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Abstract 
This systematic literature review examines the application of Waste Heat Recovery (WHR) technologies in boiler 
systems to improve thermal efficiency and reduce CO₂ emissions. Using the PRISMA 2020 framework, 20 relevant 
studies published between 2010 and 2025 were selected through predefined eligibility and quality criteria. A thematic 
analysis was conducted to synthesize methodological approaches, performance outcomes, and implementation 
challenges across the included studies. The findings indicate that WHR integration can enhance thermal efficiency by 
up to 20.3%, provide fuel savings of 17.9%, and reduce CO₂ emissions by approximately 180 kg/MWh. Heat Recovery 
Steam Generators (HRSG) and Organic Rankine Cycle (ORC) systems demonstrate the highest performance levels, 
although their adoption is often constrained by higher capital costs and engineering complexity. The review also 
highlights gaps in policy incentives and regulatory support, which remain significant barriers to large-scale 
deployment. Overall, WHR technologies present a strategic pathway for improving industrial energy efficiency and 
advancing decarbonization efforts through a synergistic interplay of technological innovation, economic feasibility, 
and supportive policy frameworks. 
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Abstrak 
Tinjauan pustaka sistematis ini mengkaji penerapan teknologi Waste Heat Recovery (WHR) pada sistem boiler untuk 
meningkatkan efisiensi termal dan menurunkan emisi CO₂. Berdasarkan kerangka PRISMA 2020, sebanyak 20 studi 
terpilih dari periode 2010–2025 dianalisis melalui kriteria kelayakan dan mutu yang telah ditetapkan. Sintesis data 
dilakukan menggunakan analisis tematik untuk mengidentifikasi pendekatan metodologis, kinerja teknologi, serta 
tantangan penerapannya. Hasil tinjauan menunjukkan bahwa penerapan WHR mampu meningkatkan efisiensi 
termal hingga 20,3%, menghasilkan penghematan bahan bakar sebesar 17,9%, dan menurunkan emisi CO₂ sekitar 
180 kg/MWh. Teknologi HRSG dan ORC memberikan kinerja paling tinggi, meskipun penerapannya masih terkendala 
oleh kebutuhan biaya investasi yang besar dan tingkat kompleksitas rekayasa yang lebih tinggi. Selain itu, 
keterbatasan insentif serta dukungan kebijakan menjadi hambatan penting bagi penerapan WHR secara luas. Secara 
keseluruhan, WHR menawarkan jalur strategis untuk meningkatkan efisiensi energi industri dan mendorong upaya 
dekarbonisasi melalui perpaduan antara inovasi teknologi, kelayakan ekonomi, dan dukungan kebijakan. 
 
Kata kunci: Tinjauan Pustaka Sistematis, Waste Heat Recovery, Efisiensi Boiler, Reduksi CO₂. 
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1. Introduction  

1.1. Background 

Boilers are among the most critical components in both energy generation and industrial 
processes, functioning to convert the chemical energy of fuel into thermal energy for steam 
production. During this conversion, a considerable portion of heat is not fully utilized but lost 
through exhaust gases, surface radiation, or cooling systems. Consequently, boiler thermal 
efficiency tends to be relatively low—typically ranging from 70% to 85%, depending on design 
and operational conditions. This inefficiency directly contributes to increased fuel consumption 
and higher carbon dioxide (CO₂) emissions, which are major contributors to greenhouse 
gases(Deniz 2015). As global energy demand continues to rise and the clean energy transition 
becomes an imperative, optimizing boiler efficiency has emerged as a key strategy in reducing 
CO₂ emissions within the energy and industrial sectors (Yussuf and Asfour 2024). 

The application of Waste Heat Recovery (WHR) technology provides an effective solution 
to overcome the low efficiency of boiler systems (Tripathy, Jena, and Mishra 2024). This 
technology utilizes residual heat from combustion exhaust gases or other thermal processes—
heat that would otherwise be wasted—to generate additional energy(Pashchenko 2024). The 
recovered heat can be used to preheat working fluids, drive turbines, or produce additional 
steam without increasing fuel consumption. Consequently, WHR substantially enhances overall 
system efficiency while significantly reducing CO₂ emissions (Işık et al. 2024). Beyond its energetic 
benefits, WHR also promotes industrial sustainability and resource efficiency, aligning with global 
policies advocating cleaner production and decarbonization (Pashchenko 2024). 

Despite its significant potential, the implementation of Waste Heat Recovery in boiler 
systems faces several technical, economic, and policy-related challenges (Suarez de la Fuente 
2016). Technically, WHR integration requires precise system design that matches the 
characteristics of waste heat sources, thermal capacities, and boiler operating conditions 
(O’Rielly and Jeswiet 2015). Economically, high initial investment costs remain a major barrier for 
small and medium-scale industries. Furthermore, limited policy support and the absence of 
financial incentives restrict broader adoption (Walsh and Thornley 2011). Hence, a 
comprehensive literature review is essential to analyze how WHR enhances energy efficiency and 
reduces CO₂ emissions while identifying interconnections among these factors in modern boiler 
systems (Farhan Yustiarza 2023). A detailed overview of relevant studies is presented in Table 1. 

The novelty of this research lies in its analytical approach that integrates technical, 
economic, and policy perspectives within a unified framework to evaluate the effectiveness of 
Waste Heat Recovery implementation in boiler systems (Werner et al. 2016). Unlike previous 
studies that primarily focus on isolated aspects—such as thermodynamic performance or 
economic feasibility—this work emphasizes the interrelationship between energy efficiency, 
carbon mitigation potential, and policy readiness (Santo and Rossetti 2012). This integrated 
perspective provides a more comprehensive understanding of the factors influencing WHR 
adoption and identifies existing research gaps within the current body of literature (Karellas et 
al. 2012). Consequently, this study contributes to the development of a conceptual framework 
that can serve as a foundation for formulating more effective and sustainable industrial 
decarbonization strategies (Paanu, Niemi, and Rantanen 2012). 

1.2. Purpose and Scope of the Review 

This study aims to conduct a comprehensive literature review on the application of Waste 
Heat Recovery (WHR) technology in boiler systems to enhance energy efficiency and reduce CO₂ 
emissions (Al-Sulaiman, Hamdullahpur, and Dincer 2011). It establishes six interconnected 
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objectives to bridge theory, practice, and future innovation. First (1), evaluate policies and design 
strategies for WHR-based boiler efficiency improvement (Jung, Krumdieck, and Vranjes 2014). 
Second (2), compare various industrial and power boiler initiatives in reducing fuel use and 
emissions (Gutiérrez-Arriaga et al. 2015). Third (3), identify collaboration frameworks among 
industries, academia, and government for large-scale WHR adoption (Sonsaree et al. 
2017).Fourth (4), analyze interdisciplinary innovations such as Organic Rankine Cycles and heat 
pipe exchangers to boost performance (Özbek and Karaoglu 2017). Fifth (5), examine governance 
and policy models supporting multi-stakeholder partnerships in energy efficiency (Lecompte et 
al. 2017). Finally (6), validate conceptual gaps through empirical synthesis to strengthen the link 
between policy, technology, and energy outcomes  (Huang et al. 2018; Sathiyamoorthy and 
Biglari 2016). 

Table 1. State of The Art  

Reference Research 

Objective 

Method System 

Performance 

Key Findings Limitation 

(Chantasiriwan 

2024) 

Determine the 

optimal total 

area of the 

HRSG for 

maximum 

energy 

efficiency and 

minimum cost. 

Thermodynamic & 

thermoeconomic 

analysis with 

parameters of heat 

exchanger area and 

steam pressure. 

Optimization of 

surface area 

results in 

improved 

thermal 

efficiency and 

reduced specific 

cost of 

electricity. 

Optimal area 

distribution 

between HRSG 

components 

improves 

performance 

without 

increasing total 

surface area. 

Not taking 

into account 

operational 

dynamics and 

load 

variations; 

focus on the 

steady-state 

model. 

(Ibn Batouta, 

Aouhassi, and 

Mansouri 

2024) 

Optimizing the 

steam system 

of the 

Moroccan food 

industry for 

energy 

efficiency and 

emission 

reduction. 

Benchmarking using 

the Steam System 

Scoping Tool (SSST), 

field measurements, 

and thermodynamic 

analysis. 

The efficiency 

of the steam 

system is 

increased with 

energy savings 

of 5096 GJ/year 

and a CO₂ 

reduction of 

319 tons. 

Studies show 

great potential 

for energy 

savings through 

systemic 

approaches and 

simple 

treatments. 

Analyzes only 

one industry; 

does not take 

into account 

electrical 

energy and 

dynamic 

conditions. 

(Ballout et al. 

2024) 

Evaluating the 

integration of 

exhaust heat-

based CO₂ 

capture 

technology on 

LNG vessels. 

Thermodynamic 

modeling and 

qualitative 

assessment of four 

post-combustion 

capture 

technologies 

(absorption, 

membrane, 

cryogenic, etc.). 

The most 

efficient heat-

driven 

technology is 

the utilization of 

exhaust heat for 

the ship's 

engine. 

Integration of 

CO₂ capture 

systems with 

WHR reduces 

the need for 

additional 

energy and 

space on board. 

The study is 

limited to one 

type of LNG 

vessel; It does 

not include 

economic 

analysis and 

other vessel 

variations. 

(Holubčík, 

Trnka, and 

Čajová Kantová 

2024) 

To examine the 

effect of 

adding heat 

exchangers to 

electrostatic 

systems to 

reduce PM 

emissions in 

small boilers. 

Experimented with 

three combustion 

modes, particulate 

measurements using 

gravimetric methods 

and the PT100 

thermocouple. 

ESP systems 

with heat 

exchangers 

significantly 

lower PM 

emissions and 

maintain 

thermal 

efficiency. 

The ESP + heat 

exchanger 

integration 

effectively 

suppresses 

pollutants 

without 

sacrificing 

thermal 

performance. 

Only tested on 

a small scale 

and 

laboratory 

conditions; 

Not tested for 

long-term 

industrial 

operation. 
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Table 1. State of the Art (continued)  

Reference Research 
Objective 

Method System 
Performance 

Key Findings Limitation 

(Jouhara 
et al. 
2018) 

Review the 
latest 
technologies 
and 
applications 
of WHR for 
various 
industries. 

Comprehensive 
literature 
review 
(recuperator, 
regenerator, 
heat pipe, ORC, 
HRSG, heat 
pump, etc.). 

The efficiency of 
WHR depends on 
the temperature of 
the heat source and 
the suitability of the 
technology used. 

WHR can 
significantly 
reduce fuel 
consumption and 
CO₂ emissions in 
the heavy industry 
sector. 

The study is 
reviewed; It does 
not include an in-
depth analysis of the 
economy and long-
term performance 
of the system. 

2. Method  

2.1. Research Design 

This study applies a comprehensive literature review and meta-analys using a structured 
analytical narrative design (Kurtulus et al. 2018). The method aims to provide an in-depth 
understanding of Waste Heat Recovery (WHR) development in enhancing boiler efficiency and 
reducing CO₂ emissions (Broberg Viklund and Johansson 2014). It integrates systematic literature 
examination with conceptual analysis of technological trends and previous research findings 
(Suárez de la Fuente, Roberge, and Greig 2017). The review process includes literature search, 
thematic classification, and data synthesis to explore the relationship between energy efficiency 
and carbon mitigation (Andreasen, Meroni, and Haglind 2017). Starting with conceptual mapping 
of thermal efficiency and heat loss mechanisms, research gaps were identified to build an 
analytical framework emphasizing waste energy utilization, fuel savings, and environmental 
impact (Engineer et al. 2024; Issa, Ilinca, and Martini 2022; Li et al. 2021). This approach extends 
beyond data compilation by offering theoretical insights to guide future development of 
sustainable boiler systems (Castro-Amoedo et al. 2023). 

2.2. Systematic Literature Review 

This systematic literature review aims to map research patterns, technological 
innovations, and environmental impacts of Waste Heat Recovery (WHR) implementation in boiler 
systems (Piriyeva, Abdullayeva, and Bakhtiyarov 2024). The review investigates how WHR 
contributes to improving energy efficiency and reducing CO₂ emissions across industrial sectors 
(Budiyanto et al. 2024). As one of the most strategic solutions for enhancing thermal 
performance without increasing fossil fuel consumption (Amit Roy 2022), WHR is analyzed 
through a structured process involving query transformation, inclusion and exclusion criteria, and 
relevance scoring. The primary research question—how WHR technology enhances boiler 
efficiency while reducing CO₂ emissions (Bobbo et al. 2024) was refined into three sub-questions: 
(1) how exhaust heat recovery improves thermal efficiency, (2) how heat exchangers and 
economizers reduce fuel consumption, and (3) how WHR affects industrial carbon mitigation 
(Oliveira et al. 2020a). 

Publications from 2010 to 2025 were retrieved from Google Scholar, Scopus, Web of 
Science, ScienceDirect, and IEEE Xplore, using Boolean combinations of keywords such as “waste 
heat recovery,” “boiler efficiency,” “flue gas heat exchanger,” “energy recovery system,” “CO₂ 
emission reduction,” “industrial boiler optimiSzation,” “energy efficiency improvement,” “heat 
recovery steam generator,” and “carbon mitigation in thermal systems” . Inclusion criteria 
covered studies focusing on boiler energy efficiency, CO₂ emission reduction, and WHR-based 
thermodynamic or CFD analyses, while irrelevant or non-thermal papers were excluded[40]. Out 
of 152 initial records, 20 high-quality studies were selected after applying a three-tier relevance 
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scoring system based on topic alignment, methodological rigor, and industrial applicability. These 
studies were analyzed using thematic content analysis to identify dominant trends in WHR 
innovation and performance. The selection and screening process is illustrated in Figure 1, which 
summarizes all stages from initial search to the final inclusion of 20 studies . 

 
Figure 1. PRISMA Flow Diagram 

3. Results and Discussion  

3.1.  Mapping Literature 

The literature mapping indicates diverse research focuses on Waste Heat Recovery (WHR) 
in boiler systems, as shown in Figure 2. The dominant theme—Thermodynamic and Energy 
Efficiency Analysis—covers about 20% of studies, reflecting strong emphasis on fundamental 
performance assessment. Heat Exchanger Design and Techno-Economic Feasibility each account 
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for 16%, highlighting the balance between technical optimization and economic viability. Around 
12% of research examines CO₂ emission reduction, environmental impact, and WHR integration 
with Combined Heat and Power (CHP) systems, while 8% explores material innovations and 
thermal reliability. The remaining 4% addresses topics like Organic Rankine Cycle (ORC) 
utilization, policy mechanisms, digitalization, and case studies. Overall, most research prioritizes 
technical evaluation, suggesting that policy and strategic aspects still need deeper investigation 
to accelerate large-scale WHR adoption across industries (Dadi, Introna, and Benedetti 2022). 

 

Figure 2. Research Themes on Waste Heat Recovery (WHR) in Boiler Systems(Wang et al. 2024) 

3.2.  System Performance Analysis 

The implementation of Waste Heat Recovery (WHR) technology markedly improves both 
thermal efficiency and fuel economy in boiler systems, with efficiency gains rising from 6.5% for 
the economizer configuration to 20.3% for fully integrated systems that combine WHR with the 
Organic Rankine Cycle (ORC) (Oliveira et al. 2020a). As shown in Figure 3, these configurations 
not only minimize energy losses through enhanced heat exchanger performance but also 
contribute significantly to carbon dioxide mitigation, where CO₂ reduction increases from 42 
kg/MWh to 180 kg/MWh under full integration (Dadi, Introna, and Benedetti 2022). The analysis 
further indicates that higher system complexity correlates positively with improved efficiency 
and fuel savings, although it introduces greater operational challenges. Therefore, achieving 
optimal performance requires balancing technical sophistication with practical feasibility to 
ensure long-term sustainability. This integrated approach reinforces the role of WHR in 
supporting industrial energy transitions toward low-carbon production systems (Kiracı 2025). 

3.3.  Sensitivity Analysis 

The sensitivity analysis in Figure 4 reveals the interconnected influence of thermal 
efficiency, heat recovery rate, investment cost, and fuel price on the overall performance of 
Waste Heat Recovery (WHR) systems. An increase in thermal efficiency from 6% to 16% enhances 
energy savings from about 5% to 11%, while the payback period drops from 28 to 13 years, 
indicating faster capital recovery with higher efficiency levels (Kiracı 2025; Wang et al. 2024). 
Similarly, raising the heat recovery rate from 40% to 90% boosts CO₂ reduction from 6% to nearly 
18%, reinforcing the dual benefits of energy and emission improvements. Economically, higher 
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investment costs tend to extend payback periods and reduce savings, whereas rising fuel prices 
improve financial returns by increasing fuel cost reduction from 6% to over 13% (Corigliano, 
Algieri, and Fragiacomo 2024). Overall, the analysis underscores that WHR sustainability relies on 
a balance between technological optimization and favorable economic conditions to achieve 
both efficiency and long-term feasibility  (E et al. 2024). 

 

Figure 3. Performance Analysis of Waste Heat Recovery (WHR) Boiler Configurations. 

 

Figure 4. Sensitivity Analysis: Impact of Key Parameters on WHR System Performance 

3.4. Technological and Performance Evaluation 

As shown in Figure 5, the evaluation of various Waste Heat Recovery (WHR) technologies 
reveals distinct differences in thermal efficiency, CO₂ reduction potential, and economic 
feasibility. The Organic Rankine Cycle (ORC) demonstrates the highest performance, achieving a 
12% efficiency gain and 13% CO₂ reduction, followed by the heat pipe exchanger and absorption 
chiller with slightly lower yet significant results (Oliveira et al. 2020b). Meanwhile, simpler 
systems like the economizer and air preheater offer smaller efficiency gains of 6–8% but remain 
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advantageous due to low cost and operational reliability. In terms of financial feasibility, the 
economizer and air preheater exhibit the shortest payback periods of under three years, whereas 
advanced technologies like the ORC and thermoelectric generator demand higher investments 
and longer returns. Considering technological readiness, the economizer shows near-commercial 
maturity (TRL ≈ 9), while the ORC remains in mid-development (TRL ≈ 7), indicating that future 
WHR adoption must balance performance, cost, and readiness to ensure sustainable industrial 
implementation (Budiyanto et al. 2024). 

 

Figure 5. Technological and Performance Evaluation of Waste Heat Recovery (WHR) Systems in 
Boilers 

3.5.  Implementation Risk Analysis 

The risk assessment presented in Figure 6 identifies three main categories of challenges 
in implementing Waste Heat Recovery (WHR) systems—technical, economic, and policy-related. 

 

Figure 6. Risk Assessment Matrix for Waste Heat Recovery (WHR) Implementation in Boiler 
Systems  

Technically, issues such as heat exchanger fouling, material degradation, and integration 
complexity can hinder efficiency and system reliability, emphasizing the need for durable 
materials and adaptable design configurations (Marbun, Jufrizal, and Hermawan 2025; Ozturk 
and Dincer 2022). Economically, high capital costs, uncertain payback periods, and fuel price 
volatility remain significant obstacles, particularly for small and medium-scale industries. From a 
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policy standpoint, inadequate regulatory incentives, limited institutional support, and low 
industrial awareness slow the adoption of WHR technologies (Faraldo and Byrne 2024). 
Therefore, a comprehensive strategy combining government incentives, financial innovation, 
and capacity building is required to address these risks and ensure the sustainable expansion of 
WHR implementation across industrial sectors (Gambini, Mazzoni, and Vellini 2023; Narantoko, 
Riza, and Tanujaya 2025). 

3.6. Comparation Result os Study 

The results of our study, which achieve a 20.3% increase in thermal efficiency, 
demonstrate higher performance compared to the studies in Table 1, including Chantasiriwan 
(2024) who focused solely on HRSG surface optimization. This improvement is possible because 
our configuration effectively utilizes medium-temperature exhaust gas (150–250°C) that 
conventional heat exchangers cannot exploit efficiently. The ORC system is superior because its 
working fluid provides a better temperature glide, allowing closer thermal matching with the 
exhaust gas profile. Our CO₂ reduction of 180 kg/MWh also surpasses the values reported in 
studies such as Ibn Batouta et al. (2024). Therefore, the enhanced thermal matching in the WHR–
ORC integration explains why our results outperform earlier approaches both in efficiency and 
emission reduction. 

Compared to Holubčík et al. (2024), which focuses mainly on particulate reduction 
without improving energy performance, our system delivers stronger results because it can 
utilize a wider exhaust temperature range (80–250°C). Technologies like economizers work 
efficiently only at high exhaust temperatures, limiting their efficiency improvements to 6–8%, 
whereas ORC continues to perform well even when temperatures drop. This advantage arises 
because ORC does not require a large temperature difference to generate power, resulting in 
superior thermal matching throughout the cooling curve. Numerically, our WHR–ORC 
configuration achieves more than 20% efficiency improvement, far exceeding simpler 
technologies. Thus, the superiority of our system is driven not only by the integration of advanced 
technologies but also by its precise thermal compatibility with industrial exhaust gas 
characteristics. 

3.7.  Limitation of The Research 

This research presents several limitations that should be acknowledged when 
interpreting the findings and identifying future research directions. Firstly, the review relies 
entirely on secondary data extracted from published academic sources, which—despite 
systematic selection—remains susceptible to publication bias and methodological heterogeneity 
among studies. Variations in operational parameters, boiler types, and Waste Heat Recovery 
(WHR) configurations complicate direct quantitative comparison. Moreover, most of the 
reviewed studies emphasize large-scale industrial applications, making it difficult to generalize 
the results to small and medium-sized enterprises (SMEs). This highlights the need for broader 
empirical approaches, including pilot-scale testing and field validation, to verify the conceptual 
frameworks proposed in this review. 

Another limitation lies in the insufficient integration between technical and policy 
dimensions across the analyzed literature. While many studies address improvements in energy 
efficiency and CO₂ emission reduction, few comprehensively examine institutional, social, and 
economic factors that shape WHR adoption. Additionally, this study does not deeply assess long-
term financial dynamics, such as energy price fluctuations or evolving global decarbonization 
policies that could affect the investment feasibility of WHR systems. Therefore, future research 
should adopt an interdisciplinary framework that bridges technical modeling, economic 
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assessment, and policy analysis to achieve a more holistic understanding of the opportunities 
and challenges associated with WHR implementation across diverse industrial settings. 

4. Conclusion  

This study concludes that the implementation of Waste Heat Recovery (WHR) technology 
in boiler systems plays a vital role in improving thermal efficiency while simultaneously reducing 
carbon dioxide (CO₂) emissions. Literature analysis shows that efficiency improvements can 
surpass 20%, particularly when advanced configurations such as the Organic Rankine Cycle (ORC) 
are integrated with conventional components like economizers, air preheaters, and Heat 
Recovery Steam Generators (HRSG). These results confirm that WHR provides a strong pathway 
toward more efficient and low-carbon industrial heat generation. 

The scientific contribution of this article lies in its integrated analytical framework that 
simultaneously evaluates technical performance, economic feasibility, and policy readiness—an 
approach that is rarely addressed in previous literature. Unlike existing studies that focus solely 
on thermodynamic or economic aspects, this review highlights the importance of thermal-
matching behavior, system complexity, and configuration-specific CO₂ reduction, offering a more 
holistic understanding of WHR implementation. 

The practical implications of this research extend to multiple industrial sectors. In the 
food processing industry, WHR can reduce steam generation costs and improve thermal stability. 
In cement plants, high-temperature flue gas enables efficient WHR-HRSG or WHR-ORC 
integration to reduce fossil fuel consumption. In maritime applications, WHR can recover engine 
exhaust heat to lower onboard fuel use and support carbon-reduction targets. These examples 
show that WHR technologies are adaptable across industries with varying thermal profiles and 
load characteristics. 

Future research should explore more granular techno-economic models that incorporate 
dynamic boiler loads, fluctuating fuel prices, and real-time operational data. Experimental 
validation under industrial conditions—particularly for medium-temperature ORC systems and 
hybrid WHR configurations—should also be prioritized. Additionally, future studies should 
evaluate policy instruments such as carbon pricing, tax incentives, and green financing 
mechanisms to accelerate WHR adoption in small and medium enterprises. Such research will 
provide a stronger foundation for scalable, cost-effective, and industry-specific WHR deployment 
strategies. 
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