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This work addresses the synthesis of heat-integrated water networks (HIWNSs) by using a superstructure
optimisation approach. A recently developed mixed-integer nonlinear programming (MINLP) model and an
iterative solution strategy are applied in this work to a case study of HIWN. The objective function of the MINLP
model is to minimise the network total annualised cost (TAC) comprising operating and investment costs. As
there are trade-offs between operating and investment costs, good solutions can be obtained if the TAC is
minimised by simultaneously exploring all water and heat integration opportunities within the network.

A case study with sensitivity analysis is solved by analysing the impact of freshwater and utility costs on the
network design and key performance indicators. The results indicate that in cases of low freshwater cost
increased freshwater usage is forced and thus lowering wastewater regeneration/recycling and wastewater
treatment cost. Increased freshwater flowrate is related to an increase of HEN investment. The high cost of
freshwater could produce solutions with lower freshwater consumption compared to base case depending on
utility cost and wastewater treatment cost. However, a decrease in freshwater consumption increases
wastewater regeneration costs.

1. Introduction

Industrial sector uses large amounts of natural resources (raw materials, fuels, water, and energy) and emits
the pollutants to air, water, and soil. The consumption of natural resources and the emission of pollutants into
the environment can be significantly reduced by improving water and energy efficiency in industrial processes.
Over the last few decades an increasing trend of studies can be noticed that are focused on water and energy
efficiency in various industrial processes by using conceptual and mathematical programming approaches.
However, it has been demonstrated that mathematical programming approach can better address multiple-
contaminant and large-scale problems of heat-integrated water networks (HIWNSs) including water-using and
wastewater treatment units (Hong et al., 2018). The reader is referred to review paper (Kermani et al., 2018) for
more details about mathematical approaches, their key features and solution strategies applied to HIWNs. A
recent review paper (Budak Duhbaci et al., 2021) focused on water and energy minimisation in industrial
processes by mathematical programming identified several research gaps including sensitivity analysis of case
studies of HIWNSs. Sensitivity analysis as a tool for studying model outputs in relation to change in the model
input parameters has been rarely considered in previous studies. In this way, an analysis can be performed to
analyse the changes of the water network design in relation to some critical process parameters (maximum inlet
contaminants concentration, operating temperatures etc.) or more often freshwater and utility prices. Ghazouani
et al. (2015) introduced a mixed integer linear programming (MILP) model to design heat integrated water
allocation network based on the transhipment model for heat integration. The objective function of the model
minimises total operating cost of freshwater and utility. Sensitivity analysis is performed by varying freshwater
cost and analysing its impact on total cost, freshwater, and utility consumption as well as network configuration.
Investment cost for the heat exchangers was not considered. Authors later extended their research to account
for simultaneous synthesis of water and heat exchanger network (Ghazouani et al., 2017) by minimising total
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annualised cost now considering and the investment cost for heat exchangers. A sensitivity analysis was
performed for analysing number of operating years for return of investment on the total annualised cost. Sujak
et al. (2017) presented a two-step holistic approach for designing cost optimal water networks considering
different levels of water saving hierarchy (e.g., reuse, recycling, elimination). As part of the proposed
methodology, a sensitivity analysis was performed to study an effect of increasing freshwater prices to water
minimisation schemes as well as on the economic indicators such as savings, investment, and payback period.
However, the approach assumes only isothermal water operations. The main goal of this work is to perform
sensitivity analysis of HIWN consisting of water-using and wastewater treatment units with heat losses and gains
and to analyse the impact of freshwater and utility costs on the network design, key performance indicators, and
total annualised cost (TAC).

2. Problem description

Given the number of superstructure elements it is required to synthesise the optimal HIWN design with the given
process and environmental constraints by minimising the TAC of the network. Process constraints include
operating temperatures, maximum inlet and outlet concentrations, and mass load of contaminants of process
water-using units. Operating temperature and contaminants removal ratio in wastewater treatment units is also
given. Environmental constraints include temperature and contaminant concentrations in the wastewater stream
discharged into the environment.

3. Methodology

A mathematical programming approach and an optimisation model based on a HIWN superstructure are used
in this work. The recently proposed HIWN superstructure shown in Figure 1 (lbri¢ et al., 2021) consists of:
freshwater sources s; process water-using units p (fixed mass load units); wastewater treatment units t (fixed
removal ratio units); heating/cooling stages ws and wastewater discharge. The superstructure elements are
interconnected enabling water reuse, regeneration and recycling as well as heat integration between hot and
cold water streams. Heat integration occurs within heating/cooling stages consisting of a predefined maximum
number of hot/cold streams identified by a convex hull formulation. In this way a controlling element is introduced
into the model to reduce the complexity of the network when dealing with large-scale HIWNs.
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Figure 1: Superstructure design

Based on the proposed superstructure shown in Figure 1, a mixed integer nonlinear programming model
(MINLP) was developed (lbri¢ et al., 2021) and a three-step solution strategy proposed enabling solution of the
problem (Figure 2). The overall model consists of three models: water network model (M1), heat integration
model (Duran and Grossmann, 1986) (M2) and heat exchanger network model (Yee and Grossmann, 1990)
(M3). In step 1 of the strategy, combined models M1 and M2 (M1-2) are solved by minimizing the linear operating
cost of the network for heat recovery approach temperatures (HRATs) lower and greater than the exchanger
minimum approach temperature (EMAT). The main goal of this step is to set lower and upper bounds on the
utility consumption for the next step of the solution strategy. Step 2 combines M1 and M3 models minimizing
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linearized total annualised cost (TAC). The promising heat exchange matches (match (i, j)) are identified
between hot streams i and cold streams j. This limits the number of heat exchange matches z(i, j) within step 3
of the strategy that combines M1 and M3 models minimising the nonlinear objective function and finding the
optimal network design.

The proposed solution procedure is solved in iterations to generate a set of locally optimal solutions from which
the best one is selected. Different HRAT values are randomly generated within each iteration for setting the
upper bound on utility consumption providing different initialization points for the following optimisation steps.
Based on various problems solved by the proposed solution procedure, it should be highlighted that the targeting
Steps 1 and 2 are very important for determining freshwater and utility consumption and selecting promising
matches thus reducing the complexity of the overall synthesis model solved in the Step 3.
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Figure 2: Flowchart of the solution strategy

By using the presented solution strategy, the basic sensitivity analysis is performed for different prices of
freshwater and utility to obtain a set of solutions for each case. The base cost for freshwater and utility is varied
+ 50 % to analyse an impact to water networks design and key performance indicators such as freshwater and
utility consumption, as well as operating and investment cost.

4. Case study

When designing HIWNs two types of problems exist, threshold and pinched (Ibri¢ et al., 2013). In the later, both
hot and cold utilities are required, and hence stronger connection exists between freshwater and utilities
consumption. This case study is an example of multi-contaminant pinched HIWNs consisting of two water-using
units and a single wastewater treatment unit taken from the literature (Bogataj and Bagajewicz, 2008). The data
for the water-using units is given in Table 1. As can be seen the inlet and outlet temperatures of water-using
units are different accounting for heat losses and gains and the problem is pinched.

Table 1: Process water-using units’ data

Contaminants Contaminants Contaminants
Process mass load maximum inlet maximum outlet Temperature (°C)
unit (kg/h) concentration (ppm) concentration (ppm)

A B C A B C A B C In Out
PU1 6 3 4 5 150 100 50 200 200 25 35
PU2 5 150 120 60 300 150 300 100 85

Freshwater temperature is 20 °C and the temperature of wastewater discharged into the environment is 30 °C.
Hot utility is fresh steam at temperature 126 °C and cold utility is cooling water with inlet and outlet temperatures
15 °C and 20 °C. The base cost of freshwater is 2.5 $/t. The base cost of hot and cold utility is 260 $/(kW -y) and
150 $/(kW-y). The shell and tube heat exchanger cost ($/y) as function of heat exchanger area (m?) is given by
equation 10,000+860-(Area)®’®. Individual heat transfer coefficients for water streams and hot utility are 1
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kW(m?2-K) and 5 kW(m?-K). Treatment unit operating and investment data are given in Table 2. Annualisation

factor for the treatment unit investment cost is 1. Specific heat of water streams is 4.186 kJ/(kg-K). The total
plant annual operating time is 8,322 h.

Table 2: Wastewater treatment unit data

Removal percent of Investment Operating cost Temperature
Treatment . o . - Cost o
unit contaminants (%) cost coefficient  coefficient exoonent (°C)

A B c (IC) (OC) P In out
TU4 75 90 90 20,000 0.95 0.78 40 37

The base costs are varied + 50 % to analyse the influence of freshwater and utility costs on the total annualised
cost (TAC) and design of the HIWN. Table 3 shows detailed optimisation results for the case study. The base
case study produces the identical solution to those reported in the literature (Hong et al., 2018) with the minimum
TAC of 5,038,794 $/y. The freshwater consumption is 27.778 kg/s. Figure 3 shows the optimal network design
for the base case. Two heat exchangers, heater and a cooler exist within the network with the HEN investment
cost 176,096 $/y. Heat integration occurs between the hot wastewater stream and cold freshwater stream
(116.28 kW) and between the process water-using unit PU2 outlet and inlet streams (2,701.24 kW). Additional
heater is required to preheat the water at the inlet to PU2 to 100 °C requiring 1,905.32 kW of hot utility and one
cooler to cool down the wastewater stream to a temperature of 30 °C requiring 697.67 kW of cold utility. The
optimal network design comprises wastewater regeneration-recycling of wastewater streams with the total
amount of wastewater treated 41.667 kg/s. Optimisation results for the case with low freshwater cost (1.25 $/t)
show the increased freshwater consumption. This is especially the case for the low freshwater cost (- 50 %) and
high utility cost (+ 50%) where the network design exhibits a freshwater consumption of 37.589 kg/s. The
consumption of hot (1,820.26 kW) and cold (117.19 kW) utility is reduced compared to base case. The cost of
wastewater treatment is also reduced with the decreased flowrate of water through the treatment unit (33.656
kg/s vs. 41.667 kg/s). The amount of recycled water is significantly reduced to 0.707 kg/s (see Figure 4). Note
that due to low freshwater cost a part of freshwater is used for diluting the wastewater to reduce the wastewater
treatment operating and investment cost. The optimal network design exhibited the same number of heat
exchangers, heaters, and coolers as in the base case with the increased investment cost for HEN (206,856 $/y).
With the increase of freshwater flowrate, the amount of water entering and leaving heat exchangers increases
and thus the heat load of heat exchangers and heat exchange area also increases.

For the case with high freshwater cost (+50 %) and low utility cost (- 50 %) the optimal network design is the
same as for the base case with freshwater consumption 27.778 kg/s. The HEN and TU investment costs are
also identical. The TAC of the network is 5,779,027 $/y. The increase in freshwater price does not reduce
freshwater consumption compared to the base case. Further decrease in freshwater consumption would
significantly increase flowrate of water through the wastewater treatment unit and thus wastewater treatment
operating and investment cost. However, freshwater consumption also relates to the utility price as well as
wastewater treatment operating, and investment cost related to wastewater flowrate. The annualisation
investment factor influence on the network design should also be investigated as it relates to the trade-off
between investment and operating cost.

7777777777777777777777777 Po1453mt o

! | 116.28 KW | |

e o T 9.259 i

| ~ |
21778 A 37.037 37.037 4 24594 b .
20c D are P asec] P famc 1 9005m° i
| 697.67 kW |

_____ ]
\

41.667 41667 i\ 27778
TU —0O
40°C * [37°C 36°C & 30°C

Figure 3: Optimal network design for the base case
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Table 3: Optimisation results for the case study

Freshwater cost Parameter Unit Hot/cold utility cost ($/(kW-y))
($1t) -50 % Base case +50 %
130/75 260/150 390/225
TAC $ly 3,607,988 3,894,642 4,152,127
FW consumption kgls 31.25 31.25 37.589
HU consumption kw 1,886.38 1,886.38 1,820.26
1.25 (- 50 %) CU consumption kw 552.32 5562.32 117.19
HEN investment $ly 188,104 188,104 206,856
TU investment $ly 908,829 908,829 843,445
TU operating $ly 1,054,120 1,054,120 957,897
TAC Sty 4,738,776 5,038,794 5,426,952
FW consumption kg/s 27.778 27.778 27.778
HU consumption kW 1,905.32 1,905.3 2,191.47
2.5 (Base case) CU consumption kW 697.66 697.67 813.94
HEN investment $ly 176,096 176,096 192,726
TU investment $ly 996,279 996,279 996,279
TU operating $ly 1,185,885 1,185,885 1,185,885
TAC Sty 5,779,027 6,079,552 6,505,758
FW consumption kgls 27.778 27.778 27.329
HU consumption kW 1,905.3 1,905.3 1,979.34
3.75 (+ 50 %) CU consumption kW 697.67 697.67 790.75
HEN investment Sty 176,096 176,096 151,072
TU investment Sty 9,962,79 996,279 1,056,266
TU operating $ly 1,185,885 1,185,885 1,278,194
____________________________ T
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Figure 4: Optimal network design for the case of low water cost (- 50 %) and high utility cost (+ 50 %).

5. Conclusions

This paper presents a mathematical programming approach for the synthesis of heat-integrated water networks
(HIWNSs). The recently proposed MINLP model and the three-step solution strategy were used to generate a set
of solutions by performing a sensitivity analysis for different costs of freshwater and utility. The pinched problem
of HIWN was considered comprising heat losses/gains and thus requiring hot and cold utility consumption. The
base case solution presented in this work is in agreement with the solutions reported in the literature with the
freshwater consumption (27.778 kg/s) and hot/cold utility consumption (1,905.3 kW and 697.67 kW). The
optimisation results for the case with low water cost (- 50%) and high utility cost (+ 50 %) exhibit increased
freshwater consumption (37.589 kg/s vs. 27.778 kg/s) as well as decreased utility consumption when compared
to the base case (1,820.26 kW of hot and 117.19 kW of cold utility). Increased freshwater consumption due to
its lower cost increases heat load within heat exchangers and thus HEN investment. Also, when freshwater
consumption increases less water is recycled and thus wastewater flowrate through wastewater treatment unit
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decreases (33.656 kg/s vs. 41.667 kg/s). The optimisation results for the case with high freshwater cost (+ 50
%) and low utility cost (-50 %) exhibit the same network design as for the base case cost. The solution with
decreased freshwater consumption compared to base case is not forced. The solution with lower freshwater
consumption would require additional amount of recycled wastewater and thus wastewater operating, and
investment cost would increase. This is the case for high freshwater cost (+ 50 %) and high utility cost (+ 50 %)
with freshwater consumption of 27.329 kg/s at the expense of wastewater treatment operating and investment
cost. On the other hand, with the freshwater decrease heat load within heat exchangers also decreases and
thus HEN investment on the expense of utility consumption. This case study shows how close interactions exist
between freshwater and utility consumption on the one side and HEN and wastewater treatment on the other
side. The optimisation results are not straightforward as many trade-offs exist. The future research can be
directed towards developing multi-period HIWN considering future changes in freshwater and utility cost. An
impact of investment cost can also be analysed considering different depreciation periods. Different types of
heat exchangers can be considered with different investment and equipment constraints regarding the maximum
heat exchange area and the exchanger minimum approach temperature.

Nomenclature

CU — Cold utility HU — Hot utility

EMAT — Exchanger Minimum Approach Temperature OC - Operating cost

FW — Freshwater TAC — Total Annual Cost
HEN — Heat Exchanger Network TU — Treatment unit

HRAT — Heat Recovery Approach Temperature
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