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Abstract: Heat recovery from a high-temperature wastewater is the major concern in the conventional
textile industry. However, limited space in the textile plant is an important constraint for the process
enhancement. Therefore, an easily applicable heat recovery system with a small amount of additional
equipment to the existing dyeing process is required. To meet the needs from the industry, this study
suggests an integrated heat recovery and supply system consisting of single heat exchanger and
single storage tank using freshwater as a thermal carrier to utilize the reusable heat in the wastewater.
Freshwater is stored in a tank after direct heat exchange with wastewater and is supplied to the next
dyeing process. Three different designs of the integrated system were compared based on the lower
limit of the wastewater temperature: above 50 °C, 40 °C, and 30 °C for Cases 1, 2, and 3, respectively.
The energy and energy flow analyses showed Case 2 to be well balanced between the quality and
quantity of the recovered heat, and there was no heat loss via drainage. The heat demand for Case 2
was 795.5 kW, which was the lowest among all cases. Furthermore, an economic analysis showed
that the total cost for Case 2 was reduced by 63.2% compared with the base case. Despite the use of
an additional heat exchanger and water storage tank, the proposed system was more economical
because of the reduced operating costs. Finally, a detailed analysis was conducted by determining
the more efficient temperature for heat recovery and supply.

Keywords: textile industry; heat recovery and supply system; heat storage; energy flow analysis

1. Introduction

The textile industry is energy intensive because it uses considerable fuel and power [1].
Reactive dyeing is commonly used in the textile industry to improve the quality of dyeing
processes. In this method, a large quantity of preheated freshwater is required to induce
the reaction between the fibers and the dye. Hence, a large amount of energy is required
for heating to meet the process conditions [2]. For the dyeing process, the operating
cost of heating the freshwater accounts for 16.2% of the total production cost [3]. In this
conventional practice, a huge amount of energy is wasted to the environment during the
dyeing process.

Waste heat recovery systems have been suggested as a solution to energy wastage in
many industrial fields. Jouhara et al. [4] examined the waste heat recovery methodologies
and state-of-the-art technologies for many industrial fields and presented the operating
temperature range and the pros and cons of the heat recovery system. The research result
indicated that energy efficiency could be improved by utilizing the proper heat recovery
system for different industrial processes. Hammond and Norman [5] investigated the
potential of various heat recovery systems using a database of the heat demand and surplus
at United Kingdom industrial sites. The results indicated that recovery at low temperatures
(below 100 °C) and conversion to electricity have great potential in the re-use of surplus
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heat. In the textile industry, recovering and using the wastewater heat during the dyeing
process can reduce the energy demand and cost of heating [6]. In addition, the energy
needed for cooling the wastewater is also saved because the wastewater temperature is
decreased by the removal of heat [3]. Therefore, designing an efficient wastewater heat
recovery (WWHR) process is crucial for achieving high performance in the dyeing process.

Many researchers have proposed heat recovery systems to effectively utilize waste
heat in the dyeing process. Wu et al. [7] designed a capacity-regulated high-temperature
heat pump (HTHP) system with a twin-screw compressor to recover waste heat in the
dyeing process. Two tanks were used to store wastewater from the dyeing process, and the
heat was recovered through the HTHP system. As a result, the operating cost decreased
from USD 50,400 to USD 26,720, saving 47% of the total cost. Kannoh [8] used a waste heat
recovery system consisting of a gas-fired absorption heat pump, heat exchanger, and three
pumps to recover waste heat from warm water at different temperature ranges (20-50 °C).
Consequently, the waste heat of 1.39 x 10? J/h was recovered through the adsorption heat
pump, and the hot water at 80 °C which had the heat of 3.48 x 10° J/h was obtained.
Kiran-Ciliz [9] proposed a cleaner production application for wet dyeing processes. Waste
heat was utilized only through a water-water heat exchanger because sudden changes
in the existing process are capital-intensive. According to theoretical calculations, a net
energy of 0.3-0.4 kWh/kg of finished textile was saved. In addition, the economic feasibility
analysis showed that the annual cost savings were USD 513,000. Rakib et al. [10] proposed
a system that minimized the energy consumption by introducing a counter-flow shell and
tube heat exchanger. The hot effluent was stored in an intermediate sump, and heat was
transferred to cold freshwater. The results showed that the annual energy and cost savings
were 5716 MWh and USD 47,100, respectively. Kandilli and Koclu [11] demonstrated
the potential of reducing energy consumption during the dyeing process by utilizing a
counter-flow plate heat exchanger. The optimal operating conditions for the heat exchanger
were analyzed based on the first and second law of thermodynamics. The result revealed
that the exergy improvement potential varied from 2.35 to 4.92 kW as the mass flow rate of
waste and cold water changed. Dehghani and Yoo [12] designed a cascade trigeneration
system to utilize low-grade waste heat and produce biofuel sources from textile wastewater.
For the proposed system, energy and economic analysis were conducted. As a result,
the proposed trigeneration system provided 88 kW equivalent electrical power with an
efficiency of 62% and required five years payback period. Kim et al. [13] suggested a
cost-optimal heat-exchange network. A heat pump was used to recover waste heat from the
wastewater at temperatures below 30 °C; otherwise, the waste heat was recovered through
the heat exchanger. A super-targeted pinch analysis was also conducted to minimize
costs and maximize energy recovery. As a result, the total annualized cost (TAC) was
reduced by 43.07% compared with that of the conventional dyeing process. In their further
study [3], feasible scenarios of WWHR were defined, and the proposed WWHR system
was optimized by conducting pinch and techno-economic analyses. Ultimately, the optimal
WWHR system reduced the TAC by 28.6%.

Owing to the energy-intensive nature of the dyeing process, previous studies applied
various heat-recovery systems using heat pumps and heat exchangers to effectively recover
the waste heat discharged during the dyeing process. However, several limitations remain
in the textile dyeing plant. First, due to the space limitations, it is hard to install many
additional tanks and heat exchangers to the existing dyeing units. Second, if the heat
exchange network becomes complicated, the operation becomes complex owing to the
characteristics of a batch process. Third, as the number of heat exchangers increases, the
additional capital investment increases. In the recent study, Zuberi et al. [14] suggested
a heat recovery system with direct heat exchange and indirect heat exchange through a
heat storage tank to improve energy efficiency. A practical case study on heat integration
of a medium-sized European textile industry plant was presented using a pinch analysis
method. Their result showed 25% and 7% of daily thermal energy saving using direct and
indirect heat recovery, respectively. However, for the direct heat recovery, a maximum of
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seventeen heat exchangers were required and fifteen heat exchangers and a stratified tank
are needed for the indirect heat recovery. Therefore, it requires a large space to install heat
recovery equipment, and operates under complex modes.

To overcome the limitations of previous studies, and to provide applicable modifica-
tions to the existing textile dyeing plants, this study proposes the heat recovery and supply
system consisting of a single heat exchanger and single tank using freshwater as the thermal
carrier. Heat is transferred by a direct water-to-water heat exchange when wastewater is
drained from the process. The heated freshwater is intermediately held in a water storage
tank and directly used in the subsequent cycle. To find the best heat recovering condi-
tion of the proposed design, three different cases are generated by target heat recovering
wastewater temperatures: (i) above 50 °C, (ii) above 40 °C, and (iii) wastewater from all
processing steps, temperature above 30 °C. Energy and energy flow analyses are conducted
to estimate the savings of steam usage and effectiveness of the proposed systems. Based
on economic analysis, the economic feasibility of the system is evaluated. Furthermore,
detailed energy and economic analyses are conducted at narrow temperature intervals to
find more efficient operating conditions.

2. Methodology
2.1. Process Description

The major objective of this study is to effectively recover and use the waste heat
generated during the dyeing process with applicable modification in the textile dyeing
plant. The dyeing process in the textile industry consists of eight consecutive steps. First,
bleaching, washing, and acidification are conducted during the pretreatment process. After
the pretreatment process, dyeing is performed using a reactive dye. Finally, cold rinsing,
washing, hot rinsing, and finishing are performed in the after-treatment process. Table 1
lists the operating time, wastewater temperature, and mass flow rate for each step of the
dyeing process [13] and the flow chart of the dyeing process is presented in Figure 1. To
achieve the objective of this study, a waste heat recovery system consisting of one heat
exchanger and one storage tank was suggested, as shown in Figure 2. In the n-th dyeing
process, the heat of high-temperature wastewater was recovered using freshwater as a
heat sink. Next, in the n + 1-th dyeing process, heat was provided to each step through
heated-water, which was the thermal carrier of waste heat. To compare the efficiency of
the proposed system, wastewater discharge without heat recovery was selected as the base
case. Case 1 recovered waste heat from wastewater that had a temperature of above 50 °C.
In Case 2, wastewater above 40 °C was used to increase the amount of recovered heat.
Case 3 recovered the waste heat from all steps (above 30 °C) to maximize the heat stored in
the tank.

Process Procedure

Freshwater Freshwater Freshwater Freshwater Freshwater Freshwater Freshwater Freshwater

Stage 7 Stage 8

fabric @Bleaching Acidification Cold rinsing |"Washing} | Hot|rinsing| | Hot rinsing | fabric

[Golmin)] (20 (10 min) (10 min) (20]min) (10/min) (20 min)

Wastewater Wastewater Wastewater roW Wastewat Wastewater

Temperature profile

100°C  90°C 80 °C

7(|} °C 6? c SGI"C 40°C  30°C

Figure 1. Flow chart of the dyeing process.
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Figure 2. Schematic of the waste heat recovery system in the dyeing process.

Table 1. Process conditions of the dyeing process.

Stage Process Process Time Temperature Mass Flow Rate
(Min) O (kg/h)
1 Bleaching 30 96 2900
2 Washing 20 96 4350
3 Acidification 10 50 8700
4 Dyeing 60 96 1450
5 Cold rinsing 10 30 8700
6 Washing 20 90 4350
7 Hot rinsing 10 70 8700
8 Finishing 20 40 4350

A simulation of the waste heat recovery system was performed using the commercial
process simulation software Aspen HYSYS V11 (Aspentech). The Peng—Robinson equation
of state was applied, which can predict the equilibrium phase properties of the full range of
components [15], including water [16]. This process used freshwater as the working fluid
to recover waste heat from the dyeing process. Freshwater flowed into the heat exchanger
at a temperature and pressure of 18 °C and 101.3 kPa, respectively. A shell-and-tube heat
exchanger was used. It was assumed that there was no heat loss in the heat exchanger,
and the minimum temperature difference (MTD) was set to 5 °C. For the water storage
tank, it was assumed that there was a 10% buffer in volume. The simulation design basis is
presented in Table 2.

Table 2. Process design basis.

Parameter Value
Fresh water temperature 18 °C
Fresh water pressure 101.3 kPa
Equipment pressure drop 0 kPa
Temperature decreases in tank due to heat loss 5°C
Maximum temperature of discharged wastewater 40°C
Heat exchanger

Equipment type Shell and tube

Heat loss None

Minimum temperature difference 5°C

2.1.1. Case 1

In Case 1, the waste heat was recovered from wastewater above 50 °C. Since wastewa-
ter is generally sent to wastewater treatment systems below 40 °C [17], the wastewater from
each step of the dyeing process was discharged at 40 °C after heat exchange in Case 1. From
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bleaching to finishing, as the process proceeded, the waste heat generated was recovered
into freshwater through a heat exchanger. The wastewater from the six steps, except for
cold rinsing and finishing, participated in the heat exchange. Freshwater flowed into the
heat exchanger at 18 °C and absorbed heat to a temperature 5 °C lower than that of the
wastewater. After heat exchange, heated-water, which is the freshwater that gained heat,
was stored in a tank for the use in the next cycle. It was assumed that the temperature of
the heated-water stored in the tank decreased by 5 °C owing to heat loss. The heated-water
stored in the tank was preferentially supplied to the step with a higher temperature in the
next cycle in the following order: bleaching, washingl, dyeing, washing?2, and hot rinsing.
To improve dyeing quality, heating during the dyeing step was carried out in two separate
stages. In the first stage, freshwater was heated to 60 °C, and the temperature was steadily
increased to 96 °C [7]. Owing to this feature, heated-water was supplied for dyeing at 60 °C
and heated to 96 °C. After heated-water was provided at each step, additional freshwater
was added when the heated-water was less than the required amount or the temperature
was higher than the required temperature. The flow rate and temperature of the freshwater
that recovered the heat are presented in Table 3, and the conditions of the heated-water are
listed in Table 4.

Table 3. Flow rate and temperature of heat-recovered freshwater (Case 1).

Fresh Water Mass Flow Rate (kg/h) Temperature (°C)
Bleaching to tank 2231 91
Washing1 to tank 3346 91
Acidification to tank 3225 45
Dyeing to tank 1115 91
Washing?2 to tank 3254 85

Hot rinsing to tank 5562 65

Total 18,730 74.37

Table 4. Flow rate and temperature of heated-water (Case 1).

Heated-Water Mass Flow Rate (kg/h) Temperature (°C)
Tank to Bleaching 2900 69.37
Tank to washing1 4350 69.37
Tank to dyeing 1180 69.37
Tank to washing?2 4350 69.37
Tank to hot rinsing 5953 69.37
2.1.2. Case 2

In Case 2, the waste heat was recovered from wastewater above the temperature of
40 °C to increase the amount of heat recovered. The wastewater was discharged at 30 °C
after the heat exchange. Compared with Case 1, because a lower grade of waste heat
can be recovered, finishing is included, and a total of seven steps were included in the
heat exchange. As the amount of recoverable heat increased, the amount of heated-water
stored in the tank also increased. Heated-water was supplied for bleaching, two washings,
acidification, dyeing, hot rinsing, and finishing. The flow rate and temperature of the
freshwater and heated-water are listed in Tables 5 and 6, respectively.
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Table 5. Flow rate and temperature of heat-recovered freshwater (Case 2).

Fresh Water Mass Flow Rate (kg/h) Temperature (°C)
Bleaching to tank 2626 91
Washing]1 to tank 3939 91
Acidification to tank 6447 45
Dyeing to tank 1313 91
Washing? to tank 3901 85

Hot rinsing to tank 7411 65
Finishing to tank 2559 35

Total 28,200 67.79

Table 6. Flow rate and temperature of heated-water (Case 2).

Heated-Water Mass Flow Rate (kg/h) Temperature (°C)
Tank to bleaching 2900 62.79
Tank to washing1 4350 62.79
Tank to acidification 6210 62.79
Tank to dyeing 1359 62.79
Tank to washing?2 4350 62.79
Tank to hot rinsing 8700 62.79
Tank to Finishing 328.5 62.79
2.1.3. Case 3

In Case 3, to maximize the quantity of recovered heat, wastewater from all eight
steps was included in the heat exchange. Wastewater was cooled to 23 °C after the heat
exchange, which was 5 °C higher than the inlet temperature of the freshwater. For this
process condition, the tank held the largest amount of heated-water because the amount
of recovered heat increased further. As in other cases, heated-water stored in the tank
was first supplied to the dyeing process at a high temperature. Since a large amount of
heated-water was stored in the tank, it could be supplied to all the steps of the dyeing
process in the subsequent cycle. However, to meet the water temperature requirements in
the steps, additional mixing with freshwater was required, and water remained in the tank
even though heated-water was provided in all steps. It was assumed that the heated-water
remaining in the tank was drained to avoid accumulation. The conditions for the freshwater
and heated-water are listed in Tables 7 and 8, respectively.

Table 7. Flow rate and temperature of heat-recovered freshwater (Case 3).

Fresh Water Mass Flow Rate (kg/h) Temperature (°C)
Bleaching to tank 2903 91
Washing1 to tank 4355 91
Acidification to tank 8702 45
Dyeing to tank 1452 91
Cold rinsing to tank 8699 25
Washing? to tank 4354 85
Hot rinsing to tank 8705 65
Finishing to tank 4350 35

Total 43,520 57.28
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Table 8. Flow rate and temperature of the heated-water (Case 3).

Heated-Water Mass Flow Rate (kg/h) Temperature (°C)
Tank to bleaching 2900 52.28
Tank to washing1 4350 52.28
Tank to Acidification 8120 52.28
Tank to dyeing 1450 52.28
Tank to cold rinsing 3044 52.28
Tank to washing?2 4350 52.28
Tank to hot rinsing 8700 52.28
Tank to Finishing 2790 52.28
Drainage 7816 52.28

2.2. Energy Analysis Method

The total heat demand of the dyeing process was calculated as the sum of the energies
consumed at each step, as follows:

Total heat demand = QBleaching + QWashingl + QAcidification + QDyeing (1)
+Qcold rinsing + QWushingZ + QHot rinsing + QFinishing

where Q; is the energy required in each step, and the subscripts represent the dyeing
process steps.

2.3. Cost Analysis Method

The cost analysis method was used to assess the cost reduction of the proposed heat
recovery system and evaluate the efficiency of the three suggested cases in terms of cost.
Table 9 presents the economic assumptions of the cost analysis.

The total cost of heat recovery system is calculated as:

CopEx
Total cost = Ccapex + ZPL 9 <

= ) @

where Ccapgx is the capital cost, Copgx yr is the annual operating cost, 7 is the interest rate,
and PL is the operating life of the plant.
Capital cost is calculated using the bare module factor and is expressed as follows:

P CEPCIzozz

Ceapex = 1.18 x ijl Bj-CE,j'm

)
where 1.18 is related to contingency and contractor fees, p indicates the equipment type, B;
is the bare module factor, Cf, is the equipment purchase cost, and CEPCI is the chemical
engineering plant cost index.

The purchase cost of heat exchanger is calculated as [18]:

log Cp yx = 3.2138 4 0.2688 log Ag + 0.07961(log A0)2 4)

where Cg px is the purchase cost of the shell-and-tube heat exchanger, and Ay is the heat
transfer area.
The purchase cost of water storage tank is obtained as follows [19]:

CE,Tank = 1.1 x 2150 x V065 5

where Cg 7,,« denotes the purchase cost of the tank, and V denotes the volume of the tank.
The operating cost is calculated as the sum of the steam cost used when raising the
temperature of the dyeing process and the maintenance cost, expressed as

COPEX,yr = Cmaint + Csteam (6)
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where Cjpy i, is maintenance cost, and Cgyeqyy, is the steam cost.
The maintenance cost and steam cost are calculated as:
CMaint = 0.03 X Ccapex (7)
. : CEPCIzozz
Csteam = toperating X Pricesteam X Qsteam ¥ W ®)
ase

where foperating 18 the operating hours, Pricestean is the cost of steam, and QStmm is the heat
demand of the dyeing process. Annual maintenance cost was assumed to be 3% of the total
CAPEX [20]. Table 10 presents the cost parameters used to calculate the total cost.

Table 9. Assumptions for the cost analysis.

Parameter Value

Interest rate [21] 7%

Operating hours [7] 8000 h/yr

Plant operating life [13] 5 years

Steam cost [22] USD 1.16 x 1073 /k]
Annual maintenance cost [20] 3% of the total capital cost

Table 10. Cost parameters for the economic analysis.

Parameter Value

Bare module factor

Water tank [19] 1.3

Heat exchanger [23] 3.17
Chemical engineering plant cost index (CEPCI) [24]

2022 (Base year) 806.3

2021 (Steam) 686.7

2014 (Tank) 576.1

1996 (Shell-and-tube type exchanger) 382.0

3. Results and Discussion
3.1. Energy Analysis

An energy analysis was performed for the waste heat recovery and supply system to
estimate the effectiveness of the proposed systems. The total heat demand for each case
is shown in Figure 3. In the base case, a considerable amount of steam was used as the
heat source to increase the temperature of the process. However, the proposed processes
simultaneously utilize steam and recovered waste heat to satisfy the operating temperature
requirements of the process. Therefore, the additional heat provided in the form of steam
was reduced compared with that of the base case. The heat demands of the base case,
Case 1, Case 2, and Case 3 were 2310.5, 1155.5, 795.5, and 843.2 kW, respectively. The
case with the lowest energy consumption was Case 2, in which the energy consumption
was reduced by 65.6% compared with the base case. Case 1, which recovered reusable
heat from wastewater above 50 °C and discharged wastewater at 40 °C for wastewater
treatment, had the highest heat demand among the three proposed processes. Furthermore,
although Case 3 maximized the energy recovery, Case 2 had a lower energy consumption
than Case 3. To analyze the three cases, it was important to examine the flow of the waste
heat generated in each step. Thus, the energy flow analyses of the base case, Case 1, Case 2,
and Case 3 were performed.
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Figure 3. Heat demand of each case.

The energy flow for each case is shown in Figure 4. In the base case, all waste heat
was released into the cooling water without the waste heat recovery process.

In Case 1, waste heat was recovered from six out of eight steps of the dyeing process
and stored in a tank. The total load of heat stored in the tank was 1268.0 kW, and the heat
discharged in wastewater was 1042.5 kW. Heated-water stored in the tank was supplied
to the next cycle, and 112.9 kW of heat was lost during storage. The heat demand for the
subsequent cycle was reduced compared to the base case. However, Case 1 had the highest
value among the proposed cases owing to insufficient heat recovery. It means that there is
a chance to recover more heat from the wastewater.

In Case 2, more heat was stored in the tank because the freshwater recovered reusable
heat from wastewater above the temperature of 40 °C. Waste heat was recovered from
seven out of eight steps of the dyeing process, and the load of stored heat was 1685.0 kW.
As the recovered heat increased, the load of unrecovered heat in the process was reduced,
and 625.5 kW was wasted in the wastewater. In addition, the energy input was further
decreased, compared with Case 1, to 795.4 kW. Since the amount of heated-water stored
in the tank was large, the heat loss of the tank increased; however, the total heat wasted
decreased to 795.5 kW because the heat discharged to the wastewater was reduced in
comparison with Case 1. The proper amount of heat was recovered, and the heat recovered
was fully utilized in Case 2. Therefore, Case 2 had the lowest heat demand because the
recovery and supply of the heat was well balanced.

In Case 3, the load of waste heat available was 2049.9 kW, which was the largest of
the three cases owing to the additional heat recovery from the cold rinsing step. However,
the heat demand in Case 3 was higher than that in Case 2; it is attributed to the following
reasons: (1) The recovered heat had a low grade due to heat exchange with the lower
temperature wastewater. (2) As the amount of heated-water stored in the tank increased, the
heat loss of the tank increased. (3) Heated-water was discharged to prevent accumulation
in the tank, i.e., some heat was lost because of drainage. Although the heat discharged
to wastewater was decreased, the total wasted heat increased to 843.2 kW because the
recovered heat could not be fully utilized in the subsequent cycle. Therefore, the energy
input increased to supply the insufficient heat.
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As a result of the energy analysis, it was found that Case 2 had the most suitable
system configuration for heat recovery and supply. In Case 2, the temperature at which
the wastewater was cooled through the heat exchanger was changed to determine more
efficient conditions for heat recovery to save energy. Figure 5 shows the effect of temper-
ature on heat demand and drainage. As the temperature decreased from 30 °C, the heat
demand gradually decreased; however, below 25.1 °C, drainage occurred, and heat demand
increased. Thus, 25.1 °C was the most efficient condition to reduce energy consumption,
showing a heat demand of 618.6 kW, which is an 18.6% reduction compared with 759.5
kW at 30 °C. The energy flow under the most efficient conditions is shown in Figure 6.
The load of heat recovered from each step and stored increased to 1,889.3 kW, and the
waste heat discharged to wastewater decreased to 421.2 kW. In addition, because all the
heat stored in the tank, except for the heat loss of the tank, was utilized to supply the heat
required in the process, the energy input was further reduced to 618.6 kW. The energy
analysis results showed that, by providing heated-water heated by wastewater, waste heat
can be minimized, and more than half of the heating energy used in the dyeing process can
be saved.
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Figure 5. Effect of temperature on heat demand and drainage in Case 2.
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Figure 6. Energy flow for the most efficient wastewater temperature (25.1 °C) in Case 2.
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3.2. Economic Analysis

Economic analysis for each proposed process was performed using the equations
in Section 2.3. The results of the OPEX, additional CAPEX, and total cost are shown in
Figure 7. To calculate the total OPEX, it was assumed that the process operated for five
years [13]. The total costs were USD 5.13 million, USD 2.66 million, USD 1.89 million, and
USD 2.05 million for base case, Case 1, Case 2, and Case 3, respectively. By applying the
heat recovery and supply system to the wastewater from the dyeing process, the total cost
was reduced by 48.1% in Case 1, 63.2% in Case 2, and 60.0% in Case 3 compared with the
base case.
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Figure 7. Result of the economic analysis.

Table 11 presents details of the economic analysis. The process proposed in this study
involved recovering waste heat from wastewater using freshwater as the working fluid
and storing the freshwater in a tank for use in the next cycle. Therefore, an additional heat
exchanger and water tank were required for the proposed cases, and the corresponding
CAPEX was incurred. The cost of the heat exchanger was calculated using the heat transfer
area. In other words, as the flow rate of freshwater flowing into the heat exchanger
increased, the equipment cost increased. The cost of the water tank was determined based
on the volume of the tank; thus, the flow rate of the heated-water stored in the tank was
important for calculating the equipment cost. Case 1 had the lowest flow rates of freshwater
and heated-water; therefore, it had the lowest capital cost among the three cases. In contrast,
Case 3, which had the highest flow rate of freshwater and heated-water, had the highest
capital cost. CAPEX due to the additional equipment was USD 0.08 million for Case 1, USD
0.11 million for Case 2, and USD 0.16 million for Case 3.

OPEX comprises maintenance and steam costs, and most of it consist of the steam
cost. Since the maintenance cost depends on CAPEX, Case 1 had the lowest value and
Case 3 had the highest value. The cost of steam is proportional to the energy required
for the dyeing process. Compared with the base case, the steam cost was reduced in all
three cases because the heat demand was reduced by using a heat recovery and supply
system. The OPEX values of the base case, Case 1, Case 2, and Case 3 were calculated as
USD 5.13 million, USD 2.66 million, USD 1.89 million, and USD 2.05 million, respectively.
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Table 11. Details of the economic analysis.

Additional Capital Cost Operating Cost
Cost iti Total Cost
(USD Million) Heat Water Tank Additional Steam Cost o oS
Exchanger Maintenance Cost
Base case - - - 5.128 5.128
Case 1 0.047 0.036 0.010 2.564 2.659
Case 2 0.066 0.047 0.014 1.766 1.893
Case 3 0.075 0.063 0.019 1.871 2.048

The proposed system required additional equipment for heat recovery; thus, a CAPEX
was required. However, the steam cost was significantly reduced by recovering the waste
heat. As a result, the proposed heat recovery and supply system is economically feasible
owing to the reduction in the total cost by using the single heat exchanger and single
heat storage tank. OPEX accounts for the largest portion of the total cost, and it is mainly
affected by the heat demand of the process. As the heat demand in case 2 is the lowest, the
total cost is also the lowest.

For Case 2, a more detailed economic analysis was conducted at varying wastewater
cooling temperatures to determine the most cost-saving condition. Figure 8 shows the
results of the economic analysis for Case 2 at varying temperatures. When the wastewater
was cooled to a lower temperature, more freshwater flowed into the heat exchanger and
the heat transfer area increased. In addition, the volume of the water tank was increased.
Therefore, the CAPEX increases with decreasing temperature. OPEX showed an opposite
tendency to that of CAPEX. At lower temperatures, OPEX was also low; because the degree
of change in the value was larger in OPEX than in CAPEX, the total cost tended to be the
same as that of OPEX. As a result, the total cost was USD 1.52 million at 25.1 °C, which was
19.6% lower than the USD 1.89 million at 30 °C.
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Figure 8. Economic analysis of Case 2 at varying temperatures.

Table 12 gives performance comparisons with recent studies on dyeing process heat
recovery. Compared to the latest study [3], which shows the best heat recovery performance,
the amount of the utility reduction of this study is relatively lower. However, the total
cost of proposed design of this study is much lower than the previous one. It is caused
by the number of additional equipment. By introducing an intermediate heated water
storage tank, single heat exchanger can be applied to every processing step for the heat
recovery. It results dramatic cost savings including additional equipment purchasing cost
and operating cost for utility usage.
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Table 12. Performance comparison among various heat recovery systems on the dyeing process.

Kim et al., 2022 [13] Kim et al., 2022 [3] This Work

Heat recovery methodology

Single heat exchanger,

HEN * synthesis with pinch ~ HEN * synthesis with pinch single tank

. . . Wastewater merging Wastewater merging Fresh water heating
Design consideration . .
into 2 streams into 3 streams and storage

Fresh water usage in one cycle 11,600 kg 11,600 kg 11,600 kg
Additional equipment requirement

heat exchanger 4 6 1

heat pump cycle 1 1 -

heat storage tank - - 1
Utility reduction 51.5% 73.7% 65.6%
Total cost reduction 43.1% 28.6% 63.2%

* HEN: Heat Exchange Network.

4. Conclusions

The heat recovery from the high-temperature wastewater is one of the most effective
ways to reduce energy consumption in the textile dyeing plant. On the other hand, the space
constraints in the real industry have to be considered in the heat recovery systems design.
To address these two important issues, this study proposed an integrated heat recovery
and supply system that uses a single heat exchanger and a single heat storage tank in the
dyeing process. In the proposed system, freshwater, the thermal carrier is heated by direct
heat exchange with wastewater and stored in a tank. Freshwater containing waste heat
is then utilized as a thermal resource for the subsequent cycle of the dyeing process. The
proposed system had three configurations based on the different wastewater temperatures
used for heat recovery. In Case 1, reusable heat was recovered from wastewater above
the temperature of 50 °C; waste heat was recovered from six of the eight steps of the
dyeing process. In Case 2, freshwater recovered waste heat from wastewater above 40 °C;
wastewater generated from seven steps, except for cold rinsing, was used to exchange
heat. In Case 3, all steps participated in the heat exchange. The base case and proposed
processes were compared through energy and economic analyses. For the most suitable
configuration, further analysis was conducted by changing the temperature to find the
most efficient energy- and cost-saving conditions. The results were as follows.

e  The integrated system showed a reduced heat demand compared with the base case
because heat was recovered and utilized. There was a trade-off between the quan-
tity and quality of the recovered heat. If waste heat in the lower temperature range
was recovered, the heat quantity increased but the heat quality decreased. In addi-
tion, if the amount of heated-water was excessive, heat loss in the storage tank and
freshwater drainage occurred. As a result of the energy analysis, it was found that
Case 2 was well-balanced in these factors and had the lowest heat demand among the
proposed processes.

e  The total cost of Case 2 was USD 1.89 million, which was the lowest among the three
cases and was 63.2% lower than that of the base case. Although the systems used
additional equipment that incurred more cost, the processes were advantageous in
terms of cost because the reduction in steam cost was greater than the additional
equipment cost.

e  To determine the most energy- and cost-saving conditions, Case 2, which showed the
best results in terms of energy and cost, was detail-analyzed for temperature. The
results showed that, at 25.1 °C, the required energy decreased by 18.6% to 618.6 kW
and cost decreased by 19.6% to USD 1.52 million.

In conclusion, the proposed system can effectively recover and supply heat during
the dyeing process with the existing plant applicable modification, in addition to showing
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improvements in both energy and cost. Moreover, the potential to advance the integrated
system was further investigated by searching for the most efficient operating conditions.
This study is expected to contribute to the effective recovery and use of waste heat dis-
charged from dyeing, which is an energy-intensive process.
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Nomenclature

Abbreviations

CAPEX capital expenditure (-)

CEPCI chemical engineering plant cost index (-)
HTHP high temperature heat pump
MTD minimum temperature difference (°C)
OPEX operating expenditure

PL plant operating life (yr)

TAC total annualized cost

WWHR wastewater heat recovery
Symbols

Ay heat transfer area (m?2)

B bare module factor (-)

CCcAPEX capital cost (USD)

Cg equipment purchase cost (USD)
CMaint maintenance cost (USD/yr)
CorEx,yr annual operating cost (USD/yr)
Csteam steam cost (USD/yr)

P equipment type

PL plant operating life (yr)

Price steam price (USD/K])

Q heat demand (kW)

r interest rate

t operating hours per year (hr/yr)
%4 volume (m?)

Subscripts

iy counters

base base year

HX shell-and tube-type heat exchanger
Tank water storage tank

yr cost per year
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