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A substantial portion of primary energy in contemporary conversion systems is
lost as waste heat, leading to extra fuel use and associated greenhouse gas emissions. This
review examines waste heat and waste heat recovery (WHR) technologies that could help
mitigate environmental pollution from existing experimental literature and case study. The
analysis of different heat reuse methods shows that WHR systems can recover a
considerable amount of wasted thermal energy, thereby significantly reduce fuel usage and
emissions. Research data indicates that using WHR in industrial facilities and HVAC
systems can lower carbon dioxide emissions by 10% to 85% depending on specific contexts.
For instance, upgrading boilers with WHR technology can achieve around 10% emission
reduction, while energy-intensive industries using Organic Rankine Cycle (ORC) systems
can reduce millions of tonnes of CO2 annually, depending on how large and energy-
intensive the facility is. Overall, waste heat recovery represents a practical and expandable
approach to creating cleaner and more efficient energy systems. However, future research
needs to focus more on system durability and low-temperature waste heat utilization, since
current WHR applications mainly target high-temperature heat sources.

waste heat recovery, organic rankine cycle, absorption heat pump, emission
reduction, energy efficiency

Modern energy systems generate vast amounts of unused thermal energy. It is commonly known as
waste heat and it is a byproduct of power generation [1]. Approximately 66% of primary energy
input is lost as heat during usage [1]. The inefficiency in energy utility and subsequent wasted heat
contributes to environmental pollution as wasted heat implies extra fuel must be consumed. This
subsequently leads to greater greenhouse gas (GHG) emission and air pollutants. However, if waste
heat could be recovered, thermal pollution can be mitigated. Thus, in nowadays context, recovering
waste heat and converting it from heat to power has become increasingly important in improving
energy efficiency [2,3]. In response to this emerging need, a variety of Waste Heat Recovery (WHR)
technologies have been developed. Some common WHR mechanisms include using Organic
Rankine Cycle (ORC) generators to produce electricity from low-to-medium temperature heat, or
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condensing heat exchangers that reclaim heat for re-usage [2,4]. The purpose of this essay is to
investigate these WHR technologies, and the essay will focus on both experimental and case-study
insights to evaluate how they quantitatively contribute to pollution reduction.

The paper is structured into three sections. First, it will provide a literature review of existing
WHR approaches. Second, the essay will provide a discussion of experimental investigations and
comparative analyses of WHR systems. The essay will conclude the remarks of these WHR
technologies on their role in pollution mitigation.

Waste heat is inherent to any process that uses energy, due to the second law of thermodynamics
which dictates that not all input energy can be converted to useful work [5]. Waste heat can be
generated from various sources, including Industrial facilities, power plants, transportation engines,
and commercial buildings [5,6]. These facilities all emit unused heat in exhaust gases, cooling water,
or convective losses. Waste heat can be classified into different categories based on their
temperature. High-grade waste heat is over 400 degrees. It is mostly sourced from furnaces or
engines and it can be directly repurposed, whereas low-grade waste heat (e.g. warm effluents that is
lower than 100 °C) is more challenging to utilise [7]. Nonetheless, all grade waste heat has the
potential to reduce pollution due to its abundancy [8]. For example, Walter et al. expressed that more
than 72% of global energy input has been lost as waste heat [1]. Such inefficiency implies the
opportunity to cut emission and save energy from waste heat recovery technologies. In Jones, the
author expressed that many United Kingdom power states have already engaged in mechanisms that
divert waste heat to district heating networks [9]. The re-utilisation strategy applied by United
Kingdom power states has reduced GHG emission by over 10 million tonnes per annum, which
represents 2% of United Kingdom’s national emission [9]. In the context of United States, if waste
heat recovery technologies are applied in the entire food processing industry, waste heat recovered
could yield annual savings of over 514,000 tonnes of GHG [9].

According to Men et al., the most common and simple way to WHR is direct heat reuse through heat
exchangers [10]. This WHR method capture sensible heat from exhaust streams to preheat boiler
feedwater or combustion air. This subsequently improves furnaces’ and boilers’ energy efficiency
[10]. For example, their investigation revealed that a conventional gas-fired boiler exhausting flue
gas at 150-200 °C can be retrofitted with heat exchangers to cool the flue gas and recover latent heat
from water vapour condensation. This process of extracting heat from flue gas and reduce boilers
and furnaces’ fuel consumption (through elevated energy efficiency) and thus contribute to emission
reduction. However, Lee et al. does point out that such exchangers’ energy efficiency can be limited
by the water temperature of the heating system [11]. If the return water is not sufficiently cool, heat
recovery is constrained [10,11]. Thus, if further efficiency in WHR is to be achieved, a more
advanced system with components like air preheaters need to be installed to cool flue gas below its
dew point. This can increase heat recovery efficiency to almost 100% [11].

Second, converting waste heat to electric power is an attractive means of utilising energy that
would otherwise be lost. As abovementioned, traditional steam Rankine cycles are effective for
high-temperature waste heat [7]. Medium- and low-grade heat sources are not efficiently exploited

92



Proceedings of CONF-MCEE 2026 Symposium: Geomaterials and Environmental Engineering
DOLI: 10.54254/2755-2721/2026.MH31523

by water-steam due to low thermal efficiencies at these temperatures [7]. Instead, ORC systems have
become a leading technology for heat-to-power conversion in the 80-350°C range [2]. ORC
systems use organic working fluids (e.g. refrigerants, hydrocarbons, siloxanes) that boil at lower
temperatures than water, enabling them to generate power from relatively low-temperature heat
sources [2]. ORCs today can achieve conversion efficiencies in the teens of percent (depending on
source temperature) and are deployed at scales from tens of kW to multiple MW in industries
ranging from steel and cement plants to biomass boilers and internal combustion engines [2]. For
example, ORC power units are commercially recovering heat from steel mill electric arc furnace off-
gas, diesel engine exhaust on ships, and even geothermal and solar thermal sources. Alternative
thermodynamic cycles have also been explored. For example, the Kalina cycle (which uses a water-
ammonia mixture as working fluid) can achieve slightly higher efficiencies by exploiting variable
boiling temperature profiles [6,7]. ORC remains the predominant waste heat-to-power solution in
practice due to its proven reliability and extensive field experience.

Another major class of WHR technologies involves “upgrading” waste heat to a higher
temperature or utilising it for cooling. Heat pumps driven by mechanical or thermal energy can
capture low-grade waste heat and “pump” it to useful high-grade heat. In industrial waste heat
recovery, vapour-compression heat pumps (electric-driven) and absorption heat pumps (AHPs)
(thermal-driven using, e.g., waste steam or direct firing) are common [10]. The idea is to use the
waste heat as the evaporator input of the heat pump, so that for a given amount of input work, a
larger amount of heat is delivered at the condenser for reuse. Absorption heat pumps use a
refrigerant-absorbent pair (such as water — lithium bromide or ammonia—water) and can be directly
fired by waste heat or flue gas; they are essentially refrigeration machines running in reverse to
provide heating [12]. In a notable implementation, a double-effect LiBr—H2>O absorption heat pump
integrated with a boiler can cool the return water to a much lower temperature than ambient, thereby
significantly increasing heat recovery from flue gas [12]. Furthermore, Men et al. reviewed several
such systems and found that absorption heat pumps can boost total heat recovery efficiency to
around 80% in gas boiler applications, far above what a condensing heat exchanger alone could
achieve [10]. By doing so, waste heat becomes a valuable heat source, reducing the need for burning
additional fuel for heating needs.

In addition to improving energy efficiency, WHR technologies can also directly reduce pollutant
emissions. For example, every unit of energy recovered from waste heat implies energy saving from
additional fuel combustion [6,7]. Thus, WHR technologies can linearly reduce GHG emission and
local pollutants like NOy, SOy, and particulate matter that would otherwise be emitted in the process
of energy consumption. Chen et al. exemplified that an absorption heat pump integrated into a boiler
system can reduce its GHG emission by 11.8%, meaning that pollutants emitted would also be
reduced by that amount, if not more [6]. Other than reduced pollutant from energy saving, some
WHR system can also actively remove pollutants. In systems where the waste gas comes into
contact with a cooling medium, a portion of particulates and soluble pollutants are washed out. For
example, Men et al. find that an open absorption heat pump coupled with a biomass-fired boiler can
actively reduce flue gas pollutant emission by 33-44% over 2 years [10]. Similarly, a vapor pump
boiler’s humidification process can actively reduce the system’s NOy emissions by approximately
25.4% [10]. These active pollutant reduction scenarios indicates that WHR can improve air quality
and reduce emission at the same time. Another example of WHR’s environmental benefit is in water
saving. For example, an absorption heat pump system that recovers both heat and water from flue
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gas and reduce water vapor emissions and supply liquid water back to the system [13]. This is
particularly valuable in industries like power generation where cooling water usage and evaporative
losses are concerns. More quantitative examples will be illustrated in the discussion section’s Table
1.

3. Discussion
3.1. Experimental investigations of WHR technologies

To elucidate the practical performance of waste heat recovery systems, this section examines
experimental and real-world case studies of selected WHR technologies. The focus is on
quantifiable outcomes such as energy efficiency gains and pollution reduction. Table 1 provides a
summary of diverse WHR applications and their environmental benefits, drawn from experimental
data in the literature.

Table 1. Examples of Waste Heat Recovery (WHR) applications and their benefits in efficiency and
emission reduction.

Application WHR Technology

(Waste Heat Source) Implemented Outcome / Benefit Achieved (Quantitative) urc

Oil Refinery (Aromatics Organic Rankine Cycle ~ CO: reduced by 94,455 tonnes/year (via fuel savings);
unit) — high-temperature (ORC) power generation ~ NOy reduced by 1,418 t/yr; CHa by 312 t/yr (achieving [4]
process heat (~300 °C) system significant GHG and pollutant cuts)

12% of plant’s electricity demand met by recovered
power; CO: emissions lowered by 7,000 tonnes/year [9]
(about 7% reduction in the plant’s CO- output)

Cement Plant (Germany) — Rankine-cycle engine (ORC-
kiln exhaust ~300 °C type) for power generation

High-temperature heat pump 33,100-33,200 tonnes COz/year avoided by

Data Centefr (Denmark)of feeding district heating substituting a natural gas boiler (representing 85% [14
server cooling heat ~50 °C . . S ]
network reduction in heating-related emissions)
. . . . [10
0,
Natural Gas Boiler (China) Vapqr Pump 301ler system NOX emissions reduced by 25.4 % and boiler efficiency 1
o (humidifying air preheater + improved 6—9 percentage points by enhanced heat
— flue gas ~150 °C . oo [15
condensing exchanger) recovery (flue gas exit 30 °C) 1
Biomass Heating Plant — Open-cycle Absorption Heat Particulate matter emissions reduced by 33—44% [1]0
wood chip boiler flue Pump (LiBr-H-O solution  (particles captured in absorber); +Recovered latent [16
~120°C scrubbing flue gas) heat raised overall heat utilisation >75% 1
Absorption Heat Pump CO: emission reduced by 11.8% (due to ~10% increase [10
Gas-fired Boiler (Lab (closed cycle, double-effect) in heat output per unit ﬁi’el)' 'effective COP 2.1-2.2 for ]
study) — flue gas ~180 °C yese, putp : A [13

coupled to boiler system  recovered heat

]

Note: All examples are from the last decade. CO- reductions refer to indirect emission savings
from fuel displacement.

ORC = organic Rankine cycle; NOx = nitrogen oxides; CHs = methane; COP = coefficient of
performance.

As shown in Table 1, all illustrated WHR technologies have the ability to improve energy
efficiency across different settings and context. These examples provide several important
observations that are listed below,
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Magnitude of CO: Reduction: The carbon dioxide emission reduction achieved through WHR
can be immense in volume, particularly in energy-intensive industries. The refinery ORC case
illustrated over 10”5 tonnes emission reduced per year [4]. The emission reduced amount to annual
emissions of tens of thousands of cars.

Local Pollutant Reductions: Technologies involving direct contact between waste gases and a
cooling/absorbing medium can reduce local air pollution. Through reduced pollutants, biomass
OAHP case has shown 33-44% reduction in particulate emissions [16]. In contrast, standalone ORC
systems mainly influence pollutants only by reducing fuel consumption. They do not inherently
remove pollutants from the exhaust stream. Therefore, pairing ORCs with existing pollution control
equipment may be necessary, whereas systems like condensing scrubbers or absorption heat pumps
inherently serve dual roles of heat recovery and flue gas clean-up.

Energy Efficiency and Economic Payback: Many WHR systems greatly improve the energy
efficiency of the host process. In the gas boiler and VPB example, the heat recovery efficiency
exceeded 85%, substantially higher than a basic condensing boiler which is around 70% [10,15].
This translated to an increase of approximately 69 percentage points in overall boiler efficiency and
a very short economic payback [10]. Generally, the higher the fraction of waste heat recovered, the
shorter the payback period because more fuel savings are realised.

Experimental investigations have also illuminated some challenges. For example, in the OAHP
(open absorption heat pump) system, the contact with flue gas raises concerns about corrosion of
equipment due to acidic condensate and the need for frequent maintenance to handle the absorbed
pollutants [10]. This explains why open absorption systems have seen limited full-scale deployment.
ORC systems, while relatively straightforward to integrate (since they can be added as external
loops without altering the main process), require a steady waste heat source to run optimally [17].
Fluctuating heat sources may necessitate thermal buffering to maintain stable ORC operation.
Moreover, the working fluid selection in ORC is crucial. Environmental regulations now push for
low-GWP (global warming potential) refrigerants, so newer ORC installations favour benign fluids
to minimise any potential climate impact from leaks.

Another trade-off is whether to use recovered heat on-site for heating (via heat exchangers/heat
pumps) or to convert it to electricity. From an emissions perspective, the optimal path can depend on
the local grid’s carbon intensity. A recent analysis by Lal et al. (2022) found that using waste heat in
decentralised electricity generation can yield larger CO: reductions (estimated national reductions
1.9-7.4%) compared to using the same waste heat in district heating (which gave <0.1% national
CO:2 reduction in their scenario) [18]. This is because in regions where electricity is generated by
burning fossil fuels, displacing grid electricity has a high carbon benefit [18]. In contrast, if the
electricity grid is already low-carbon (e.g. renewables or nuclear), using waste heat for local heating
may be equally or more beneficial. The choice of WHR utilisation must therefore consider the
broader energy context.

Quantitative insights from experiments and case studies reaffirm that waste heat recovery has a
meaningful role in pollution mitigation. A few comparative points are evident.

Carbon Emission Reductions: WHR typically yields proportional reductions in CO2 emissions
to the fraction of energy recovered. In practical terms, improvements of tens of percent in efficiency
translate to similar percentage cuts in CO2. For example, the absorption heat pump case achieving
approximately 10% efficiency gain correspondingly cut CO: by 11.8% [10,13]. More dramatic is the
data centre heat pump example, where using waste heat to displace fossil fuel heat led to an 85%
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reduction in heating-related CO: emissions [14]. These results show that WHR can be a key strategy
for industries to meet carbon reduction targets, especially as global policies increasingly put a price
on carbon or mandate GHG reductions. Notably, the magnitude of CO: saved in some cases is
comparable to installing a mid-sized renewable power plant [4]. This indicates that WHR is a form
of clean energy source in its own right, essentially harvesting energy that would otherwise be
wasted.

Air Quality and Pollution Control: The ability of WHR to reduce air pollutant emission
provide an additional reason for full-scale WHR adoption. According to Su et al., regulatory
requirements for air pollutant control is often expensive [7]. Under regulatory requirements, many
facilities must install expensive systems such as electrostatic precipitators to reduce NO,. However,
WHR provides a cost effective way to reduce NO,. Both the VPB and the OAHP case exemplified
WHR’s capability to reduce particles such as NOy whilst recovering heat and water [7].
Furthermore, condensing waste heat from flue gas can capture sulfuric acid mist (SOs/H2SOs). This
can substantially reduce visible plumes. Both examples of pollutant reduction imply WHR has the
ability to contribute to improved air quality. Nevertheless, it is important to point out that WHR
serve as a complementary measure for air pollution, it should not entirely replace existing pollution
control measures and devices [12].

Energy Systems Integration: Another key role of WHR in pollution reduction is its ability to
integrate into a broader energy system strategy and amplify its environmental results. For example,
Jones expressed that WHR can reduce urban air pollution while saving energy at the same time [9].
This is exemplified by a Danish data centre providing heat to 6,900 homes while avoiding the
emissions from those homes’ heating systems [9]. Another integrated approach is using waste heat to
drive carbon capture systems. While paradoxical, studies have shown how ORC power can offset
the energy penalty of CO: at power plants, thereby indirectly reducing overall emissions [19]. These
integrative solutions highlight that WHR is not just a single-plant efficiency measure. However, it
can be part of circular economy and industrial symbiosis approaches.

Limitations and Future Research: Experimental research continues to address limitations that
currently prevent full utilisation of waste heat potential. One limitation is temperature mismatch.
Often the available waste heat is at a temperature that does not match any immediate need [8].
Technologies like thermochemical energy storage or high-temperature heat pumps (using novel
working fluids) are being explored to bridge some of these gaps [20,21]. Another area is improving
the durability of heat recovery systems in harsh environments [21]. Materials research for corrosion-
resistant coatings and self-cleaning heat exchangers is ongoing, as fouling and corrosion are major
issues that experiments frequently cite. Entransy analysis and exergy analysis in recent studies (like
the 2025 data center review) are also providing deeper insight into where the largest irreversibility
and losses occur in WHR systems, guiding future improvements.

In summary, the discussed experimental cases and comparative data substantiate that waste heat
recovery is a practical and effective measure to reduce environmental pollution. Its contributions
directly capturing pollutants in certain systems and indirectly reducing emissions by curtailing fuel
consumption. The quantitative examples (Table 1) give confidence that these benefits are not merely
theoretical but achievable in real industrial settings. Moving forward, broader implementation of
WHR technologies can play a notable role in global efforts to improve energy sustainability and
combat pollution.
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4. Conclusion

In conclusion, waste heat recovery has demonstrated strong ability to improve energy efficiency and
environmental protection. The report has introduced and discussed various WHR technologies such
as ORC power systems, condensing heat exchangers, heat pumps, and integrated hybrid solutions.
These technologies have demonstrated the ability to convert waste heat into useful energy. Both the
literature review section and the discussion section summarises that modern WHR systems can
recapture a large proportion of waste heat and reduce fuel consumption and emission in the process.
Quantitatively, WHR in industrial settings have shown CO: reduction ranging from 10% to 85% in
different circumstances. At the same time, WHR technologies can effectively reduce pollutant
emission such as NOy, SOy and particulates. These examples highlight WHR’s capability to support
environmental goals.

Nevertheless, technical challenges remain for waste heat recovery. Current and future research
and development is yielding solutions to overcome these challenges. In nowadays context, waste
heat recovery has become increasingly important to reduce energy loss in the process of energy
consumption. Waste heat recovery technologies is not only an avenue to enhance energy efficiency
and economic performance for industries. Rather, it is seen as an effective tools to preserve the
environment. Proliferation of waste heat recovery technologies in all settings will become a key
strategy to transit to a cleaner and more energy-efficient tomorrow.
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