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 This paper examines the implementation of industrial heat pumps 

in the food and beverage sector, showcasing their potential as an 

efficient and sustainable energy solution. Heat pumps 

demonstrate exceptional efficiency, generating up to 3 kW of 

output energy for every 1 kW of input energy. This high-

performance ratio makes them particularly suitable for the food 

and beverage industry, where many processes require steam and 

heat within the 150°C to 200°C range. The study highlights how 

heat pumps can effectively utilize waste energy, which is 

abundant in food and beverage manufacturing, further enhancing 

their appeal. Additionally, the research reveals that in most U.S. 

states, industrial heat pumps offer a favorable payback period of 

4-5 years, with minimal infrastructure upgrades required for 

installation. This combination of efficiency, adaptability, and 

economic viability positions heat pumps as an ideal renewable 

energy source for the sector. The paper explores current 

applications, potential energy savings, and environmental 

benefits, supported by industry-specific case studies. It concludes 

with an analysis of future prospects and potential challenges, 

providing valuable insights for industry professionals and 

policymakers considering the adoption of this technology.   

1. Introduction 

The industrial sector is a major energy consumer and a source of carbon dioxide (CO2) 

emissions in the United States, accounting for approximately 35% of total energy end-use 

consumption and 28% of CO2 emissions in 2019. (EIA, 2021; NREL; Rightor et al., 2021) 

The industrial sector is considered difficult to decarbonize because of its high reliance on 

fossil fuels, processes that cannot be directly replaced by renewable resources, and a lack of 

robust research on electrification methods (Madeddu et al., 2020). Process heat (thermal 

energy used in the manufacturing of products) comprises the majority (51%) of industrial 

energy demand in the United States (Ruth et al., 2019). Importantly, more than two-thirds of 

this heat demand are for processes at or below 300°C. Further, of the more than 7 quadrillion 

British thermal units (BTUs) demanded annually for process heating in the United States, 

36% is lost as unrecovered waste heat, leading to 2.5 quadrillion BTUs of heat with the 

potential to be harnessed through increased efficiency (DOE 2015, NREL). To meet the 

https://doi.org/10.33422/ejest.v8i1.1580
https://doi.org/10.33422/ejest.v8i1.1580
https://creativecommons.org/licenses/by/4.0/


European Journal of Engineering Science and Technology, 8(1): 26-46, 2025 

27 

International Energy Agency (IEA) benchmarks for net-zero greenhouse gas emissions by 

2050, industries must transition to sustainable and renewable energy sources, increasing the 

energy efficiency of industrial processes and reducing direct greenhouse gas emissions from 

fossil fuel combustion. (Sergio, 2024). 

Heat pumps represent a transformative technology for decarbonizing industrial process heat 

by efficiently moving thermal energy from lower to higher temperatures. Unlike conventional 

heating systems, industrial heat pumps (IHPs) can deliver more thermal energy than the 

electricity they consume, expressed as the Coefficient of Performance (COP) - the ratio of 

heat output to electrical input (RTC – Renewable Thermal Collaborative). This efficiency 

principle allows heat pumps to generate 3/4 of their energy output from renewable or waste 

heat sources while requiring only 1/4 from driving energy (electricity), creating a highly 

favorable energy utilization ratio. 

Modern industrial heat pumps deliver temperatures up to 160°C, with emerging technologies 

expected to reach beyond a 200°C threshold by 2030 (RTC). This temperature range 

addresses numerous processes in the food and beverage industry, including drying, washing, 

pasteurization, and sterilization (Obrist et al.,2023). Beyond providing process heat, heat 

pumps deliver multiple sustainability benefits: they enhance local employment, reduce 

energy demand by minimizing thermal waste, decrease anthropogenic emissions, generate 

heating and cooling from renewable energy sources, and provide demand-side flexibility to 

support grid stability. 

Despite their significant potential, historical adoption of IHPs in the United States has faced 

barriers including temperature limitations of earlier systems, unfavorable electricity-to-

natural gas price ratios, and insufficient field service capabilities (ACEEE). However, 

research indicates that even moderate deployment could reduce U.S. industrial process heat 

demand by 2-5% (170-350 trillion BTUs annually) and avoid 12-25 million tons of CO₂ 

emissions (IEA 1995, ACEEE). 

The technology encompasses several variations: standard units (below 80°C), high-

temperature systems (exceeding 100°C), steam-generating units with mechanical vapor 

compression (up to 200°C), and heat transformers (up to 300°C) (Cordin, 2023; Bless et al., 

2022). With capacities ranging from 100 kW to 10 MW, industrial heat pumps can be adapted 

to diverse manufacturing requirements while delivering substantial environmental and 

economic benefits through reduced energy imports, lower CO₂ emissions, and decreased 

particulate pollution at point of operation. 
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Figure 1. Significance of Heat Pumps in Industrial Decarbonization (Bever, 2024) 

This research investigates the implementation of industrial heat pumps in the U.S. food and 

beverage industry, with the primary aim of evaluating their technical and economic feasibility 

as alternatives to conventional heating methods. Specifically, the study quantifies energy 

efficiency improvements and associated environmental benefits across various food 

processing applications, identifies optimal implementation opportunities within the sector, 

and assesses the market barriers and drivers affecting wider adoption. Through 

comprehensive economic analysis and application-specific case studies, this research seeks to 

provide evidence-based recommendations for industry stakeholders and policymakers to 

accelerate the transition toward this sustainable heating technology. The analysis focuses 

particularly on understanding regional variations in economic viability, identifying process-

specific integration strategies, and developing frameworks to overcome existing adoption 

barriers.This study focuses on industrial heat pump applications specifically within the food 

and beverage sector in the United States. While the principles can be applied globally, 

economic analyses are based on U.S. energy markets and regulatory frameworks. The 

research primarily addresses heat pumps for process heating applications rather than space 

heating or cooling. 
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2. Literature Review 

2.1 Historical Development of Industrial Heat Pumps 

Industrial heat pump technology has evolved significantly since its initial applications in the 

mid-20th century. Early systems were limited in their temperature capabilities and efficiency, 

but technological advancements have progressively expanded their operational range and 

performance. Modern industrial heat pumps can now achieve temperatures up to 160°C, with 

research pushing toward the 200°C threshold, which would unlock even more industrial 

applications. 

2.2 Technical Principles of Heat Pumps 

2.2.1 Fundamental Operating Principles 

Heat pumps operate on the vapor compression cycle, which involves four main processes: 

1. Evaporation: The refrigerant absorbs heat from the low-temperature source and 

evaporates 

2. Compression: The vapor is mechanically compressed, raising its temperature and 

pressure 

3. Condensation: The high-temperature vapor transfers heat to the destination medium 

and condenses 

4. Expansion: The refrigerant passes through an expansion valve, reducing its pressure 

and temperature before the cycle repeats 

This thermodynamic cycle allows heat pumps to "upgrade" low-temperature heat to higher, 

more useful temperatures for industrial processes. 

 

Figure 2. Heat Pumps Working Principle 

2.2.2 Coefficient of Performance (COP) 

The efficiency of a heat pump is expressed through its Coefficient of Performance (COP): 

COP = Useful heat output / Electrical energy input 

For industrial applications in the food and beverage sector, COPs typically range from 3 to 6, 

depending on the temperature lift required and the specific technology employed. This means 

that for every unit of electrical energy consumed, 3 to 6 units of thermal energy are delivered. 

2.3 Current State of Technology 

Industrial heat pumps (IHPs) can be categorized based on their operating cycle, working 

fluid, and energy source. At the most fundamental level, they are divided into closed cycle 

7
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systems, where the working fluid circulates within a sealed loop, and open or semi-open 

systems, where the process medium itself serves as the working fluid (ACEEE). 

Table 1. Comparison of Major Industrial Heat Pumps 

Heat Pump Type Max Temp Key Features Main Limitations 

Mechanical Vapor 

Compression (Closed 

cycle) 

160°C 

Good efficiency (COP 3-5), 

multiple vendors (Rightor et al., 

2021) 

Requires favorable 

electricity prices (Rightor 

et al., 2021) 

Heat-Activated Type I 

(Prime heat driven) 
200°C 

Uses fuel/steam as driver, minimal 

moving parts (Rightor et al., 2021) 

High capital cost, large 

footprint (Rightor et al., 

2021) 

Heat-Activated Type II 

(Waste heat driven) 
200°C 

Uses waste heat as driver (Rightor 

et al., 2021) 

Requires adequate 

temperature drop 

(Rightor et al., 2021) 

Mechanical Vapor 

Recompression (Semi-

open) 

150°C 
Good efficiency, separate process 

streams (Rightor et al., 2021) 

High-speed compressor 

needed (Rightor et al., 

2021) 

Heat Pump Type 150°C 
Very high efficiency (COP 8-30) 

(ACEEE) 

Process-specific design 

(ACEEE) 

Thermal Vapor 

Recompression (Open) 
Varies 

Simple design, low maintenance, 

low cost (ACEEE) 

Lowest energy efficiency 

(ACEEE) 

 

The optimal heat pump technology for a specific food and beverage application 

depends on multiple factors including the required temperature lift, available waste 

heat sources, space constraints, and local energy costs (ACEEE). Mechanical vapor 

compression systems are often preferred for temperatures below 100°C due to their 

commercial availability and favorable efficiency, while heat -activated systems may 

be more suitable for applications requiring temperatures above 150°C or in facilities 

with abundant waste heat (Rightor et al., 2021). 

2.4 Energy Profile of Food and Beverage Industry 

The food and beverage industry represents a significant energy consumer in the United States 

manufacturing sector, with notable implications for national greenhouse gas emissions and 

decarbonization efforts. 
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Figure 3. U.S. Food & Beverage Scope 1 and 2 GHG Emissions by Sub-Sector (in Million tCO2e) 

(EIA,2023) 

The food processing industrial group (NAICS code 311) ranks among the top five energy-

consuming industries in the United States and stands fifth in process heating energy use, 

consuming approximately 532 TBtus/year of non-electric energy (EIA, 2021a). This sector 

contributes just over 3% of the nation's CO₂ emissions, accounting for 49 million metric tons 

of CO₂ annually (EIA, 2021a). 

 

 

Figure 4. U.S. Emissions Breakdown Based on Fuel Usage (in Million tCO2e) (Annua l 

Energy Outlook, 2023, MECS, 2022, MECS,2018)  

 

90 million 

MTCO2e 
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Figure 5. U.S. Emissions Breakdown Based on Energy End Usage (in Million tCO2e) (MECS, 2022) 

As illustrated above in Figure 3 and Figure 4, thermal energy use dominates the 

sector's environmental impact, with steam generation and direct fuel use in process 

heating responsible for approximately 80% of emissions from fuel use in food and 

beverage processing. Process heating and thermal losses alone contribute to 71% of 

all fuel use emissions. Natural gas remains the predominant fuel source, accounting 

for 37 million metric tons of CO₂ in 2022, with coal contributing an additional 12 

million metric tons. 

The geographic distribution of these emissions shows significant concentration, with 

65% of US emissions concentrated in just five states: 

 

Figure 6. Food and Beverage Fuel Emissions by State in 2022 (EPA FLIGHT, 2023) 

The food and beverage industry encompasses a highly distributed manufacturing 

network with over 36,000 manufacturing plants owned by more than 31,000 

companies across the United States (RTC,2023). The sector's energy demand 
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primarily supports fluid heating, boiling, drying, and various food preparation 

processes. 

Figure 7. Energy Usage flow in Food and Beverage Industry (RTC,2023) 

Energy flow in food and beverage manufacturing typically begins with purchased 

fuel and electricity inputs, which are then converted through boilers and combined 

heat and power (CHP) systems to generate steam for various process heating 

applications including pasteurization, drying, cleaning, crystallization, distillation, 

and other processes. 

2.5 Application in Food & Beverage Industry 

The food and beverage industry presents numerous opportunities for industrial heat pump 

implementation across various processes that require controlled heating at temperatures 

typically below 160°C. As shown in the process temperature profiles, many critical 

operations align well with current heat pump capabilities. 

 

Figure 8. Temperature Readiness Level of Heat Pumps (ECCA, 2020; Arpagus et al., 2018; Maruf et 

al., 2022) 
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2.5.1 Drying Applications 

Food drying represents one of the most energy-intensive processes, with temperature 

requirements ranging from 40-200°C depending on the product and drying method. 

Conventional heat pump technology (below 80°C) is well-established for lower temperature 

drying, while commercial units operating at 80-100°C are increasingly available for 

mainstream applications (RTC). Products commonly processed with heat pump drying 

include fruits, vegetables, and meat products, with typical energy savings of 40-60% 

compared to conventional methods. 

2.5.2 Pasteurization and Sterilization 

Heat pumps are particularly well-suited for pasteurization processes, which typically operate 

in the 60-90°C range, well within the capabilities of commercially available units. These 

applications benefit from precise temperature control, which can improve product quality 

while reducing energy consumption (ECCA, 2020; Arpagus et al., 2018; Maruf et al., 2022). 

For higher-temperature sterilization (100-140°C), prototype heat pump systems are currently 

in development with promising early results. 

2.5.3 Washing and Cleaning 

Clean-in-place (CIP) systems represent another significant opportunity, requiring hot water at 

60-85°C for effective cleaning and sanitization of processing equipment. As indicated in 

Figure 1, washing applications in the food sector are currently deployed with renewable 

thermal technologies operating within temperature ranges similar to industrial heat pumps 

(ECCA, 2020; Arpagus et al., 2018; Maruf et al., 2022). 

2.5.4 Evaporation and Concentration 

Food concentration processes typically operate between 40-140°C, with many applications 

falling within the 60-100°C range where commercial heat pump technology is readily 

available. Mechanical vapor recompression heat pumps have proven particularly effective for 

these applications due to their ability to directly compress water vapor from the evaporation 

process (RTC). 

 

Figure 9. Applicability of Heat Pumps in Food & Beverage Industry (Renewable Thermal 

Collaborative, Electric Heat Pumps) 

The blue-highlighted areas in Figure 9 indicate food industry processes where heat pump 

technology is currently deployed, including drying, pasteurizing, washing, and sterilizing. 

These established applications demonstrate the technical viability of heat pumps in food 

14

0  



European Journal of Engineering Science and Technology, 8(1): 26-46, 2025 

35 

manufacturing environments, while yellow areas indicate processes where heat pump 

technology is potentially applicable but not yet widely implemented. 

As heat pump technology continues to advance toward higher temperature capabilities 

(indicated by yellow and red zones in Figure 8), additional food and beverage processes will 

become viable candidates for electrification, further expanding the decarbonization potential 

within the industry. 

3. Economic Analysis 

3.1 Materials and Methods 

This study employed a comparative economic analysis methodology to evaluate the financial 

viability of industrial heat pumps versus conventional natural gas boilers for process heat 

generation in the food and beverage industry. The analysis compared three different system 

capacities (51 MMBTU/HR, 212 MMBTU/HR, and 348 MMBTU/HR) across all U.S. states. 

3.2 Data Collection 

Energy price data was obtained from the U.S. Energy Information Administration's 2022 

industrial sector reports, providing state-specific electricity and natural gas rates. Capital cost 

data for heat pump systems and natural gas boilers was acquired through direct consultation 

with equipment vendors and manufacturers operating in the U.S. market. Technical 

specifications for heat pumps, including Coefficient of Performance (COP) values, were 

compiled from manufacturer data sheets and verified against peer-reviewed literature. 

3.3 Economic Analysis Parameters 

The following parameters were used consistently across all economic calculations: 

• System lifetime: 15 years for both technologies 

• Maintenance costs: 2% of capital cost annually for heat pumps, 3% for gas boilers 

• Heat pump Coefficient of Performance (COP): 3.0 (conservative estimate for food 

industry applications) 

• Discount rate: 6% (industry standard for medium-risk energy efficiency projects)  

• Annual operation: 7,000 hours (typical for food processing facilities) 

• Natural gas boiler efficiency: 90% 

• Capital costs: Based on average market prices for equipment of specified capacities 

• No carbon pricing or incentives included in the base case 

Energy prices reflect the industrial sector averages for each state, acknowledging substantial 

regional variation across the United States. 

3.4 Payback Period Calculation  

Simple payback periods were calculated using the formula:  

Payback Period = (Capital Cost Difference) / (Annual Operating Cost Savings)  

• Capital Cost Difference = Heat Pump Capital Cost - Natural Gas Boiler Capital Cost  

• Annual Operating Cost Savings = Annual Natural Gas Cost - Annual Electricity Cost 

for Heat Pump  

Net Present Value (NPV) calculations were also performed to account for the time value of 

money over the 15-year system lifetime, using the discount rate specified above. 

 

16
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3.5 Application Case Studies  

To evaluate practical implementations, we analyzed two common food industry processes: 

pasteurization and drying. These applications were selected based on their temperature 

requirements and prevalence across the sector. Process flow diagrams were developed to 

illustrate heat pump integration points and potential waste heat recovery opportunities. 

Energy savings projections for these applications were based on typical operating parameters 

for medium-sized food processing facilities. 

4. Results 

4.1 Electricity vs Natural Gas Prices by Region 

 

Figure 10. Natural gas and electricity price comparison in all the US states 

As seen in the Figure 10, almost all the states have higher natural gas prices compared to 

electricity prices in the United States, with some exceptions like Alaska, Arkansas, DC, 

Hawaii,  Massachusetts, Rhode Island, Texas, Vermont, and West Virginia. This shows the 

capability of heat pumps to be deployed in the states where electricity prices are lower and 

food & beverage sector can be benfitted of the higher natural gas prices. 

4.2 Comparative Economics by Region 

The economic analysis revealed significant geographic variation in the viability of industrial 

heat pumps for food processing applications. Figure 11 shows the calculated simple payback 

periods for 51 MMBTU/HR heat pump installations replacing natural gas boilers across all 

U.S. states. 
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Figure 11. Payback period for 51 MMBTU/HR output 

As shown in Figure 11, payback periods ranged from 2.3 years in states with favorable 

electricity-to-natural gas price ratios to over 4 years in regions with relatively expensive 

electricity. States in the Pacific Northwest (Washington, Oregon, Idaho) consistently 

demonstrated the most favorable economics for heat pump adoption, with payback periods 

under 3 years. 

For larger system capacities, the geographic patterns remained similar, though economies of 

scale improved payback periods in most states. Figures 12 and 13 illustrate the payback 

periods for 212 MMBTU/HR and 348 MMBTU/HR systems, respectively. 

 

Figure 12. Payback period for 212 MMBTU/HR output 
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Figure 13. Payback period for 348 MMBTU/HR output 

4.3 Operating Cost Comparison 

Annual operating costs for heat pumps versus natural gas systems varied substantially by 

state, as shown in Figures 14-16. The analysis demonstrated that heat pumps provided 

operating cost savings in 41 of 50 states for all system sizes evaluated. 

 

Figure 14. Annual Energy Cost Comparison by States for 51 MMBTU/HR output 

 

Figure 15. Annual Energy Cost Comparison by States for 212 MMBTU/HR output 
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Figure 16. Annual Energy Cost Comparison by States for 348 MMBTU/HR output 

In states like Washington, Oregon, and Idaho, heat pumps reduced operating costs by 60-70% 

compared to natural gas boilers. Even in states with less favorable electricity prices, heat 

pumps typically achieved at least 30% reduction in operating costs due to their high 

efficiency (COP of 3). 

4.4 Heat Pumps: Use Cases  

Industrial heat pumps offer practical solutions for several critical processes in food and 

beverage manufacturing, with pasteurization and drying representing two of the most 

promising applications. 

4.4.1 Pasteurization Applications 

 

Figure 17. Heat pump integration in pasteurization process (RTC, 2023) 

Pasteurization represents an ideal application for heat pumps due to its temperature 

requirements aligning perfectly with heat pump capabilities. As shown in Figure 17, heat 

pumps create an efficient closed-loop system where: 

1. Food products are heated to temperatures between 83°C and 100°C to kill pathogens 

2. After pasteurization, products must be chilled to approximately 4°C 

3. This cooling process generates waste heat that would typically be lost 

4. Heat pumps capture this waste heat and upgrade it to serve as the heat source for 

incoming product 

This integration is particularly valuable because most food products require both heating and 

subsequent cooling, creating a natural opportunity for heat recovery. The FDA pasteurization 

22 



European Journal of Engineering Science and Technology, 8(1): 26-46, 2025 

40 

specifications shown in the figure indicate various time-temperature combinations that can be 

achieved with current heat pump technology, from traditional batch processes (83°C for 30 

minutes) to high-temperature short-time methods (72°C for 15 seconds). 

4.4.2 Drying Applications 

 

Figure 18. Heat pump dryer configuration and benefits (RTC, 2023) 

Heat pump drying represents another significant opportunity, as shown in Fig 11. A typical 

heat pump dryer consists of: 

1. A drying chamber where product moisture evaporates 

2. An evaporator that dehumidifies the humid air while transferring heat to the 

refrigerant 

3. A compressor that increases refrigerant pressure and temperature 

4. A condenser that transfers heat back to the circulating air 

5. An expansion valve that completes the refrigeration cycle 

This configuration offers multiple advantages over conventional drying methods, including 

reduced product shrinkage, lower energy consumption (typically 40-60% savings), shorter 

drying times, and improved product appearance. The system's ability to operate at lower 

temperatures while maintaining effective moisture removal is particularly beneficial for heat-

sensitive food products where quality preservation is essential. 

These use cases demonstrate how heat pumps can effectively address both energy efficiency 

and product quality requirements simultaneously in food and beverage manufacturing, 

providing compelling economic and environmental benefits compared to conventional 

heating systems. 

5. Environmental Benefits 

5.1 Greenhouse Gas Emission Reductions 

Heat pumps achieve GHG emission reductions through two primary mechanisms: 
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1. Higher efficiency resulting in lower overall energy consumption 

2. Utilization of electricity that can be sourced from renewable generation 

Our analysis indicates that replacing natural gas heating with heat pumps results in emission 

reductions of 40-80% based on current U.S. grid carbon intensity. As the electricity supply 

decarbonizes, these benefits will increase further. 

The emission reduction potential is highest in states with cleaner electricity grids, such as 

Washington (hydropower), California (diverse renewables), and New York (nuclear and 

hydro). Even in regions with coal-heavy electricity generation, the high efficiency of heat 

pumps often still yields net emission benefits. 

5.2 Other Environmental Impacts 

Beyond carbon emissions, heat pumps offer additional environmental advantages: 

• Elimination of local air pollutants from combustion (NOx, SOx, particulates) 

• Reduced water consumption compared to steam systems 

• Lower risk of soil and groundwater contamination from fuel storage 

• Quieter operation and reduced heat island effect 

These benefits are particularly valuable in food and beverage facilities located near 

residential areas or in regions with strict air quality regulations. 

5.3 Contribution to Corporate Sustainability Goals 

For food and beverage companies with established sustainability targets, heat pump 

implementations offer: 

• Quantifiable progress toward scope 1 emission reduction goals 

• Alignment with science-based targets and net-zero commitments 

• Enhanced reporting for ESG (Environmental, Social, Governance) frameworks 

• Improved brand positioning with environmentally conscious consumers 

Several major food and beverage manufacturers have already incorporated heat pump 

technology as a key element in their sustainability strategies. 

6. Barriers to Adoption and Solutions 

6.1 Technical Barriers 

6.1.1 Temperature Limitations 

Current commercial heat pumps typically reach maximum temperatures of 160°C, which is 

insufficient for some high-temperature processes. Research into new refrigerants and cycle 

configurations is advancing to overcome this limitation. 

6.1.2 Integration Complexity 

Retrofitting heat pumps into existing processes requires careful system integration and 

sometimes process modifications. Development of standardized integration approaches and 

modular systems would reduce this barrier. 

6.1.3 Space Constraints 

Heat pump systems often require more physical space than the combustion equipment they 

replace, creating challenges in space-constrained facilities. Compact designs and outdoor 

installation options are emerging to address this issue. 

24
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6.2 Economic Barriers 

6.2.1 High Upfront Costs 

The capital investment for heat pump systems exceeds that of conventional heating 

equipment. Innovative financing models, such as heat-as-a-service, equipment leasing, and 

green bonds, can help overcome this barrier. 

6.2.2 Split Incentives 

In facilities with separate capital and operating budgets, the higher capital cost falls to one 

department while the operational savings benefit another. Organizational approaches that 

align incentives across departments can address this challenge. 

6.2.3 Energy Price Volatility 

Fluctuating electricity and natural gas prices affect the economic calculus. Long-term power 

purchase agreements and on-site renewable generation can provide greater price certainty. 

6.3 Knowledge and Awareness Barriers 

6.3.1 Limited familiarity 

Many facility managers and engineers have limited experience with industrial heat pump 

technology. Enhanced education, training programs, and demonstration projects can build 

necessary expertise. 

6.3.2 Perceived risk  

Concerns about reliability and performance in critical production environments slow 

adoption. Performance guarantees, reference sites, and robust case studies help mitigate 

perceived risks. 

6.3.3 Design expertise 

There's a shortage of engineers with specific expertise in industrial heat pump applications. 

Industry-academic partnerships and specialized training programs can expand the available 

talent pool. 

6.4 Policy and Regulatory Solutions 

Several policy approaches can accelerate heat pump adoption: 

6.4.1 Carbon pricing 

Mechanisms that price carbon emissions make heat pumps more economically attractive 

relative to fossil fuel alternatives. 

6.4.2 Investment incentives 

Tax credits, grants, and accelerated depreciation for heat pump installations reduce the 

effective capital cost. 

6.4.3 Research funding 

Government support for R&D can address technical limitations and expand the range of 

viable applications. 
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6.4.4 Technical assistance 

Publicly funded energy audit programs and technical assistance help identify and evaluate 

opportunities. 

6.4.5 Workforce development 

Training programs for engineers and technicians ensure adequate expertise for system design, 

installation, and maintenance. 

7. Limitations and Future Research Directions 

7.1 Study Limitations 

This analysis has several limitations that should be acknowledged: 

• The economic calculations are based on current energy prices, which are subject to 

volatility and regional fluctuations. 

• The analysis does not account for potential policy changes like carbon taxes or 

investment incentives that would significantly improve heat pump economics. 

• The COP value of 3.0 used in calculations is a conservative estimate, with actual 

performance potentially being higher in specific applications. 

• The study does not address refrigerant selection and environmental impact 

considerations beyond energy-related emissions. 

• Small to medium-sized food processing facilities may face different economic 

parameters than those modeled in this research. 

7.2 Future Research Directions 

Future research in this field should focus on: 

• Development of higher-temperature heat pump technologies (>200°C) to address a 

broader range of food processing applications. 

• Life cycle assessment of industrial heat pumps, including refrigerant environmental 

impacts and embodied carbon. 

• Optimization of system configurations for specific food industry processes to 

maximize efficiency and waste heat recovery. 

• Exploration of novel refrigerants with lower global warming potential that can 

achieve higher operating temperatures. 

• Assessment of heat pump integration with variable renewable energy sources for grid 

flexibility and enhanced decarbonization. 

• Cost-benefit analyses of hybrid systems combining heat pumps with other renewable 

thermal technologies. 

• Pilot demonstrations in challenging food industry applications to build confidence and 

develop best practices 

Advanced heat pump technologies currently in development, including cascaded systems, 

enhanced vapor injection, and novel working fluids, show promise for expanding the 

temperature range and improving efficiencies beyond current limitations. These 

advancements could significantly accelerate industrial heat pump adoption across the food 

and beverage sector in the coming decade. 

7.3 Practical Implementation Challenges 

Several practical challenges must be addressed for widespread implementation: 
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• The retrofitting of heat pumps into existing facilities requires careful planning to 

minimize production disruptions. 

• System sizing must account for both current needs and future capacity requirements. 

• Maintenance personnel require specialized training for heat pump systems. 

• Integration with existing control systems presents technical challenges that must be 

addressed. 

These implementation challenges highlight the need for comprehensive guidance and 

standardized approaches to heat pump integration in food processing facilities. 

8. Conclusion 

Industrial heat pumps represent a transformative technology for decarbonizing thermal 

processes in the food and beverage industry. By leveraging their exceptional efficiency and 

ability to utilize waste heat sources, these systems offer a rare combination of economic and 

environmental benefits. The technology is particularly well-suited to the food and beverage 

sector due to the temperature compatibility with many processes and the abundant waste heat 

streams typically available. 

Our economic analysis demonstrates that in most U.S. states, industrial heat pumps offer 

favorable payback periods of 2-5 years when replacing natural gas heating systems. The 

regional variation in economics highlights the importance of location-specific assessment, 

with Pacific Northwest and some Northeastern states showing the most attractive returns. As 

electricity grids incorporate more renewable energy and carbon policies become more 

stringent, these economics will continue to improve.  

The case studies presented illustrate successful implementations across various food and 

beverage applications, from dairy and beverage processing to food drying and meat 

production. These examples showcase both the energy savings potential and the operational 

benefits, such as improved process control and product quality.  

For industry stakeholders, the findings suggest that now is the time to evaluate heat pump 

opportunities within their facilities, particularly in regions with favorable energy price ratios. 

For policymakers, creating supportive frameworks for industrial electrification represents a 

high-impact strategy for industrial decarbonization, with policies potentially tailored to 

address region-specific barriers. 

While challenges remain in achieving wider adoption, the combination of advancing 

technology, increasing focus on decarbonization, and improving economics suggests that 

industrial heat pumps will play an increasingly important role in the sustainable 

transformation of the food and beverage sector. The technology's ability to deliver both 

operational savings and significant emission reductions positions it as a key solution for an 

industry seeking to balance economic and environmental imperatives. 
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