations for all periods.
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Aviso et al. [21] developed a formulation for optimizing multiperiod energy systems
considering part-load operating limits. An example of the implementation of this method
in the software P-Graph Studio [22] involving storage between periods and waste treatment
is presented by Bertok and Bartos [23] for the design of a vinyl chloride production plant.
Recently, Bertok and Bartos [24] introduced the use of multiperiod process optimization by
means of P-graph for designing distribution grids for renewable energy.

3.2. Illustrative Example

A small illustrative example with four periods per day (six hours per period) is solved
here. The graphical representation of the initial problem is presented in Figure 2. A plant
that generates industrial utilities for heating, cooling, electric power, and fresh water needs
to be synthesized. This plant has the objective of producing the set of industrial services
according to the requirements of the main process; thus, the demands of heating, cooling,
as well as the requirements of electricity change for each period. Additionally, the price of
electrical power also exhibits variations during the day due to spot market fluctuations.
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There are two candidate operations for producing heating in the form of steam, the
first being a boiler that employs biomass and purified water to generate steam. The second
is a combined heat and power module with heat recovery (CHP Unit), which can also be
used as a source of electricity. The demand for electricity can also be fulfilled by importing
it from the external grid. Because of the geographical location, the only water source is the
sea. This water can be treated by means of a RO unit, to obtain a stream of purified water
and a stream of concentrated brine. The inclusion of EGDA to produce treated brine is
also considered here; this slightly alkaline treated brine will absorb CO2 and thus generate
negative emissions when discharged into the sea. The HCl derived from this process is sold
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as a byproduct. Finally, cooling capacity can be generated by a refrigeration cycle (termed
here as Chiller), whose only feed is assumed to be electricity. The payout period for the
amortization of operating units is assumed to be 10 years, while the prices of utilities and
demands for each period are considered as shown in Table 1.

Table 1. Parameters of price and demand for materials involved in the illustrative example with four periods.

Period
Name

Electricity Steam Cooling Purified Water

Price
(EUR/kwh)

Demand
(kwh)

Price
(EUR/kwh)

Demand
(kwh)

Price
(EUR/kwh)

Demand
(kwh)

Price
(EUR/t)

Demand
(t)

1 0.08 36,000 0.04 72,000 0.06 0 1.2 600
2 0.12 60,000 0.04 48,000 0.06 3000 1.2 600
3 0.09 48,000 0.04 24,000 0.06 6000 1.2 600
4 0.04 24,000 0.04 48,000 0.06 9000 1.2 600

Maximum amount of HCl that can be produced is 8 t/h; price of treated brine is assumed to be 0.73 EUR/t equivalent as a carbon tax; price
of biomass is 0.2 EUR/t.

Table 2 presents the mass and energy balances and the cost parameters for the plausible
operation units depicted in Figure 2. These values are based on the case study presented
by Tan et al. [7]. Environmental impact and release of GHG (represented uniquely by
CO2) were assessed by assuming that they are directly proportional to the capacity of the
boiler, the CHP unit, and the imported electricity. Emission factors for these units were
employed to estimate the amount of CO2 generated per unit of energy [25]. Capital cost of
the operating units is estimated here as a function of the size of the units by means of a
piecewise linear function with fixed and variable cost components.

Table 2. Mass and energy balance and parameters of cost for the operating units considered for synthesis of polygeneration
plant.

Materials/Operations Boiler CHP Unit Chiller RO Unit EGDA Importer

Biomass fuel (t/h) −0.25 −0.8
Imported electricity (kWe) * −1

Electricity (kWe) * 1 −0.2 −3 −0.013 1
Steam (kWh) * 1 1.6

Cooling (kWc) * 1
Purified water (t/h) −0.002 −0.003 1 −0.1

HCl (t/h) 0.1
Seawater (t/h) −2

Brine (t/h) 1 −1
Treated brine (t/h) 1

CO2 emissions (kg eq./kWh) 0.0168 0.038 0.2
Fixed investment cost 45,000 380,000 44,000 0 0 0

Proportional investment cost 175 950 268 15,000 350 0

* The subscripts of kW are employed to differentiate between the energy in the form of electricity (e), heat (h) and cooling (c).

The possibility of storing materials to be employed through the operation is also
evaluated in the synthesis problem. The illustrative example only considers the storage
of water; however, Table 3 shows the cost parameters and constraints considered for all
storage units used in this work.

Table 3. Parameters of cost and maximum capacities for storage units.

Stored Material Fixed Investment Cost (EUR) Proportional Investment Cost (EUR/t) Maximum Storage

Purified Water 16,000 150 -
HCl 40,000 375 25 t
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The solution of this illustrative example begins by representing the conventional prob-
lem structure (Figure 2) as a P-graph. Figure 3 compares the conventional representation of
the structure to its P-graph representation. In order to facilitate the comparison, the conven-
tional form previously shown in Figure 2 is presented again in Figure 3a. In Figure 3b, the
streams of the conventional representation are transformed into circles (M-type vertices)
and its blocks are transformed into horizontal bars (O-type vertices). The streams intro-
duced in the process from an external source that are represented by discontinuous lines in
Figure 3a, are regarded as raw materials in Figure 3b. On the other hand, the industrial
services required are depicted as product nodes. The remaining materials are represented
as intermediate materials. Figure 3b is the P-graph representation of a single period.
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and P-graph representation (b).

Using the implementation of the P-graph framework for multiperiod design proposed
by Heckl et al. [20], the synthesis problem is depicted as the maximal structure shown in
Figure 4. In this figure, the structure for a single period in Figure 3b is replicated four times
to represent the operational conditions for each period. These structures can be seen in
Figure 4 drawn with black lines and enclosed with a broken line.
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These four structures represent different operating states of the plant. Then, they
are connected to fictitious operating units that represent the maximum available installed
capacity for each unit. These units are shown in blue in the left-hand side of the figure and
are termed as capacity nodes. These blue nodes are used to estimate capital cost.

The capacity node is constrained by the highest capacity required for the correspond-
ing unit in consideration of the requirements in the individual periods. Moreover, the
orange lines in the right-hand side of the diagram represent the relation between periods
given by the storage of water. Since the storage units are also regarded as plausible units
during synthesis, a horizontal bar is required to depict their maximum capacity and the
fixed cost of the actual storage tanks. This fictitious unit is termed as storage capacity node.

Implementation in previous works [20,21] indicate that the values of the arcs that
connect the fixed units with the blue material nodes are calculated as the length of the
period divided by the total time of analysis. This step ensures that the maximal capacity



Processes 2021, 9, 233 8 of 19

delivered by the capacity node is at least as big as the maximum capacity required for
operation. However, since the maximum capacity of the storage units is not a flow but a
stock that represents the maximum stored material, the value of the arcs that connect the
storage capacity nodes with their corresponding operation nodes is defined as one.

For cyclic operations, it is necessary that the initial load of the storage units (i.e.,
material stored from the previous day), be available again in the tank when the day ends.
For this, the operating unit “initial storage recovery” is introduced. This operation assures
the availability of initial load by relating the purified water generated in the last period
to the “Initial load” vertex. This scheme ends in a loop when connected with the storage
operation in the first period. Additionally, the maximum amount of the material node
“Initial load” is constrained to zero, thus ensuring that material accumulated in the last
period matches the initial load demanded for the next day. As previously mentioned, the
illustrative example only considers storage of water; therefore, Figure 4 only exhibits one
scheme of storage units. The same principle can be readily extended to other forms of
storage. A similar set of vertices is needed to depict the units involved in the evaluation of
every plausible storage option.

Implementation of the algorithm ABB effectively generates the optimal solution along
with a wide range of near-optimal solutions. For the illustrative example, only the best
structure in terms of profit is presented. The solutions generated in this work describe the
maximal capacity of the equipment to be installed in the plant, as well as the capacity at
which they work in each period. Thus, they represent flexible designs capable of operating
in different ways to meet the demand. The operating constraints considered here are
mainly the time-varying demands and costs. Additional constraints such as those based
on minimum part-load operating states [26] will be addressed in future work. Figure 5
depicts the best structure obtained for the synthesis of a multiperiod polygeneration plant
in the illustrative example. For this particular solution, all operating units are installed, and
therefore the blue part on the left-hand side of the picture remains the same. Nonetheless,
the operation suggested by the answer recommends the part-load operation of some of the
operating units during the day. In Figure 5, operating units that are not active are presented
in grey for the period in which they are not employed. On the other hand, the horizontal
bars of the active operating units are presented in green. Moreover, the degree of use of
the active operating units for each period is indicated by the partially filled horizontal
bars. For instance, the boiler is deployed at its maximum capacity during the first period,
this is represented as a full green bar; then, it is operated at half capacity during period 2,
consequently its horizontal bar is filled at 50%.

The process and operation policy depicted on the structure illustrated in Figure 5
yield a profit of EUR 1408.19/day. It can be seen that the operating units RO and EGDA
are operated at full capacity all day. The operation of the chiller answers directly to the
demand for cooling necessary to complete the process. This operation is inactive during
period 1, and then it gradually increases its production according to the rise in the demand
until it reaches 100% in period 4. The boiler is inactive during period 3 since steam demand
is low and the CHP Unit can fulfill it. Furthermore, the boiler only needs to be active at
50% of its capacity during period 2. In period 4, however, it is fully active since the CHP
is not employed. The latter is not necessary because the demand of electricity becomes
lower and it is cheaper to import it from the grid instead of producing it. The tank of water
starts the day at almost full capacity (close to 96%) and it is emptied during period 1. It
remains empty up to the beginning of period 2, is filled again to its maximum capacity
during period 3, and thus starts period 4 completely full. During period 4, only a small
fraction is depleted, recovering the value of the initial load for the next day.
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4. Case Study

The first scenario of the case study presented by Tan et al. [7] is revisited here to
illustrate the additional insights that the P-graph approach can provide when used as a tool
for the design of multiperiod systems. The maximum acceptable level of CO2 emissions
in the system is adjusted as a parameter to evaluate how structure and operation policy
change when reducing GHG emissions. The limit of emissions is established in the problem
by merging the CO2 material nodes of all the periods in a single vertex and including a
constraint on its maximum value. This case study requires that the synthesis problem
is analyzed considering a time horizon of one day divided into 24 periods of 1 h each.
As in the illustrative example, amortization time is assumed to be 10 years. Mass and
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energy balances as well as cost functions for candidate operations are the same as for the
illustrative example (Tables 2 and 3).

The hourly demand for products of interest and the variation of prices during the day
are presented in Table 4. Additionally, the maximum amount of HCl that can be generated
as a product of the process is 8 t/h. Price of treated brine is assumed to be EUR 0.73/t
(equivalent to a carbon tax of EUR 100/t), and price of biomass is set to EUR 0.2/t.

Table 4. Parameters of price and demand for materials involved in case study of 24 periods.

Period
Electricity Steam Cooling Purified Water

Price
(EUR/kWh)

Demand
(kWh)

Price
(EUR/kWh)

Demand
(kWh)

Price
(EUR/kWh)

Demand
(kWh)

Price
(EUR/t)

Demand
(t)

1 0.05 4000 0.04 12,000 0.06 0 1.2 100
2 0.03 4000 0.04 12,000 0.06 0 1.2 100
3 0.02 4000 0.04 12,000 0.06 0 1.2 100
4 0.04 4000 0.04 12,000 0.06 0 1.2 100
5 0.05 6000 0.04 12,000 0.06 0 1.2 100
6 0.05 6000 0.04 12,000 0.06 0 1.2 100
7 0.08 6000 0.04 8000 0.06 0 1.2 100
8 0.08 8000 0.04 8000 0.06 0 1.2 100
9 0.10 8000 0.04 8000 0.06 1000 1.2 100
10 0.12 10,000 0.04 4000 0.06 1000 1.2 100
11 0.12 10,000 0.04 4000 0.06 1500 1.2 100
12 0.10 10,000 0.04 4000 0.06 1500 1.2 100
13 0.09 10,000 0.04 4000 0.06 1500 1.2 100
14 0.07 8000 0.04 4000 0.06 1500 1.2 100
15 0.07 8000 0.04 4000 0.06 1500 1.2 100
16 0.06 8000 0.04 8000 0.06 1500 1.2 100
17 0.08 8000 0.04 8000 0.06 1000 1.2 100
18 0.08 8000 0.04 8000 0.06 1000 1.2 100
19 0.09 10,000 0.04 10,000 0.06 500 1.2 100
20 0.10 10,000 0.04 10,000 0.06 500 1.2 100
21 0.11 10,000 0.04 10,000 0.06 0 1.2 100
22 0.08 4000 0.04 12,000 0.06 0 1.2 100
23 0.07 4000 0.04 12,000 0.06 0 1.2 100
24 0.06 4000 0.04 12,000 0.06 0 1.2 100

Because of the large number of nodes needed for this problem, a new prototype pro-
gram was developed in Visual Basic for Applications (VBA) to solve it. This demonstration
software is available for downloading at http://p-graph.org/multiperiodic-processes/ [27].
This software is capable of supervising the P-graph algorithms based on the data inputs
of a MS Excel spreadsheet. The input to the software should comprise all parameters of
the problem (i.e., plausible units, mass and energy balances, cost estimators, materials,
and information for the different periods). These data are automatically transformed into
a suitable form for the P-graph solver. Subsequently, a VBA subroutine is employed for
communicating with the P-graph solver, which yields the data either of the rigorous super-
structure of the problem, the set of combinatorially feasible solutions, or the optimal and
near-optimal flowsheets to be analyzed. Due to space limitations, graphical depiction of the
structures for this problem is not provided. Nevertheless, it is worth noting that a rigorous
superstructure can be systematically generated by algorithm MSG for this problem in less
than 1 s.

The analysis of emissions of GHG was carried out by first solving the synthesis
problem without constraining the maximum value of the CO2 vertex. The CO2 released
in this condition constitutes the maximum value for GHG emissions in this problem.
Subsequently, various cases are defined by decreasing the maximum acceptable flow of
CO2 below this value and evaluating the different operating states and capacities for the
set of solutions. Different values for limiting CO2 were assessed, and those solutions that

http://p-graph.org/multiperiodic-processes/
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presented significant changes in the structure, in the operating state, or the economy of the
process were noted. A total of 5 selected cases are presented here. Case 1 corresponds to
that where no constraint is contemplated for the CO2 node, and the other 4 cases have a
reduced maximum acceptable flow of CO2.

A discussion of the particular cases is presented below. Additionally, a summary of
the best solutions in terms of profit for each case is shown in Table 5. The supplementary
material presents more detailed information about the designs described in the following
sections.

Table 5. Best solutions in terms of profit for 5 selected cases of maximum CO2 emission.

Characteristic Units Reference Stream Case 1 Case 2 Case 3 Case 4 Case 5

CO2 emission kg/day CO2 eq. 40,300 39,000 30,000 25,340 20,000
Profit EUR/day 853.64 712.88 341.72 0.26 −668.00

Boiler capacity kWh Steam 12,000 12,000 12,000 12,000 9031.3
CHP capacity kWe Electricity 0 529.2 3582.7 5000 6383.9

Chiller kWc Cooling 1500 1500 1500 1500 1500
RO unit capacity t/h Purified water 125.5 125.45 125.6 126.16 127.62

EGDA t/h Treated brine 80 80 80 80 82
Imported
electricity MWh/day Electricity 183.6 176.97 128.71 103.23 73.12

Water storage
tank t 66 66.2 61 52.4 34.5

4.1. Case 1. No Limitation of CO2 Emissions

The software was used to identify the first 200 solutions when no constraint is placed
on CO2 emission. Moreover, the optimal solution was generated in 4.4 s using an 8 GB RAM
Intel Core i5 PC. The best solution for this first case, results in a profit of EUR 853.64/day
with a total emission of 40.3 t CO2 eq./day

For this design, all electricity required by the plant is imported, so the purchase of
CHP unit is not suggested. This is a result of the parameters of the case study, for which,
internal production of electricity is less profitable than its importation. The total value of
imported electricity was 183.86 MWh during the day, with a maximum value of 10.68 MWh
in periods 11, 12 and 13. The solution that exhibited the best economic performance does
not suggest purchasing a tank for HCl storage, as such a tank would require expensive
material. The operating state of the units in this solution is illustrated in Figure 6 where
the state of each process unit is represented as a percentage of its maximum capacity for
each period. In this figure period 25 stands for the end of 24th period. This figure also
presents in the second axis the amount of material stored at the beginning of each period.
The material stored at period 25 (end of the last period) must match the amount stored at
the beginning of the initial period to achieve cyclic operation.

All solutions found for the case with no limit on CO2 emission include a mild steel
storage tank for purified water. Figure 6 illustrates that for the most cost-effective solution,
the tank should be partially full at the beginning of the day and is depleted up to the 6th
period. Then, it is loaded from period 7 to period 18, reaching its maximum capacity at the
beginning of the 19th period. Storage is filled during these periods because the working
capacity of the boiler is reduced, and the unused water can be saved in the tank. Since the
steam demand is higher from periods 1 to 6, and from periods 19 to 24, the boiler works at
full capacity; stored water is employed in these periods to supply water together with the
RO unit. As a consequence, the RO unit can have a smaller size compared to the solution
where no storage is employed. This strategy reduces the overall cost.

The set of near-optimal solutions provided by the P-graph framework was also an-
alyzed for the scenario without constraints on CO2 emissions. These alternative designs
may exhibit favorable features that are not explicitly represented in the mathematical
optimization model, such as controllability or reliability. Therefore, final design can be
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selected considering alternatives that are close to the optima and with consideration of the
design aspects missing from the mathematical model. Further screening of this set can
be performed by using suitable techniques, such as multiple attribute decision-making
methods [28].
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For most of the cases these solutions suggest alternative operation policies for the same
design. However, in other cases, some interesting changes in the purchased equipment are
also observed. Many of these alternatives are noteworthy despite the fact that their profit
is slightly lower than that of the best design. This is because they exhibit advantages in
terms of flexibility, reliability, operability or resilience.

For instance, the third solution generated for this scenario proposes an operation
schedule similar to the best solution and has a profit of EUR 853.4/day. However, for
this design the capacity of the water tank storage is 55.7 t, which is 12% smaller than the
tank in the best option. This design is a good alternative for saving space in the physical
installation since there is no significant change in the size of the remaining units. A similar
feature is exhibited by solution 51. This design has the smallest storage tank for purified
water among the solutions found. This solution has a profit of EUR 842.9/day, and its water
tank has a capacity of 13.84 t (79% lower than the one of the first solution). This represents
a larger reduction in space as a trade-off for a reduction in profit of 1.2% compared to the
optimal. This difference could be covered by the savings in land expenses. The operating
state of solution 51 is shown in Figure 7.

On the other hand, the operating state illustrated in Figure 8a corresponds to solution
number 6 and the best solution found in [7]. In this alternative, the profit is only EUR
0.5/day less than the profit of the first solution. The main differences with the best design
are that the size of the RO unit is slightly higher (1%) and the water storage tank is 22%
smaller. The mode of operation suggested in this solution allows the RO unit to function at
a lower capacity during periods 10 and 11. This feature decreases the cost derived from
energy import, since these are the periods with highest electricity price. During period 10,
the water stored in the tank is employed to partially supply the water consumed by the
other operating units in the plant. The employment of this reserve reduces the amount of
sea water that needs to be treated, thus decreasing the load on the RO unit. Additionally,
in this design, the capacities of units are similar to those suggested for the second solution.
This gives the designer an idea about flexibility in the operation.
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The first alternative that suggests the purchase of a HCl storage tank is solution
number 66. In this case the profit is EUR 841.9/day. The HCl tank has a capacity of 6.5 t,
although the upper bound for HCl storage in this problem is 25 t. Considering the carbon
tax, and no price on the produced HCl, the EGDA unit is a profitable operation. In this
study, its use is limited only by the low demand of HCl. Inclusion of the HCl tank permits
the EGDA to have a slightly higher capacity (2.8 t/h more of treated brine), and the extra
HCl is stored and treated as product during the sixth period of the day. The state of the
operating units for the different periods is shown in Figure 8b.

The inclusion of HCl tank results in a more resilient operation that increases reliability
of the process. This is because the storage tanks could supply water and HCl in case the
RO or EGDA units suffer any failure. Since there are more sources available for required
materials, reliability of the network is enhanced.

Similar behavior can be seen in solution 104. In this design the HCl tank has a capacity
of 8 t. This permits the EGDA to be turned off for an entire period while the HCl is supplied
by the tank. This enhances the resilience of the network since this time could be used to
perform rapid maintenance of this unit.

Another advantage of this design concerns the flexibility of the process. HCl limitation
is implemented here to simulate a market constraint for this product; this upper bound
reduces the profit obtained by the treated brine. Nevertheless, if this limitation changed
for some external economic reason, a larger quantity of HCl (and treated brine) could be
produced. Increasing the generation of treated brine enhances the capacity of CO2 removal.
Due to the carbon tax, it would also increase the profit of the plant. The inclusion of this
tank allows the EGDA unit to have a larger capacity and increases its productivity in case
of favorable marketing scenarios. Another instance of this feature is observed in solution
198, which has a profit of EUR 841.6/day, i.e., just 1.4% lower than that of the optimal
network. Nonetheless, in this design the maximum capacity of EGDA unit is 6.7% higher
than the one in the optimal solution. Thus, this solution has an increased flexibility of
operation and a higher capacity for the sequestration of CO2.
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An interesting alternative is to evaluate the behavior of the process without storage
of materials between the periods. This solution was generated by removing the storage
tanks from the maximal structure. Because of its lower profit, this design is not included
among the best 200 solutions. The operation state of the units in this design is depicted in
Figure 9. The profit of this alternative is EUR 841.4/day (1.43% lower than optimum) and
has a capacity of 132 t/h in the RO unit. This operation is partially operated from the 6th
period to the 22nd period. This solution offers more flexibility in terms of water production
because the RO unit has a larger production capacity. Furthermore, this design is also a
simpler process since it requires fewer number of process units, which can be regarded as
an advantage if there are space constraints in the plant. However, all operations are critical,
and the network is more susceptible to failures.
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4.2. Cases 2 to 4. Variation of Footprint Limit

This section describes the results of changing the upper limit of CO2 emissions. The
introduction of the constraint on CO2 resulted in a decrease of the profit as a trade-off.
Additionally, for all cases with a constraint on the emission of CO2, no solution found in
the ranking list includes a tank for HCl storage.

For case 2, the constraint for CO2 material node is set to 39,000 kg CO2 eq./day. In
this case, the first solution has a profit of EUR 712.8/day. The imported electricity is
176.98 MWh/day with a maximum value of 10.2 MWh in periods 11 to 13. Water storage is
included in the design with the storage tank having 66.2 t of total capacity. The operating
state for this design in each period is shown in Figure 10. The main difference between the
best solution in this case and case 1 is the inclusion of the CHP unit. This unit is included
in case 2 for reducing the carbon emissions released by the process. The CHP capacity is
529.2 kW and works at its maximum capacity between periods 7 and 13, and also works
between periods 17 to 22. These periods are the times during the day with a higher demand
of electricity. In other periods CHP is not used. Moreover, since CHP can also recover
energy in the form of vapor, the boiler working capacity can be reduced in periods where
the CHP is active.

The methodology was employed to identify the first 200 alternative designs for case 2.
The difference in profit between the first and the second solution is 0.03%, whereas in case
1 this difference was 0.02%. This means that for the constrained scenario, the relative differ-
ences in profit among the alternative designs and the first solution are larger compared to
those of case 1. It is also true for case 3 of CO2 limitation, where relative difference between
first and second solution is 0.07%. The reason is primarily that many solutions presented
before are not capable of fulfilling the acceptable level of CO2 emissions. Consequently, a
significant number of alternatives are automatically discarded. Nonetheless, as in case 1,
some designs in the set of alternatives have interesting features.

For instance, solution 26 has essentially units of the same capacity as in the first
solution, however the operation mode of the network suggests to tun off the CHP unit
during period 18. This is an example of solutions that suggest different operation modes
for the same plant, and that can be used as a source of information in case of unexpected
events. On the other hand, solution 172 has a profit of EUR 706.12/day (i.e., 0.9% less than
the optimum) and its CHP unit has a capacity of 625 kW. Because the capacity of the CHP
unit is 18% larger compared to the first solution of case 2, the peak of imported energy is



Processes 2021, 9, 233 16 of 19

lower. This peak occurs when both the demand and the price of the energy are at their
highest values. Thus, with a higher CHP unit capacity, the cost of imported energy during
this time is decreased. This results in a process that is less dependent on external providers,
and hence will be more robust to the variations of energy prices.
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In cases 3 to 5 the limit of CO2 emissions is further reduced. The lower the limit, the
bigger the reduction of imported energy, and the bigger the CHP unit capacity. Increment
of capacity for CHP is necessary to supply the electricity demand of the system. In parallel,
the boiler capacity can also be decreased thanks to the steam generated by the CHP unit.

As shown in Table 5, for case 3 the limit is settled in 30,000 kg CO2 eq./day. For this
case, the methodology is also used to generate the first 200 solutions. In this case, the
maximum capacity of the CHP unit is large enough to completely cover steam production
for the periods with lower demand, therefore, below this CO2 limit, the boiler can be turned
off in some solutions. The best solution found has a profit of EUR 341/day. The difference
in profit between solution 1 and solution 200 is 2.5%. All solutions in case 3 suggest the
purchase of the tank for water storage. The operating state of the best solution for this
scenario is shown in Figure 11. This design is also the one whose tank of water has the
largest capacity among the 200 solutions for the case. Alternative solutions that exhibit
attractive features can also be found, similarly to those described for the previous cases. For
example, solution 199 has a tank that is 69% smaller, and solution 150 presents improved
robustness and autonomy due to a CHP unit that is 13.7% larger.

Case 4 has a limit value of 25,340 kg CO2 eq./day. This is the lowest upper limit
for emissions at which the system registers a profit. In this case 200 solutions were also
identified. The highest profit obtained at this level is EUR 0.25/day. The 7th solution
identified is the first design with negative profit, with losses amounting to EUR 0.0018/day.
As in the previous cases, all solutions include the tank for storage of purified water and no
solution recommends the inclusion of the HCl storage tank.

Naturally, case 5 does not have a profitable solution either since its upper value of
GHG is below the one in case 4. For this case, the CO2 limit is set to 20,000 kg CO2 eq./day
and 200 different solutions are identified. The main differences between the best solution
and the alternatives are the periods at which units are active. No major change in process
structure is observed, and the difference between the cost of the first structure and the
structure 200 is 1.2%. The lowest feasible limit for CO2 emission in this problem is 7482.04
kg CO2 eq./day. In all 200 solutions found for this value, the electrical energy required
by the system is provided by the CHP unit, which becomes the core of the process. The
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CHP unit has a capacity of 10,300 kWe and is aided by the boiler only during the periods
of high steam demand. In addition, the EGDA unit is turned off most of the time with the
objective of saving energy in periods when it is required to supply the demand of the other
products, such as chilling.
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5. Conclusions

This work has developed a method for synthesizing a low-carbon polygeneration
plant for multiperiod operations using the P-graph framework. The polygeneration plant
incorporates the Davies Process to reduce system CO2 emissions. The work demonstrates
that the inclusion of EGDA coupled to the RO unit can constitute an economically fea-
sible decision for the addition of NETs in polygeneration systems. Income associated to
carbon taxes or selling of HCl can be employed to enhance economic viability of carbon
sequestration in the proposed system.

Implementation as a P-graph problem was performed according to the available
literature and is demonstrated to have significant advantages during process synthesis.
The algorithms of the methodology generate a broad range of solutions, including the
optimal and some near-optimal alternatives that are close in profit in relatively short
time. These structures are capable of providing additional insights about the problem
to be solved, and can exhibit useful features such as reliability, robustness, or resilience.
Furthermore, formulation of the synthesis problem is performed algorithmically, and the
superstructure model is systematically identified. This eliminates the possibility of human
errors that can occur during the mathematical formulation.

Although the best solution can be generated in a short time, the method proposed
can involve high computational effort when many solutions are generated for complex
problems. Nonetheless, this is not a major concern, taking the computational resources that
are currently available into account. Future work can focus on addressing the synthesis of
polygeneration plants, which account for the structural resilience and allow for retrofit later
within the plant economic life, aside from implementing minimum part-load constraints.
The methodology can also be applied to a broader range of multiperiod synthesis problems,
including power-to-X schemes that incorporate energy storage units.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-971
7/9/2/233/s1, Table S1: Solution 1. Solution with best profit found for case 1. Profit = €853.644/day,

https://www.mdpi.com/2227-9717/9/2/233/s1
https://www.mdpi.com/2227-9717/9/2/233/s1
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Table S2: Solution 3. Solution with a water storage tank 12% smaller compared to solution 1.
Profit = €853.381/day, Table S3: Solution 6. Solution with higher RO capacity and tank of storage 22%
smaller. Profit = €853.179/day, Table S4: Solution 51. Solution with the smallest tank for storage of
water found in case 1. Profit = €842.86/day, Table S5: Solution 66. First solution found that includes a
tank for storage of HCl found in case 1. Profit = €841.864/day, Table S6: Solution 104. Solution with a
tank of for storage of HCl with larger capacity. Profit = €841.74/day, Table S7: Solution 198. Solution
with the EGDA unit of highest capacity found in case 1. Profit = €841.644/day, Table S8: Solution 200.
Last solution generated for case 1. Profit = €841.644/day, Table S9: Solution 1. Solution with best profit
found for case 2. Profit = €712.882/day, Table S10: Solution 26. Solution in which CHP unit is turned
off in period 18. Profit = €709.784/day, Table S11: Solution 30. Solution with the largest tank for water
storage found in case 2. Profit = €709.779/day, Table S12: Solution 136. Solution with the smallest
tank for water storage found in case 2. Profit = €707.722/day, Table S13: Solution 172. Solution with
improved autonomy thanks to the highest CHP unit capacity in case 2. Profit = €706.123/day, Table
S14: Solution 200. Last solution generated for case 2. Profit = €705.896/day, Table S15: Solution 1.
Solution with best profit found for case 3. Profit = €341.724/day, Table S16: Solution 100. Solution
with various periods of partial work in RO unit. This solution has the potential of generating more
purified water. Profit = €336.23/day, Table S17: Solution 150. Solution with CHP unit of highest
capacity found in case 3. Profit = €334.282/day, Table S18: Solution 199. Solution with the smallest
tank for water storage found in case 3. Profit = €333.027/day, Table S19: Solution 200. Last solution
generated for case 3. Profit = €333.01/day, Table S20: Solution 1. Solution with highest profit found
in case 4. Profit = €0.257/day, Table S21: Solution 7. First solution with negative profit found in
this work. Profit = €−0.179/day, Table S22: Solution 105. Solution with RO unit of highest capacity
found in case 4. Profit = €−3.517/day, Table S23: Solution 159. Solution with the CHP unit of
highest capacity found in case 4. Profit = €−7.781/day, Table S24: Solution 191. Solution with
the tank for water storage of highest capacity found in case 4. Profit = €−8.663/day, Table S25:
Solution 197. Solution with various periods of partial operation of RO unit. This solution has the
potential of generating more purified water. Profit = €−8.765/day, Table S26: Solution 200. Last
solution generated for case 4. Profit = €−8.841/day, Table S27: Solution 1. Solution with lowest cost
found in case 5. Profit = €−668.189/day, Table S28: Solution 2. Solution with the boiler of lowest
capacity and tank of water storage with higher capacity found in case 5. Profit = €−668.218/day,
Table S29: Solution 81. Solution with CHP unit and boiler of largest capacities found in case 5.
Profit = €−675.434/day, Table S30: Solution 93. Solution with the tank for water storage of highest
capacity found in case 5. Profit = €−675.584/day, Table S31: Solution 104. Solution with the smallest
tank for water storage found in case 5. Profit = €−675.677/day, Table S32: Solution 200. Last solution
generated for the case 5. Profit = €−676.369/day. The Supplementary material presents information
regarding the operating state of the units for the solutions in the 5 cases of GHG limitation discussed
in the main text, and some additional solutions that exhibit noteworthy features. The information is
also available online at http://p-graph.org/multiperiodic-processes/.
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