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ABSTRACT

Heat exchangers are among the most important pieces of equipment in the energy,
petrochemical, HVAC, and power generation industries, enabling the transfer of thermal
energy between two or more fluids at different temperatures without physical mixing of the
streams. This review article presents a comprehensive introduction to the main categories of
heat exchangers shell-and-tube, plate, double-pipe, heat pipe, finned-tube, and regenerative
types and systematically examines their structure, operating principle, advantages,
disadvantages, and typical industrial applications. In addition, common heat transfer
enhancement techniques, including extended surfaces, flow turbulators, and nanofluids, are
reviewed together with their reported performance improvements. The economic dimension of
heat exchanger operation is discussed through thermoeconomic performance analysis and heat-
exchanger-network cost optimization, while the environmental dimension is addressed through
energy-saving and CO2 emission-reduction studies associated with heat recovery and process
integration. The findings indicate that selecting the appropriate heat exchanger type and
enhancement strategy has a direct and measurable influence on energy efficiency, operating
cost, and environmental impact, and that combining thermal, economic, and environmental
criteria is essential for sustainable equipment selection and process design.
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1. INTRODUCTION

A heat exchanger is a device that transfers thermal energy between two or more fluids at
different temperatures while keeping the fluids physically separated, thereby preventing
contamination and enabling efficient recovery of thermal energy that would otherwise be
wasted. Heat transfer within these devices occurs mainly through conduction across a solid
dividing wall and convection on either side of that wall, and the overall rate of heat transfer Q
between the two fluids is commonly expressed using the classical design equation shown in
Eq. (1), where U is the overall heat transfer coefficient, A is the heat transfer surface area, and
AT Im is the log-mean temperature difference between the hot and cold streams.

Q=U-A-ATyy (1)

Heat exchangers are indispensable in power generation, chemical and petrochemical
processing, refrigeration and air conditioning, food and pharmaceutical manufacturing, and
renewable energy systems.

Because a large share of industrial energy consumption and the associated greenhouse gas
emissions are linked to heating and cooling duties, the proper selection, design, and economic-
environmental evaluation of heat exchangers has become a major research topic in sustainable
engineering [1,4,10].

Beyond conventional designs, considerable research effort has also been devoted to enhancing
heat transfer performance through extended surfaces, flow turbulators, and advanced heat
transfer fluids such as nanofluids, which can substantially increase the heat transfer coefficient
of a given exchanger without a proportional increase in size or material cost [8,9,11].

This paper reviews the main types of heat exchangers, summarizes their structure, advantages,
disadvantages and typical applications, discusses common heat transfer enhancement
techniques, and then presents the economic (thermoeconomic) and environmental (energy-
saving and CO, mitigation) perspectives associated with their use in industry.

2. CLASSIFICATION OF HEAT EXCHANGERS

Heat exchangers can be classified according to several independent criteria, the most common
of which are construction type, flow arrangement, and heat transfer process. This classification
framework is useful for understanding why a particular exchanger type is preferred for a given
process condition.

2.1 Classification by Construction

Based on construction, heat exchangers are broadly divided into tubular types (shell-and-tube,
double-pipe, finned-tube), plate types (gasketed, brazed, and welded plate exchangers), and
regenerative types, in which a solid matrix alternately absorbs and releases heat from the hot
and cold streams [2,3,8,10].
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2.2 Classification by Flow Arrangement

Based on the relative direction of the two fluid streams, heat exchangers are classified as
parallel-flow (both fluids move in the same direction), counter-flow (fluids move in opposite
directions, generally yielding the highest possible ATy, for a given inlet/outlet temperature set),
and cross-flow (fluids move perpendicular to each other, typical of finned-tube and air-cooled
exchangers) [5,6].

3. TYPES OF HEAT EXCHANGERS AND THEIR CHARACTERISTICS

3.1 Shell-and-Tube Heat Exchangers

The shell-and-tube heat exchanger consists of a bundle of tubes enclosed within a cylindrical
shell. One fluid flows inside the tubes while the second fluid flows on the shell side, guided by
baffles that increase turbulence and improve heat transfer. Three common sub-configurations
exist: fixed-tube-sheet designs, which are simple and economical but do not accommodate
differential thermal expansion well; U-tube designs, which allow free thermal expansion of the
tube bundle; and floating-head designs, which permit the entire tube bundle to be removed for
cleaning and are preferred for heavily fouling services. This configuration is well suited to
high-pressure and high-temperature duties and remains the most widely used type in large-
scale industrial processes [3].

Cold fluid in
(Shell side)

L 2

Hot fluid in
(Tube side)
—

Fig. 1. Schematic diagram of a shell-and-tube heat exchanger, showing tube-side and shell-
side flow paths with baffles [3].

3.2 Plate Heat Exchangers

Plate heat exchangers consist of a series of thin, corrugated metal plates compressed together
in a frame, forming alternating channels for the hot and cold fluids. Gasketed plate exchangers
allow easy disassembly for cleaning and capacity modification, brazed plate exchangers are
permanently joined and more compact, and fully welded designs are used for more aggressive
or higher-pressure services. Because of the large surface area created by the corrugated plates,
plate heat exchangers achieve very high overall heat transfer coefficients — effectiveness
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values of up to about 95% have been reported — in a compact footprint, and capacity can be
adjusted simply by adding or removing plates [2].

=Lald fluid channel
=Hat-fluid channel

Corrugated plate pack (compression frame)

Fig. 2. Schematic diagram of a plate heat exchanger, showing alternating hot- and cold-fluid
channels between corrugated plates [2].

3.3 Double-Pipe Heat Exchangers

The double-pipe (concentric-tube) heat exchanger is the simplest configuration, consisting of
one pipe placed concentrically inside a larger pipe, with one fluid flowing through the inner
pipe and the second fluid flowing through the annular space, typically in a true countercurrent
arrangement.

Although limited in heat-transfer area per unit volume, double-pipe exchangers are
inexpensive, easy to fabricate, inspect and repair, and their thermal-hydraulic performance can
be substantially improved using inserts such as twisted tapes, ribs, and nanofluids [8,9].

Hot fluid (inner pipe)

Cold fluid (annulus)

Fig. 3. Schematic diagram of a double-pipe (concentric-tube) heat exchanger in countercurrent
flow arrangement [8].
3.4 Heat Pipe Heat Exchangers

A heat pipe heat exchanger uses sealed pipes containing a working fluid that evaporates at the
hot end and condenses at the cold end, transporting heat with very high effective thermal
conductivity and no moving parts. This type provides complete separation between the hot and
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cold streams, low pressure drop, and high reliability, and has been widely applied for waste-
heat recovery and HVAC energy-recovery systems [4].

3.5 Finned-Tube (Air-Cooled) Heat Exchangers

Finned-tube heat exchangers use external fins on the tube surface to compensate for the
relatively low heat transfer coefficient of air or other gases, and are the standard configuration
for air-conditioning condensers, evaporators and radiators. Their performance strongly
depends on fin geometry, tube arrangement, and air-side flow conditions, and features such as
vortex generators or louvered fins can be used to further enhance air-side heat transfer at an
acceptable pressure-drop penalty [5,6].

3.6 Regenerative Heat Exchangers

Regenerative heat exchangers use a solid matrix — such as a rotary wheel or a packed bed —
that alternately absorbs heat from the hot stream and releases it to the cold stream in a cyclic
manner. This category includes rotary regenerators (heat wheels), fixed regenerative beds, and
periodic-flow regenerators, and is widely used for high-effectiveness heat recovery in HVAC
systems and industrial furnaces, although possible carry-over between streams must be
carefully controlled in sensitive applications [10].

Table 1 summarizes the comparative advantages, disadvantages and typical applications of the
six heat exchanger types discussed above.

Table 1. Comparison of advantages, disadvantages and typical applications of the main heat
exchanger types [2,3,4,5,6,8,9,10].

Type Advantages Disadvantages Typical Applications
Shell and Tube High Bulky; heavy; Power  plants,
pressure/temperature relatively high material | refining, petrochemical
tolerance; easy | and footprint cost process heating [3]
mechanical cleaning;
robust and modular for
large duties
Plate High  heat  transfer | Gasket Food and dairy

effectiveness); compact; | limits; higher fouling  district heating [2]
capacity adjustable by |sensitivity in narrow

(Gasketed/Brazed) | coefficient (up to ~95% | temperature/pressure | processing, HVAC,

adding plates channels
Double-Pipe Simple, low-cost | Low heat-transfer area ' Small-capacity process
construction; true [per unit  volume; | heating/cooling, pilot-

countercurrent flow; easy | impractical for very | scale units [8,9]
large duties
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to fabricate and repair on

site

Heat Pipe No moving parts; | Limited by working- | Waste-heat  recovery,
complete separation of | fluid operating | HVAC energy
hot/cold streams; low | temperature range; recovery, electronics
pressure  drop;  high  higher unit cost for  cooling [4]
reliability exotic wicks

Finned Tube / Air- | No cooling-water | Larger footprint; fan | Air-conditioning

Cooled requirement; simple | power  consumption; | condensers/evaporators,
maintenance;  effective | sensitive to ambient radiators, gas coolers
for low gas-side heat | conditions [5,6]
transfer coefficient

Regenerative Very  high  thermal | Possible carry- | Furnace and kiln waste-
effectiveness; suitable for | over/cross- heat recovery,
cyclic/periodic operation; | contamination between | cryogenic and cooling
efficient waste-heat | streams; complex | systems [10]
capture switching/rotating

mechanism

4. HEAT TRANSFER ENHANCEMENT TECHNIQUES

Because increasing the heat transfer surface area alone often leads to larger, heavier and more
expensive equipment, considerable research has focused on active and passive techniques that
enhance the heat transfer coefficient without a proportional increase in exchanger size.

4.1 Passive Techniques

Passive enhancement techniques modify the exchanger geometry to increase surface area or
promote turbulence, and include extended surfaces such as fins and corrugated plates, as well
as inserts such as twisted tapes and ribs in tubular exchangers. These techniques generally
increase the overall heat transfer coefficient but also increase the pressure drop, so an optimum
must be found for each application [5,6,8,9].

4.2 Nanofluids

Nanofluids are engineered fluids prepared by dispersing nanometer-sized particles (typically
1-100 nm), such as metal oxides or carbon-based materials, in a conventional base fluid such
as water, ethylene glycol, or oil. Because these particles increase the effective thermal
conductivity of the base fluid, nanofluids have been shown to enhance the convective heat
transfer coefficient of double-pipe, plate, and compact heat exchangers, with reported
improvements ranging from roughly 15% to over 80% depending on nanoparticle type,
concentration, and flow regime, generally accompanied by a moderate increase in pumping
power due to higher viscosity and friction factor [9,11].

www.globalpublisher.org 18



International Journal of Sustainable Progress
Volume 4, Issue 1, June 2025
https://ijsp.globalpublisher.org/
https://globalpublisher.org/journals-1001/

4.3 Fouling and Its Mitigation

Fouling — the accumulation of unwanted deposits on heat transfer surfaces — reduces the
overall heat transfer coefficient over time and increases pressure drop, and is a particularly
important consideration for plate and double-pipe exchangers operating with particulate-laden
or nanofluid streams. Regular mechanical cleaning, appropriate flow velocities, and, in the case
of nanofluids, control of particle concentration are common mitigation strategies [9].

Table 2. Summary of common heat transfer enhancement techniques, their mechanisms, and
reported effects [5,6,8,9,10,11].

Enhancement Mechanism Reported Effect Reference
Technique

Extended surfaces | Increase effective heat | Significant increase in overall | [5,6]
(fins, corrugations) | transfer area and induce | heat transfer coefficient at the

local turbulence cost of higher pressure drop
Double-pipe /| Twisted tapes, ribs and | Notable  enhancement  of | [8,9]
concentric-tube turbulators increase flow convective  heat  transfer
inserts mixing near the wall coefficient in laminar and
turbulent regimes
Nanofluids Dispersion of nano-sized | Reported enhancements of the | [9,11]
particles increases the | heat transfer coefficient ranging
effective thermal | from about 15% up to over
conductivity of the base 80%, depending on particle
fluid type/concentration, with a
moderate pressure-drop penalty
Regenerative Cyclic  storage  and | High thermal effectiveness with | [10]
packing/matrix release of thermal energy | reduced need for continuous
by a solid matrix heat-transfer surface

5. INDUSTRIAL APPLICATIONS

5.1 Power Generation and Process Industries

Shell-and-tube units dominate power plants, oil refining and large-scale petrochemical process
heating and cooling duties because of their ability to withstand high pressures and temperatures
and their ease of maintenance [3].
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5.2 HVAC and Refrigeration

Plate heat exchangers are preferred in district heating substations and HVAC systems where
compactness and hygienic cleanability matter, finned-tube units remain the standard for air-
cooled condensers and evaporators, and rotary regenerators (heat wheels) are widely used for
energy-recovery ventilation in buildings [2,5,6,10].

5.3 Renewable Energy and Thermal Storage

Shell-and-tube configurations are also commonly used as latent heat thermal energy storage
systems, in which a phase-change material is charged and discharged through the tube bundle,
improving the utilization of intermittent renewable heat sources such as solar thermal energy
[3]. Heat pipe exchangers are increasingly deployed for waste-heat recovery in furnaces, kilns
and HVAC exhaust-air systems [4].

5.4 Food, Dairy and Pharmaceutical Industries

Gasketed and brazed plate heat exchangers are the preferred choice in food and dairy
pasteurization and pharmaceutical processing, owing to their high heat transfer effectiveness,
compact footprint, and ease of cleaning and inspection required by hygienic standards [2].

6. ECONOMIC PERSPECTIVE

From an economic standpoint, heat exchanger performance is commonly evaluated through
thermoeconomic analysis, which combines the first and second laws of thermodynamics with
cost accounting to identify the design and operating point that maximizes heat transfer per unit
total cost. In a representative thermoeconomic model of a counter-flow heat exchanger, the
objective function f is defined as the ratio of the actual heat transfer rate to the total cost, which
includes the cost associated with exergy destruction and the investment (capital) cost, as shown

in Eq. (2) [1].

:C'L' (2)

D + Cler

where Q is the actual heat transfer rate, Cp is the cost rate associated with exergy
(irreversibility) destruction, and C,,, is the annualized investment cost rate of the heat
exchanger. Optimizing this objective function allows designers to identify heat-transfer-area
and flow-configuration choices that balance thermal performance against capital and operating
expenditure [1].

At the process-integration level, heat exchanger networks (HENS) are optimized to minimize
the total annual cost (TAC) of hot and cold utilities together with the annualized capital cost of
the network itself, as expressed in Eq. (3), where C,}, is the annual utility (operating) cost, CRF
is the capital recovery factor, and Cc,j, is the total capital cost of the heat exchangers in the
network.

www.globalpublisher.org 20



International Journal of Sustainable Progress
Volume 4, Issue 1, June 2025
https://ijsp.globalpublisher.org/
https://globalpublisher.org/journals-1001/

TAC = Cop + CRF - Ceap (3)

Incorporating a heat pump into a HEN retrofit, for example, has been shown to reduce total
annual cost while simultaneously lowering utility consumption, illustrating that economic and
thermal optimization objectives can often be aligned rather than traded off [7].

7. ENVIRONMENTAL PERSPECTIVE

Because a substantial share of industrial energy use is dedicated to heating and cooling,
improving heat exchanger performance directly reduces fossil-fuel consumption and the
associated greenhouse gas emissions. The relationship between energy saved through
improved heat recovery and the corresponding reduction in CO, emissions can be
approximated by Eq. (4), where AMc,,, is the mass of CO, emissions avoided, AE is the amount
of thermal or fuel energy saved, and EF is the emission factor of the displaced energy source.

AM¢o, = AE-EF (4)

Heat pipe heat exchangers used for waste-heat recovery, for instance, are recognized as an
effective way of saving energy and mitigating global warming by capturing thermal energy
that would otherwise be discharged to the environment [4]. Similarly, phase-change-material-
based shell-and-tube thermal energy storage systems improve the utilization of intermittent
renewable heat sources, reducing reliance on fossil-fuel-based backup heating [3].
Regenerative heat exchangers, owing to their high thermal effectiveness, are also an effective
means of capturing waste heat in cyclic industrial processes and reducing the associated fuel
consumption [10].

At the process-systems level, integrating heat pumps into heat exchanger networks has been
shown to reduce total annual CO, emissions in industrial retrofit case studies, confirming that
combined economic and environmental optimization of heat exchanger networks is an effective
decarbonization strategy [7]. In addition, nanofluid-based enhancement can indirectly support
environmental goals by allowing smaller, lighter exchangers to achieve the same duty, thereby
reducing the material and embodied-energy footprint of the equipment [9,11].

8. RESULTS

The comparative review indicates that no single heat exchanger type is universally optimal:
shell-and-tube units offer the greatest robustness under high pressure and temperature but at
higher capital cost and footprint; plate heat exchangers offer the highest compactness and
thermal effectiveness but are limited by gasket temperature and pressure ratings; double-pipe
exchangers are the simplest and least expensive but are restricted to smaller duties; heat pipe
exchangers offer the best combination of reliability and environmental benefit for waste-heat
recovery duties; finned-tube exchangers remain indispensable wherever water-cooling is
unavailable or undesirable; and regenerative exchangers achieve the highest thermal
effectiveness for cyclic waste-heat recovery, at the cost of increased mechanical complexity.

www.globalpublisher.org 21



International Journal of Sustainable Progress
Volume 4, Issue 1, June 2025
https://ijsp.globalpublisher.org/
https://globalpublisher.org/journals-1001/

Regarding enhancement techniques, the literature consistently shows that nanofluids and
passive turbulence promoters can increase the convective heat transfer coefficient substantially
— in some cases by more than 80% — although this benefit is generally accompanied by an
increase in pressure drop and pumping power that must be included in any economic evaluation
[8,9,11]. Thermoeconomic optimization and heat-exchanger-network integration further show
that combining thermal design with cost and CO,-emission objectives can simultaneously
reduce operating expenditure and environmental impact [1,7].

9. CONCLUSION

Heat exchangers play a central role in industrial energy efficiency and environmental
sustainability. Selecting the appropriate type — shell-and-tube, plate, double-pipe, heat pipe,
finned-tube, or regenerative — should be based on process conditions (pressure, temperature,
fouling tendency), footprint constraints, and the desired balance between capital cost and life-
cycle operating cost. Heat transfer enhancement techniques, particularly nanofluids and passive
turbulence promoters, offer a promising path to smaller, more efficient equipment, provided
their pressure-drop penalty is properly accounted for. Incorporating thermoeconomic analysis
and heat-exchanger-network optimization into the design process allows the simultaneous
reduction of operating costs and greenhouse gas emissions, supporting broader decarbonization
and sustainability goals in industry. Future research directions include long-term fouling
behavior of nanofluids, hybrid enhancement strategies, and the integration of heat exchanger
networks with renewable and waste-heat sources at the plant-wide level.
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