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Abstract—Industrial electrification is an important step on 

achieving net-zero in industry. For several industrial subsectors 

in Canada, a significant portion of the energy input is consumed 

in fossil fuel boilers. An interesting solution is the replacement 

of the boiler with a high temperature heat pump (HTHP) 

capable of delivering the required process heat. The efficiency 

of a HTHP being closely dependent on the waste heat 

temperature levels, this effect is also studied. The results show 

that electrification of boilers by HTHPs being supplied with 

waste heat at 29°C leads to energy savings of 11%, 14% and 

38% in the petroleum refining, pulp and paper and food and 

beverage subsectors respectively. These numbers can 

significantly increase when part of the heat can be obtained 

through heat recovery alone and/or heat pumping from higher-

temperature waste heat, which is expected to always be the case, 

although in proportions that are site-specific. One challenge in 

making HTHP projects cost-effective is the higher electricity 

cost compared to fossil fuels. This issue is partly addressed 

through carbon pricing mechanisms and a high coefficient of 

performance (COP). 
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I.  INTRODUCTION 

The desire to reach net zero by 2050 presents the need for 
bold change in industry. For example, fossil fuel boilers are 
commonly used to provide steam in industry. However, as the 
need to decarbonize increases, electrified solutions are becoming 
strong candidates to reduce the utilization of this equipment. 
This is particularly true given the lower temperature 
requirements of steam-heated processes, most of which operate 
below 200°C, with a significant portion operating below 150°C. 

Additionally, research efforts have been directed towards 
optimizing heat exchanger networks to minimize energy 
consumption and cater to the temperature requirements of 
various industrial processes [1], [2]. The pinch method, 

originally developed for heat exchanger networks, has also been 
successfully applied to cooling water networks [3] and is 
especially relevant for general process integration in the 
industrial sector [4]. 

Replacing fossil fuel boilers with electric boilers is becoming 
less attractive due to the limited availability of renewable 
electricity and its higher cost compared to fossil fuels. Heat 
pumps, however, offer a promising solution.  They have been 
extensively studied and are employed in various applications for 
renewable heating and/or cooling. The opportunities for heat 
pump technology are expanding, and advancements are being 
made in increasing the temperature limits of heat pump systems. 

One area of growing interest is the decarbonization of 
industrial low/medium-temperature processes heat using heat 
pumps. Recent studies include systems well above 100°C [5], 

[6], [7], [8]. Recently, the use of steam-generating heat pumps, 
which operate with supply temperatures ranging from 120 to 
350°C, has been explored [6]. The study found that closed-loop 

systems can produce sensible heat up to 250°C, while open-loop 

systems, such as mechanical vapour recompression, can achieve 
temperatures up to 350°C. By using a high boiling point 

refrigerant in a closed-loop system, it may be possible to produce 
low-pressure steam. Successive compression stages could then 
be utilized to deliver steam at the desired pressure. 

The current study looks at replacing fossil fuel boilers in 
three different industrial subsectors: pulp and paper, petroleum 
refineries and food and drinks. The opportunities and individual 
challenges for each subsector are covered.  

II. METHODOLOGY 

The estimation of the fossil fuel energy consumed for each 
sub-process is needed before being able to do any form of HTHP 
integration analysis. This sub-process energy mapping allows to 
establish the temperature range and process type, as well as the 
specific energy intensity, for the reported fossil fuel 
consumption. For the current study, it is considered that all the 
energy going to boilers or similar temperature level processes 
would get replaced by HTHPs. 



   

A. Energy mapping of the industrial subsectors 

The energy mapping of the industrial sub-processes is based 
on the totals provided by the federal energy and emissions 
inventories of the Office of Energy Efficiency [9] and 
Environment and Climate Change Canada [10]. The breakdown 
between sub-processes for the refinery subsector is based on the 
work of the Department of Energy as well as the book ‘’ Energy 
Analysis of 108 Industrial Processes’’[11]. The pulp and paper 
sub-process breakdown is based on the work of [11] and internal 
simulations using commercial software. The food and drink 
sector energy breakdown is based on [11] as well as [12]. The 
data is extracted based on the six digits North American 
Industrial Classification System (NAICS) codes. The food and 
beverage industrial subsector is covered for the following: Meat 
(NAICS: 311611, 311614, 311615), Dairy (NAICS: 311515), 
Fruit and vegetable (NAICS: 311410, 311420) and Breweries 
(NAICS: 312120). For the pulp and paper industrial subsector: 
(NAICS: 3221). For petroleum refining: (NAICS: 324110). 

B. Description of HTHP scenarios 

Different scenarios are considered given the differences 
between each subsector. 

• Scenario 1 considers supplying steam below 200°C using 

an MVR to upgrade heat supplied by a HTHP using a 5°C 

waste heat source. 

o For the HTHP : COP=2 ; 1 PJ of electricity + 1 PJ of 
extracted heat = 2 PJ steam 

o For the MVR: COP=4 ; 1/4 x (2 PJ steam) = 0.5 PJ of 
electricity + 1.5 PJ steam = 2 PJ compressed steam 

• Scenario 2 considers supplying steam below 120°C 

supplied by a HTHP using a 5°C waste heat source. 

• Scenario 3 considers supplying steam below 200°C using 

an MVR to upgrade heat supplied by a HTHP using a 29°C 

waste heat source. 

• Scenario 4 considers supplying steam below 120°C 

supplied by a HTHP using a 29°C waste heat source. 

For this study, scenarios 1 and 3 will be applied to the 
petroleum refinery and pulp and paper subsector while scenarios 
2 and 4 will be applied to the food and drink sector.   

These generic scenarios are known to be suboptimal in many 
ways. For example, the electricity requirements could be much 
lower in processes requiring lower lifts (e.g.: hot water 
production, pasteurization, material preheating, etc.). The 
scenarios developed allow a conservative COP estimate of each 
subsector given the high-level analysis and the uncertainty 
surrounding it. In general, they overestimate the electricity 
demand and underestimate the COP that would be obtained 
through well-integrated HTHP designs. Such designs are site 
specifics and are not covered in this paper.  

III. RESULTS AND DISCUSSION 

Each subsector is presented in the following sections. First, 
the baseline energy consumption is established. Then, two 

scenarios are considered for heat pump integration in the 
industrial sector to replace fossil fuel boilers.  

For the first heat pump scenario, it is considered that heat 
pumps can be supplied with waste heat in the form of water at 
5°C, representing environmental heat or highly degraded waste 
heat. It is considered that the energy supplied by the boilers can 
be entirely replaced by heat pumps.  

For the second heat pump scenario, it is supposed that there 
is sufficient waste heat to be able to supply the HTHP with water 
at 29°C. For petroleum refining as well as the pulp and paper 

industrial subsectors, it is considered that an MVR is needed to 
supply the necessary steam to the process.  

A. Petroleum refining subsector 

For the petroleum refining industrial subsector, over 290.7 
PJ of energy is consumed, with electricity only representing 21.3 
PJ. Refinery fuel gas is the largest fraction of energy consumed 
at 145.4 PJ and is a by-product of the transformation of crude oil 
into various petroleum products. Figure 1 shows the sub-process 
energy breakdown for this subsector. 

For the first heat pump scenario, it is considered that an MVR 
will be needed on top of the HTHP. It is assumed that all the 
fossil fuels, except the refinery fuel gas, the petcoke consumed 
at the catalytic cracker and the coke on catalyst, can be 
eliminated. It is also considered that the refinery fuel gas will 
continue to be used for the SMR and other furnace needs as it is 
a by-product of the process. Electrifying the boiler with a HTHP 
+ MVR represents an increase of annual electricity consumption 
of over 46.7 PJ. Figure 2 shows the updated sub-process energy 
breakdown for this HTHP scenario. Further analysis is needed 
in order to better understand what other uses of the 145.4 PJ of 
refinery fuel gas such as additional gas treatment or cryogenic 
separation steps to recover specific by-products instead of 
flaring it all. The potential surplus of refinery gas is currently 
viewed as an obstacle to the complete electrification of furnaces 
(though obviously not all of it could be done using HTHPs). The 
use of petcoke should also carefully be examined. 

For the second heat pump scenario, the same fossil fuels are 
substituted by electricity supplying a HTHP+MVR, but with 
higher-grade waste heat available for recovery (WHR). This 
case is shown in Figure 3. This scenario using WHR and 
HTHP+MVR leads to a 4.2 PJ reduction in energy consumption 
when compared to the initial HTHP+MVR scenario and a 32.8 
PJ reduction in energy consumption when compared to the 
baseline.  

The petroleum refining industrial subsector presents a lot of 
uncertainly related to the decarbonization pathways. A recent 
study explores the decarbonization options for global petroleum 
production. They mention that within the refining process, 
energy efficiency and waste heat recovery and utilization will be 
necessary to reach the net-zero goals [13]. Commercial solutions 
for heat pumps are available [14].  



   

Figure 1: Baseline energy consumption for the petroleum refining 

subsector – estimations from process energy mapping performed by 

the authors 

 

Figure 2: HTHP with 5°C waste heat source for the petroleum refining 

subsector – only excess refinery fuel gas going to boilers 

 

 

Figure 3: HTHP with 29°C waste heat source for the petroleum 

refining subsector – only excess refinery fuel gas going to boilers 

B. Pulp and paper subsector 

The pulp and paper subsector consumes over 561.3 PJ of 
energy with the largest fraction being bioenergy in the form of 
spent liquor totalling 215.9 PJ. Electricity consumption is 136.9 
PJ. The rest of the bioenergy, 102.0 PJ, is considered to be 
consumed in the power boilers for heat and electricity 
production. The remaining energy represents the use of fossil 
fuels. The production of steam and electricity from biomass 
could limit the implementation of HTHP in this sector as they 
are linked to local power purchasing agreements. For this reason, 
the reported potential bioenergy savings in this study is likely 
overestimated. The interactions of these purchase agreements 
should be modeled in a more detailed study at a plant level to 
assess the true technoeconomic potential of heat pumps. This has 
not been considered in the scope of this work. Figure 4 illustrates 
the sub-process energy breakdown.  

For the first heat pump scenario, it is considered that the 
fossil fuels and the bioenergy supplying the power boilers can 
be entirely replaced by heat pumps using the HTHP+MVR, 
supplied with waste heat in the form of water at 5°C. Figure 5 

shows the updated sub-process energy breakdown for this 
scenario. 

For the second heat pump scenario, it is considered that the 
fossil fuels and the bioenergy supplying the power boilers can 
be electrified using the HTHP+MVR with WHR. Figure 6 shows 
the updated sub-process energy breakdown for this WHR 
scenario. For a total energy consumption of 482.2 PJ, this 
represents a 14.1% decrease in baseline energy consumption. 
When compared to the initial HTHP+MVR case, the increased 
WHR leads to a 15.0 PJ decrease in electricity consumption.  

A similar study for the US, indicates that 41% of energy 
savings can be obtained by integrating HTHP in the pulp and 
paper sector [12]. It is important to note that it was only the kraft 
process that was modelled. The same study considered that an 
MVR isn’t needed as the recovery boiler supplies steam for the 
higher temperature users i.e., over 120°C. In the current study, 

the sub-process energy breakdown considers all pulp and paper 
activities including kraft mills. Recently, in Italy, an industrial 
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HTHP project in a pulp and paper mill has been announced. For 
this project, the heat source for the large heat pumps is humid air 
and wastewater from a paper mill, which is integrated into a 
single water loop that usually ranges from 7°C to 12°C (but 
could arguably be better designed at higher temperatures). The 
HTHP first raises the temperature 114°C at 1.5 bars of absolute 

pressure and then a steam compressor escalates the steam to 
170°C at 3.5 bar,abs. [15]. This announcement is in line with a 

joint paper between the European Heat Pump Association 
(EHPA) and the Council of European Paper Industries (CEPI) 
which states that HTHPs can provide heat up to 200°C and 

efficiency electrify this industrial subsector while providing 
50% energy savings for paper drying [16].  

 

Figure 4: Baseline energy consumption for the pulp and paper 

subsector 

C. Food and beverage subsector 

The meat, dairy, breweries and fruits and vegetables 
subsectors are grouped together as the food and beverage 
subsector. Over 47.1 PJ of energy is consumed with electricity 
representing only 15.0 PJ of the demand, the rest is the use of 
fossil fuels. Figure 8 presents the sub-process energy breakdown 
for the food and beverage subsector. 

For the first heat pump scenario, it is considered that all the 
fossil fuel consumption can be electrified. The scenario for this 
subsector considers that the HTHP alone without an MVR is 
sufficient for the process needs, which tend to be at lower 
temperatures. Figure 7 shows the updated sub-process energy 

breakdown for this scenario. Compared to the baseline energy 
consumption of over 47.1 PJ of energy, this scenario leads to 
complete electrification using only 31.5 PJ of electricity. This is 
an increase of over 23.6 PJ of electricity but leads to energy 
savings of over 15.6 PJ or 33% of the initial energy 
consumption. 

 

 

Figure 5: HTHP with 5°C waste heat source scenario for the pulp and 

paper subsector 

 

Figure 6: HTHP with 29°C waste heat source scenario for the pulp 

and paper subsector 

Figure 9 shows the sub-process energy mapping of the 
subsector, for the second heat pump scenario when a HTHP with 
WHR is used to decarbonize the boilers. Compared to the 
baseline energy consumption, this scenario of WHR leads to 
complete electrification using only 29.2 PJ of electricity. This 
leads to energy savings of over 38.0% when compared to the 
baseline scenario or 7.3% energy savings when compared to the 
initial HTHP scenario. 

These results are in line with other similar reports on heat 
pump integration in the food and beverage sector. Similar results 
are obtained in [17] looking at the same industrial subsector in 
the US. Indeed, for the dairy sector, the energy-saving potential 
of using HTHP can be as high as 65% for a new facility and 62% 
for retrofitting an existing facility with, given as an example, the 
decarbonization of a site in Trondheim which led to energy 
savings of 54% [18]. They report on the use of thermal energy 
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storage tanks and fully integrating building heating and cooling 
requirements in the HTHP system. Similar concepts have been 
proposed for the meat processing sectors as well by using 
thermal tanks that allow flexibility in operation over a 24-hour 
period [19]. Various projects in breweries report roughly 40% 
energy savings by utilizing total process integration with the 
building utilities [20], [21]. 

D. Discussion 

To electrify these subsectors efficiently there exists a number 
of barriers to overcome. The most significant challenges and 
barriers have been reported by [5], [6], [7], [8], [12], [17]. Some 
of these barriers are highlighted here. The first one is the 
relatively high electricity cost compared to the natural gas price. 
The Canadian energy prices are also lower than that of the 
European market. Since price is a driver for energy efficiency 
projects, they won’t naturally happen given low fossil fuel 
prices. Coupling this to the higher cost of a HTHP system, a 
well-structured policy and/or program is needed to stimulate 
project implementation. Alternatively, aggressive carbon pricing 
could also contribute achieving similar results. The second main 
barrier is the need for tailored projects for each industrial site 
which increases the price of the HTHP project. Coupling this 
with the higher cost of electricity, it is challenging to obtain an 
acceptable return on investment for HTHP projects replacing 
boilers under current market conditions. The third main barrier 
is the lack of stakeholder engagement and supplier development 
in Canada and in the US. Finally, the fourth barrier is that labor 
shortages cannot be ignored as skilled labor is needed to install 
and ensure the reliability of these systems. 

Another important consideration is investments in additional 
renewable electricity generation, transmission and distribution 
to supply these industrial HTHP projects on top of what will be 
needed to decarbonize the electricity grid. Regulatory bodies 
must work together to ensure that the industrial sector can be 
decarbonized entirely. Even with some fossil electricity 
production, HTHPs still emit less than electric boilers. This way, 
industrial electrification projects could happen as new renewable 
energy projects are connected to the grid.  

 

Figure 7: HTHP with 5°C waste heat source scenario for the food and 

beverage subsector 

 

Figure 8: Baseline energy consumption for the food and beverage 

subsector 

 

 

Figure 9: HTHP with 29°C waste heat source scenario for the food 

and beverage subsector 
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IV. CONCLUSION 

The current study shows that it is possible to efficiently 
electrify steam production in the pulp and paper, petroleum 
refining and food and beverage industrial subsectors with the use 
of HTHPs. The replacement of fossil fuel boilers by a HTHP 
system with a 5°C waste heat stream would lead to an increase 

of the electricity use of 170.9 PJ (47 TWh) and would save over 
148.1 PJ of fossil fuels and 102.0 PJ of bioenergy. This 
represents the absolute minimum COP of 1.5 that can be 
obtained by replacing fossil fuel boilers, where none of the heat 
can be obtained through heat recovery or heat pumping from 
higher-temperature waste heat. If the HTHP systems were 
instead supplied with 29°C waste heat — a more realistic but 
still conservative estimate — only 147.4 PJ (41 TWh) of 
additional electricity would be needed to achieve the same 
savings in fossil fuels and bioenergy.  This would result in a COP 
of 1.7. The electricity consumption of the HTHP systems could 
be further reduced through heat recovery, operational 
improvements, technological advancements, and integrated 
configurations where heat is supplied at lower temperatures for 
processes that don't require steam (such as hot water production, 
pasteurization or material preheating). Additionally, using 
higher-temperature waste heat when available could further 
lower electricity demand.  

A well thought-out HTHP integration plan will seek tailored 
projects that improve payback by maximizing heat recovery and 
minimizing temperature lifts, ensuring minimal electricity 
consumption at the expense of a more complex design phase. 

ACKNOWLEDGMENT 

Funding for this project was provided by the Government of 
Canada through the Office of Energy Research and 
Development (OERD) of Natural Resources Canada. 

REFERENCES 

[1] B. Linnhoff and E. Hindmarsh, “The pinch design method for heat 

exchanger networks,” Chemical Engineering Science, vol. 38, no. 5, 
Art. no. 5, Jan. 1983, doi: 10.1016/0009-2509(83)80185-7. 

[2] B. Linnhoff, “Pinch analysis : a state-of-the-art overview : Techno-

economic analysis,” Chemical Engineering Research & Design, Jan. 
1993, doi: null. 

[3] L. E. Savulescu, M. Sorin, and R. Smith, “Direct and indirect heat 

transfer in water network systems,” Applied Thermal Engineering, 

vol. 22, no. 8, pp. 981–988, Jun. 2002, doi: 10.1016/S1359-

4311(02)00015-7. 

[4] J.-C. Bonhivers, M. Korbel, M. Sorin, L. Savulescu, and P. R. Stuart, 
“Energy transfer diagram for improving integration of industrial 

systems,” Applied Thermal Engineering, vol. 63, no. 1, pp. 468–479, 

Feb. 2014, doi: 10.1016/j.applthermaleng.2013.10.046. 
[5] P.-M. Bever, F. Bless, C. Arpagaus, and S. S. Bertsch, “High-

Temperature Heat Pumps for Industrial Use,” Chemie Ingenieur 

Technik, vol. 96, no. 8, pp. 1071–1084, 2024, doi: 
10.1002/cite.202300241. 

[6] S. Klute, M. Budt, M. van Beek, and C. Doetsch, “Steam generating 

heat pumps – Overview, classification, economics, and basic modeling 
principles,” Energy Conversion and Management, vol. 299, p. 117882, 

Jan. 2024, doi: 10.1016/j.enconman.2023.117882. 

[7] F. Schlosser, M. Jesper, J. Vogelsang, T. G. Walmsley, C. Arpagaus, 
and J. Hesselbach, “Large-scale heat pumps: Applications, 

performance, economic feasibility and industrial integration,” 

Renewable and Sustainable Energy Reviews, vol. 133, p. 110219, 
Nov. 2020, doi: 10.1016/j.rser.2020.110219. 

[8] C. Arpagaus, F. Bless, M. Uhlmann, J. Schiffmann, and S. S. Bertsch, 

“High temperature heat pumps: Market overview, state of the art, 
research status, refrigerants, and application potentials,” Energy, vol. 

152, pp. 985–1010, Jun. 2018, doi: 10.1016/j.energy.2018.03.166. 

[9] Natural Resources Canada Government of Canada, “Industrial Sector 
– Disaggregated Industries (Canada),” Comprehensive Energy Use 

Database. Accessed: Aug. 08, 2024. [Online]. Available: 

https://oee.nrcan.gc.ca/corporate/statistics/neud/dpa/menus/trends/com
prehensive/trends_id_ca.cfm 

[10] Environment and Climate Change Canada, “Greenhouse Gas 

Reporting Program (GHGRP) - Facility Greenhouse Gas (GHG) Data 
- PDGES-GHGRP-GHGEmissionsSourcesGES-2022.xlsx - Open 

Government Portal,” Greenhouse Gas Reporting Program (GHGRP) - 

Facility Greenhouse Gas (GHG) Data. Accessed: Aug. 08, 2024. 

[Online]. Available: https://open.canada.ca/data/en/dataset/a8ba14b7-

7f23-462a-bdbb-83b0ef629823/resource/39df9244-44ed-4807-882c-

a3ba50489cb7 
[11] H. L. Brown, Energy Analysis of 108 Industrial Processes. The 

Fairmont Press, Inc., 1996. 

[12] M. J. S. Zuberi, A. Hasanbeigi, and W. Morrow, “Techno-economic 
evaluation of industrial heat pump applications in US pulp and paper, 

textile, and automotive industries,” Energy Efficiency, vol. 16, no. 3, 
p. 19, Mar. 2023, doi: 10.1007/s12053-023-10089-6. 

[13] S. Griffiths, B. K. Sovacool, J. Kim, M. Bazilian, and J. M. Uratani, 

“Decarbonizing the oil refining industry: A systematic review of 
sociotechnical systems, technological innovations, and policy 

options,” Energy Research & Social Science, vol. 89, p. 102542, Jul. 

2022, doi: 10.1016/j.erss.2022.102542. 
[14] “Refinery.” Accessed: Dec. 17, 2024. [Online]. Available: 

https://qpinch.com/refining 

[15] “Turboden Heat Pumps Provide Steam for Paper and Pulp Industry.” 

Accessed: Dec. 17, 2024. [Online]. Available: 

https://hydrocarbons21.com/turboden-heat-pumps-deliver-

superheated-steam-for-the-pulp-and-paper-industry-using-r600a-and-
r601a/ 

[16] “Press release: A collaboration between the paper industry & heat 

pump producers could halve its energy needs & help decarbonise the 
sector | www.cepi.org.” Accessed: Dec. 17, 2024. [Online]. Available: 

https://www.cepi.org/press-release-a-collaboration-between-the-paper-

industry-heat-pump-producers-could-halve-its-energy-needs-help-
decarbonise-the-sector/ 

[17] M. Jibran S. Zuberi, A. Hasanbeigi, and W. Morrow, “Bottom-up 

assessment of industrial heat pump applications in U.S. Food 
manufacturing,” Energy Conversion and Management, vol. 272, p. 

116349, Nov. 2022, doi: 10.1016/j.enconman.2022.116349. 

[18] M. Bantle, “Electrification by high temperature heat pumps,” HPT - 
Heat Pumping Technologies. Accessed: Dec. 17, 2024. [Online]. 

Available: https://heatpumpingtechnologies.org/wp-

content/uploads/2022/05/04-michael-bantle-electrification-by-high-
temperature-heat-pumps.pdf 

[19] “Meat Processing Plants – Hybrid Energy.” Accessed: Dec. 17, 2024. 

[Online]. Available: https://www.hybridenergy.no/slaughterhouses/ 
[20] N. Everitt, “UK funding for HT heat pump brewery trials,” Cooling 

Post. Accessed: Dec. 17, 2024. [Online]. Available: 

https://www.coolingpost.com/uk-news/uk-funding-for-ht-heat-pump-
brewery-trials/ 

[21] hellolaurataylor, “3 Ravens Brewery, Melbourne - heat pumps for beer 

production,” FutureHeat. Accessed: Dec. 17, 2024. [Online]. 
Available: https://www.futureheat.info/post/3-ravens-brewery-

melbourne-heat-pumps-for-beer-production 

 

 


