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Abstract: Effluent water from food processing retains considerable heat energy after emission from
treatment systems. Heat recovery technologies that may be appropriate for implementation in the
food processing industry have been widely explored, and selection of the most suitable methodologies
has been pursued. A four-stage framework is introduced in this paper to evaluate the potential
recoverability of waste heat along with acceptor streams. The systematic approach utilizes thermal
and temporal compatibility tools and cost-benefit analyses to determine the ideal heat-recovery
equipment for food processing effluent. The applicability of this framework is demonstrated through
an industrial case study undertaken in a vegetable canning processing facility. Based on the findings,
the framework yields an efficient and optimized heat recovery approach to reducing the total energy
demand of the facility.

Keywords: heat recovery; effluent water; decision support system; structured approach

1. Introduction

The burning of fossil fuels releases carbon dioxide into the atmosphere, continuing
to contribute to anthropogenic climate change. Global carbon dioxide emissions have
increased dramatically since the turn of the 21st century. Carbon dioxide emissions rose by
40 percent worldwide between 2000 and 2019 [1]. Global greenhouse gas (GHG) emissions
must be dramatically reduced to mitigate the effects of climate change. Many countries
have officially committed to reducing their emissions under the 2015 Paris Agreement to
attain a climate-neutral world by 2050 [2]. The latest UK government response to these
pledges includes the Food 2030 strategy, which sets out goals for a sustainable food system
for 2030 [3]. Reducing the food sector’s energy use and GHG emissions are the most critical
priorities for the UK’s food processing industry.

As the UK’s largest manufacturing sector and the country’s fourth-largest industrial
energy consumer, the food processing industry is an essential economic driver [4], consum-
ing an estimated 117 PJ of energy in 2017 [5]. Although food processing facility layouts
vary, the unit operations used to convert raw agricultural commodities into market-ready
products are generally standard [6]. Figure 1 displays the energy consumption by end
users in the food processing industry, indicating that 59 percent of energy consumption
in the food processing industry is attributed to process heat [7]. For instance, boilers
account for roughly 60 percent of the energy used in processing fruits and vegetables [8]
and 83 percent of the energy used in wet milling corn is for dewatering, drying, and evapo-
ration processes [6,9]. However, a significant amount of the processing heat, particularly
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low-grade waste heat (<200 °C) in the form of effluent, is ultimately wasted due to process
inefficiencies and inadequate management of energy [10,11].

100-200 °C

\ 12% =

Figure 1. Typical energy consumption by end users in the food processing industry and temperature
range, adapted from [12].

In food processing, discharged effluents may come from cleaning, boiler blowdown,
condensate from indirect heating, refrigeration condensers and compressors. For example,
when processing canned fruits or vegetables, the primary sources of wasted heat are blanch-
ing water, topping water, can-cooling water, clean-up hot water, and boiler blowdown
(Figure 2a), while in dairy processing, the primary waste heat sources are pasteurization
overflow, boiler condensate, clean-up hot water, and vapor from evaporators (Figure 2b).

Peel

Vegetables Wash Sort/Grade  Cut | Blanch I Pack Retort Label Canned CIP
Vegetables
Warm effluent
(a)
Whole Milk  Clarification Separationl Pasterization | Storagel Condensing |Swee&ening Cooling Packaging ~Sterilising Storage ~ Condensed &
Evaporated Milk Sl
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Figure 2. Process flow diagram for producing (a) canned vegetables and (b) condensed and evapo-

rated milk.

To assess the potential for heat recovery from these streams, a few examples of the
process-specific characteristics and temperature data are summarized in Table 1, based
on unit of production. Proteins, sugars, and other soluble organic compounds, as well as
inverse solubility salts (such as calcium and magnesium phosphates and sulphates) are
common components of these waste streams that can interact with and potentially deposit
on negatively charged heat exchanger surfaces, reducing heat transfer efficiency. While
process and effluent temperature for various canning and dairy production are considered
low-grade, the quantity produced is large. The waste heat potential in the UK’s food
manufacturing sector is estimated at 1.4 TWh per year [13]. It may be advantageous to
recover and utilize the unavoidable heat energy loss from food processing effluent for
process heating in order to minimize steam consumption and, by extension, the amount of



Water 2023, 15, 12

30f12

natural gas combusted in boilers [14,15]. Substituting a portion of natural gas consumption
with recovered waste heat decreases the quantity of purchased fuel required for processing,
thus reducing GHG emissions and providing economic benefits to the food sector.

Table 1. Exemplified waste heat streams in the canning and dairy industries.

Food Processes Heat Stream Medium Temp, °C Reference

Canned Vegetables—Steam Blanching

Snap beans Water/Steam 93-99 [12]
Kidney beans Water/Steam 93-99 [13]
Lima beans Water /Steam 93-99 [14]
Peas Water/Steam 75-95 [14]
Clean-in-place Water 66-80 [16]
Milk processing

Pasteurisation Water 70 [17]
overflow

Boiler condensate Water 93 [18]
Clean-in-place Water 66-80 [19]

Clearly, there is a demand for improved energy efficiency in the food processing
industry. At the same time, waste heat recovery strategies have been widely pursued,
particularly for boilers, evaporators and dryers, where the recovered heat is reused in the
same unit operations [20]. However, recovering and reusing low-grade waste heat from
food processing effluent has proven to be challenging and is often done on an ad-hoc basis.
Mukherjee et al. [21] reflected that, although there may be potential for energy efficiency
improvement by integrating waste heat recovery technology into a baking process, the
production schedule, fluctuations in heat source availability and sink demand should be
carefully considered. In addition, the relative location of the heat source and sink may
also influence the effectiveness of heat recovery [22], with a longer distance between waste
heat source and sink being indicative of greater heat loss. Pantaleo et al. [23] investigated
the applicability of the Organic Rankine Cycle system in the coffee roasting industry for
intermittent waste heat recovery.

Techniques for conducting energy surveys for waste heat recovery have been es-
tablished in process industries. Linnhoff et al. [24] first proposed the pinch analysis
methodology for process heat integration and heat exchanger network design. The work
was followed by extensive research and application, for example, incorporating genetic
algorithms for optimizing heat exchanger networks [25], implementing waste heat inte-
gration for industrial symbiosis [26], industrial batch process [27], and energy storage
integration [28]. However, there is a lack of research, in the selection of waste heat recovery
equipment. The heat integration techniques may center around reusing waste heat from a
specific type of heat exchanger, regardless of the specifics of the underlying process or the
optimal design of the heat exchanger. Furthermore, the proposed methods could be seen
as rather complex and inaccessible for certain prospective users within industry, hence,
external consultants may often be required to carry out full analyses.

This work aims to establish a streamlined process for identifying and evaluating waste
heat recovery opportunities within food manufacturing industry, selecting and performing
preliminary costing of potential heat recovery equipment. The system is designed to
provide a quick order of magnitude assessment, enabling the plant operating managers to
make initial decisions for their waste heat recovery projects. A detailed design with full
pinch analysis could be conducted following these preliminary results.

2. Methodology

Finding opportunities and establishing the sustainability of recovering waste heat
from food processing wastewater may be difficult, particularly when the aim is to identify
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the solution with the greatest value, which may require combining energy savings, GHG
reduction, and return on investment. Furthermore, due to the intricacy of food production,
maximizing waste heat recovery may be difficult. Therefore, a systematic method is
required to analyze and identify the optimal match between the waste heat and acceptor
streams in order to maximize energy efficiency gain.

The aim is to provide plant managers with helpful information and feedback to
make informed decisions about investing in heat recovery technologies. Therefore, a
framework for collecting, organising, evaluating, and generating relevant data to support
the implementation of waste heat recovery technology within food processing plants has
been developed.

The effluent waste heat recovery framework comprises of four stages that, as shown
in Figure 3, are intended to outline a process for identification and quantitative assessment
of waste heat and acceptor streams for utilisation within food processing plants.
Qualitative

Inventory Quantitative

Database

Effluent stream physical
properties

Acceptor stream

Physical and chemical
composition

Stream locality and

physical properties accessibility
Temporal
compatibility Plant production / » p| Energy demand
Clean-up Schedule schedule
gommssmmmmmmmmmmossmocoons Time compatibility function
Power load
compatibility Processhload < R Demanq load
: profile T profile
i' """"""""""""" Load compeatibility function
Technology i
selection :
Y Compatibility > Technology Decision
Index spec support

Figure 3. Decision support framework for food processing effluent heat recovery.

2.1. Inventory Database

Carrying out on-site energy audits is the preferable way to obtain accurate waste and
acceptor stream data, using various invasive and non-invasive tools and techniques, such as
flow meters, thermocouples, or infrared sensors. In the absence of measured data, supplier
data sheets or process equipment studies may also be referenced. Theoretical calculation
based on assumptions is practical when neither database nor empirical measurement is
applicable. It is assumed that the production and cleaning schedules would be readily
available to plant managers, from which a detailed time profile for both waste and acceptor
streams can be determined. As shown in Table 2, the inventory data will produce both
quantitative and qualitative outcomes. The numerical values will then be utilised in the
computations of temporal and power load compatibility while a decision-support algorithm
characterizes and interprets the descriptive data.
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Table 2. Waste heat and acceptor stream physical properties.

Physical Properties Units

Waste heat stream temperature Ty (°C)

Waste heat stream mass flow my (kg/t material)
Waste heat stream density pw (kg/ m3)

Waste heat stream specific heat capacity cpw (KJ/kg-K)
Waste heat stream pressure Py, (bar)

Waste heat stream viscosity Hw (kg/m-s)
Acceptor stream temperature T, (°C)

Acceptor stream mass flow m, (kg/t material)
Acceptor stream density pa (kg/m?)
Acceptor stream specific heat capacity cpa (k] /kgK)
Acceptor stream pressure P, (bar)

Acceptor stream viscosity Ha (kg/m-s)

2.2. Temporal Compatibility

Maximum effluent heat recovery is achieved when the availability of the waste heat
stream aligns exactly with acceptor stream demands. For example, Figure 4 shows the
relative load intensity of a fruits and vegetables canning process operation. The demand
for clean-up water is typically out-of-phase with waste-heat streams, whereas the demand
for boiler feedwater is in-phase, making it the primary acceptor stream for waste heat.

100 _——— e ————

— —(Clean-up
e Blanching, Cooking
— - — Boiler feed water

Relative load intensity (%)

|
|
|
I
|
|
50 |
I
I
|
|
|
|
|

0 4 8 12 16 20 24
Time window

Figure 4. Time profile of a typical vegetable canning operation.

Powery, and Power, are the load profile for waste heat and acceptor stream, respectively:
Powery (t) = Y mi(t)-cpi-ATi(t) = Y - mi(t)-cpi-(Thini(t) = Thouri(t)) (1)

Powera(t) = Z"yzl mj(t)'cp/j'ATj(t) = ij:l l‘h]'(t)'Cp/j- (Tc,out,j(t) — Tc,in,j(t)) (2)

Following the plotting of the potential waste heat stream and acceptor stream profiles,
the temporal compatibility function between the effluent stream and acceptor stream is
computed, which is defined as:

[ Power,(t), Power,(t) < Powery(t)
Temporal,, , (t) = {Powerw(t), Power, (t) > Powery(t) ®)

The maximum recoverable energy is the integral of the temporal compatibility function
over a specific time frame [0, t], for a given waste heat and acceptor stream combination:

T
Recoverable Energy, . = / Temporal,, , (t)dt 4)
. 0 g
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The recovery Index, Rly,, is used to reflect on the overall quality of temporal and
power load compatibility between waste heat and acceptor streams:

Recoverable Energyw, a

0 <Rlyy = <1 ©)

Total waste heat,y

The computation of Rl,y, is based on temporal and heat load compatibility between
potential waste source and acceptor streams. The process is repeated for all possible
combinations and ranking of RI can be carried out. For example, if the user identified
three waste heat sources and four sinks in a facility, that would mean a total of twelve
combinations. Obviously, not all the combinations are likely to warrant further analysis,
because lower values of Rl , are indicative of relatively poor heat recovery efficiency. In
these circumstances, a threshold would be set, for example, Rlw,, > 0.5, to eliminate low
quality heat source and acceptor stream matchups.

2.3. Technology Selection and Ranking

A summary of heat exchanger types considered for the decision support framework
and their respective technical specifications have been tabulated below (Table 3). Although
not comprehensive, the list does contain the more common types. The following should be
checked off the list in the table for the specific application under consideration:

1. Maximum pressure—Since many exchanger types only function at low pressure, they
can be immediately discounted from consideration for a given application;

2. Temperature range—Many exchanger types can only be used in a narrow temperature
range, which, once more, eliminates several types;

3. Fluid restrictions—Compatibility between the fluid and the building materials is
emphasized most in this case;

4.  Size range available—By connecting several heat exchangers in parallel, the issue of
maximum size limitation can always be solved;

5. Complexity with fouling—Fouling can be caused by a variety of mechanisms, which
has an impact on the heat exchanger of choice. For instance, suspended solids may
make it impossible to use passageways that are too small. Therefore, filtration prior to
suspended solids removal can occasionally be cost-effective.

2.4. Decision Support

The ability to assess and visualize the effects of choices is important for the waste heat
recovery project. In order to compare the technology options providing the same level of
service, a simplified techno-economic analysis is conducted. The analysis can produce data
on the annualised net economic benefit and overall payback time for energy savings.

The heat energy load Q is calculated based on the heat balance between the waste heat
and acceptor streams:

Q = Ihh'Cp,h'(Th,irl - Th,out) = nl’lc'cp,c'(rl—‘c,in - TC,Out) (6)

Using the Logarithmic Mean Temperature Difference (LMTD) method, the mean
temperature difference, AT, is given by

(Th,in - TC,out) - (Th,out - Tc,in)
1 (Th,inch,out)
Oge (Th,out_ Tc,in)

ATm = Fr -ATy,, = Fr- (7)
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Table 3. Summary of heat recovery technology and technical specification, adapted from [19].

Heat Recovery Tech

Maximum Pressure (Bar)

Temperature Range (°C)

Normal Size Ranges

Special Features

Corrosion Resistance

Advantages

Limitations

Brazed-plate

Double-pipe (plain
and finned tubes)

Graphite

Plate-and-frame

Plate-fin

Printed circuit heat
exchanger (PCHE)

Shell-and-tube

Welded plate

16

300 (shell)
1400 (tube)

20

25

100 (aluminum)
200
(stainless steel)

1000

300 (shell)
1400 (tube)

60

<200

—100-600

—50-165

—25-175

—273-150
(aluminum)
—273-600 (stainless steel)

<800

—25-600

>650

1-10 m?

0.25-200 m?
Multiple unit
combination possible

0.2-60 m?

1-2500 m?

<9 m® volume

1-1000 m?

10-1000 m?
Multiple shells can be used

>1000 m?

Modular construction; not
easily cleaned.

High thermal efficiency;
standard
modular construction.

High corrosion resistance

Modular construction;
stainless steel or titanium
often used.

Can accommodate
small AT.

Large surface area per unit
volume; stainless steel or
other alloys used for
construction.

Very adaptable and widely
applicable to almost
all applications.

Differential pressure
should be less than 30 bar.

Protected by coating

Protected by coating

Protected by coating

Protected by coating

Protected by coating

Protected by coating

Protected by coating

Protected by coating

Wide range of operating
temperatures; compact
design; good heat transfer.
Offers true counter-current
flow (Fr = 1.0); low capital
and maintenance costs.

Highly tolerant to
corrosive chemicals.

Corrugated plate design to
give efficient heat transfer;
can increase in size with
little cost.

Highly compact; possibility
of multi-stream operation.

Highly compact; wide range
of pressure and temperature.

Full range of pressures
and temperatures.

Wide range of operating
temperatures and pressures;
large areas are feasible.

Limited working pressure
range; low fouling resistance.

Not available in crossflow
design; possibilities of
fluid leakage.
Monitoring and regular
maintenance of
coating required.

Limited range of operating
temperatures and pressures;
integrity of sealing.

Limited temperature and
pressure range; intolerant to
excessive cyclic stresses.

Not suitable for duties with any
significant amount of fouling.

Requires more space for
cleaning and maintenance;
limited tube cooler capacity.
Higher cost; limited differential
pressure between the two
fluids; chemical cleaning of the
plates needed.
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The heat exchanger industry developed the C-value method [19] to perform an order-
of-magnitude assessment for heat exchanger sizing and costs. The cost of the heat exchanger
is a function of its effective heat transfer area, A, which is directly proportional to the overall

cost for a particular heat exchange duty specified in terms of (Q/ATy).
1.Q

A:ﬁ(ATm

) ®)

From Tables 3 and 4 [19] provided for each exchanger type, for a particular duty and
configuration, values of C may be estimated and given in addition to U values in the tables.

The cost of the heat exchanger may be estimated by simply multiplying C by Q/AT,,. C
has the units £/(W /K).

In(C1/C2) In[(Q/ATwm) / (Q/ATw) |
In((Q/ATm),/(Q/ATm),)

C=expqInC; + 9)

Table 4. U and C values for shell-and-tube heat exchangers (adopted from [19].)

. Hot Side Fluid
Q/AT,, Cold Side Fluid Parameter : : ; : :
(W/K) Process Water (I)“ ow Viscosity High Viscosity Condensing Steam
rganic Liquid Liquid
Treated cooling water U (W/m? K) 938 714 142 1607
& C (£/(W/K)) 3.77 3.85 459 3.61
Low viscosity uwy/ m? K) 600 500 130 818
1000 organic liquid C (E/(W/K)) 391 397 467 3.81
. . T U (W/m? K) 161 153 82 173
High viscosity liquid C (E/(W/K)) 446 451 5.16 442
Treated cooling water U (W/m?K) 938 720 142 1607
8 C (E/(W/K)) 0.88 0.91 141 0.83
Low viscosity U (W/m?K) 600 500 130 818
5000 Organic liquid C (E/(W/K)) 0.95 0.99 1.46 0.89
. . e U (W/m?K) 161 153 82 173
High viscosity liquid C (£/(W/K)) 136 1.38 171 1.32
Treated cooling water U (W/m? K) 938 714 142 1607
& C (E/(W/K)) 0.23 0.25 0.56 0.19
Low viscosity uwy/ m? K) 600 500 130 818
30,000 Organic liquid C (E/(W/K)) 0.27 0.38 0.59 0.24
. . T U (W/m? K) 161 153 82 173
High viscosity liquid C (E/(W/K)) 052 0.53 0.83 0.50

If the recovered waste heat is reused within the same process or back into the food
processing plant, an equivalent amount of purchased energy is offset. As a result, the
expected annual cost saving, Cs, is calculated by multiplying the unit power load of heat
recovery equipment by the annual service hours and cost per unit energy consumption:

Cas = (unit kW)-(hrs/yr)-£/kWh (10)

The payback time can be estimated based on the ratio of initial investment capital
costs, which include heat exchanger equipment costs, Cegyipment, auxiliary costs, Cayy, and
cost-saving, C4s in terms of purchased fuel replaced:

Cequipment + Caux . (QC) + Caux

Payback = =
y Cas ATm 'Cas

(11)
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Thus, industrial decision-makers can use the results of this systematic approach to
support investment decisions on heat recovery projects. It may also be utilized beyond the
food processing industry to applications in other manufacturing sectors.

3. Case Study

An industrial case study is presented to illustrate the effectiveness and application
of the waste heat recovery system described. The investigation is performed utilizing
a local vegetable canning processing company that processes 13 tonnes of raw peas per
hour during operation. The data in this study comprises actual data supplied by the food
manufacturer and references to existing studies when the data provided was inadequate.
For this study, it is assumed that the process operation was at steady state with constant
properties and unchanged production plans.

The heat recovery framework is implemented to assess the potential for waste heat
recovery in the food processing situation. An on-site survey identified that several waste
heat streams, as previously illustrated in Figure 2a, present some potential for waste heat
recovery. In the thermal process, steam is condensed on the outside of cans to heat the
product to a temperature in the range of 120 °C, and after the scheduled process, heat
is extracted from the container and its contents by using cold water as a heat sink. This
process generates a number of waste heat streams (Table 5):

(1) Condensate from the heating process, which is under pressure and at the correspond-
ing condensing temperature;

(2) Can-cooling water, which is at about 55 °C;

(3) Blanching overflow also presents another source of waste heat, as direct stream heating
of blanching water at 88 °C;

(4) Can-topping water at 94 °C.

Table 5. Waste heat recovery inventory data for a canned food processing plant.

Tin Tout Mass Flow Densit Pressure Specific Heat Viscosit
Waste Heat Stream(s) e e m (kg/ton) p (kg/mg) P (bar) CI; (KJ/kg-K) " (kg/m-Z)

Can-cooling water 55 38 2585 1000 1.0 4.2 1.01
Blanching overflow 90 55 110 1000 1.0 4.2 1.01
Can-topping water 93 59 156 1000 1.0 42 1.01
Cooker condensate 122 68 102 1000 1.0 4.2 1.01
Blowdown 168 83 145 1000 8.6 4.2 1.01
Acceptor stream(s)

Boiler feedwater 15 45 3200 1000 1.0 4.2 1.01

The temporal and energy compatibility assessment indicated that boiler feedwater
demand is in-phase in the canning process operation, meaning that the potential sink
was pre-heating boiler feedwater for the processing plant. A unique characteristic of
both acceptor and effluent streams is that they are essentially an on/off stream. The plan
generally runs on an average of 6 days per week.

In this situation, the net results are pre-heating the boiler feedwater from 15 °C to
60 °C by indirect exchange with the waste heat streams. While most processing operations
generate condensate at a higher temperature than boiler feedwater, the temporal and energy
compatibility algorithm computes the waste and acceptor stream combination based on
the Recovery Index (Rly,a). As can be seen from Table 6, there are five potential options
for waste heat recovery. With an Rl value of 0.62, the predominant waste heat energy is
encapsulated in the can-cooling water, which is discharged as effluent. Hence, solution #1
is considered to benefit most from implementing a waste heat recovery technology, while
#2—#5 are discarded due to lower values of heat recovery efficiency between the match-ups.
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Table 6. Ranking of the waste heat and acceptor stream based on Rl a.

Solution # Waste Heat Stream (s) Acceptor Stream (s) Rlwa
1 Waste steam 1 Acceptor 1 0.62
2 Waste steam 5 Acceptor 1 0.18
3 Waste steam 3 Acceptor 1 0.08
4 Waste steam 4 Acceptor 1 0.08
5 Waste steam 2 Acceptor 1 0.05

The proposed heat transfer Q and AT, is calculated using Equations (6) and (7),
respectively, based on the hot inlet, T}, ;,;, and outlet, T}, ,,,; temperature of the waste heat
stream, i.e., can-cooling water, and the cold inlet, T, ;,;, and outlet, T, ., temperature of the
acceptor stream, i.e., boiler feedwater.

A list of potential heat recovery technology for the waste and acceptor streams can,
therefore, be populated, as seen in Table 7.

Table 7. Potential heat exchanger types with costs based on the C-value method.

C1 Cy Cc Total Cost 5 Payback
Heat Exchanger Types £IWIK) £IW/K) £IW/K) P Heat Transfer Area (m®) Time
Shell and tube 0.88 0.23 0.47 28,795 1206 2y3m
Double pipe 0.5 0.19 0.32 19,606 1054 ly5m

The cost of such a heat recovery project largely depends on the specific unit process,
locality and how well the waste heat stream integrates with the acceptor stream. All plant
operators need to account for all costs, such as the heat recovery equipment, extra pipework
required for longer distances, installation auxiliaries and control systems. The payback
period for implementing the heat recovery project is evaluated by returning the number of
years necessary to repay the original investment and subsequent operational costs.

The case study conducted on the operations of a canned vegetable processing plant
demonstrates the usefulness and applicability of a systematic approach to an industrial
problem. By identifying the waste heat hotspots in the plant and evaluating the potential
for energy recovery, plant operators are empowered to make informed and optimized
decisions based on types of technology to implement and financial payback.

4. Conclusions

The study demonstrates significant potential low-grade waste heat recovery in the
food processing industry, particularly from processing effluent that is otherwise discharged
without utilization. A four-stage framework has been developed to provide a structured ap-
proach to support the plant operators” decision-making on the most suitable heat recovery
technology. This is accomplished by understanding the plant energy flows, the availabil-
ity, compatibility and recoverability of waste heat and acceptor streams and technology
selection based on a user-defined criterion.

The case study shows that the system provides a valuable assessment of waste energy
flows in the plant, generating beneficial results from temporal and heat load compatibility
analysis and allowing comparisons between various waste and acceptor streams and
technology options. Furthermore, the framework is relevant to existing and future facilities,
as it gives a means of rapidly costing and sizing to determine if energy recovery is a
beneficial investment and which technologies are most suited to particular circumstances.
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