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Extended Abstract

Decarbonizing industrial steam generation is crucial to achieving climate goals and reducing reliance
on volatile fossil-fuel markets. In industrial settings, there's a growing debate over whether process
steam can be provided more efficiently by steam compression with small turbo compressors or closed-
cycle high-temperature heat pumps (HTHPs).

This study compares the technical conditions of both approaches and analyzes available steam
compressors and HTHP products, including their typical performance ranges, efficiency metrics, and
current market offerings. Hybrid configurations that combine closed-cycle HTHPs with steam
compressors, utilizing ammonia, hydrocarbons, HFOs, and water as refrigerants, are evaluated. Insights
from the Steam-Generating Heat Pumps (SGHP) Webinars organized by OST in 2023, 2024, and 2025
are incorporated, capturing both recent theoretical developments and early implementation experience.

The results show that steam compression systems (e.g., MVR mechanical vapor recompression) are an
efficient solution, especially in existing steam networks with high pressure levels up to about 11 bar(a),
while HTHPs offer advantages primarily in hot-water and low-pressure steam networks with waste-heat
utilization. The efficiency analysis reveals differences in COP values. MVR typically achieves COP
values of 3 to 11 and HTHP COP values of 2 to 6, depending on the temperature lift. An OST survey
(2025) identified the food and beverage sector as a key application area, with typical steam requirements
of 100 °C to 200 °C and a large market potential for HTHP with heating capacities of 1 to 3 MW.

The number of market-ready HTHP products has nearly doubled between 2018 and 2024, and several
manufacturers (including SPH, Enerin, Olvondo, Heaten, or Mayekawa) have field-proven systems.
Combined HTHP+MVR concepts are considered particularly promising but are still in the
demonstration phase. Economic incentives, standardization, and pilot projects with a willingness to
invest are crucial for broad market introduction to drive the decarbonization of industrial steam
networks.

Overall, the study provides practical decision-making aids for selecting suitable steam-generating heat
pump technologies and identifies which systems are already market-ready and in which areas further
development is still needed.
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Introduction

Steam is the most important heat carrier in industry and is predominantly generated by fossil-fired
boilers. The temperature ranges of 100—150 °C and 150-200 °C are particularly relevant for steam-based
applications. In Europe, the annual process heat demand in these ranges amounts to approximately
192 TWh and 80 TWh, corresponding to 10.6 % and 4.4 % of total industrial heat consumption in the
EU-28 (1,821 TWh; Eurostat 2015) [1], [2]. Germany has the highest consumption, followed by France,
the United Kingdom, Italy, and Spain.

Electrically driven heat pump technologies offer a promising alternative. A survey conducted ahead of
the OST webinar Steam Generating Heat Pumps (SGHP) 2025 (21 October 2025; 218 respondents,
30 % response rate) [3], [4], identified the food and beverage sector as having the greatest potential for
SGHPs (29 %), followed by chemicals (21 %), pharmaceuticals and pulp and paper (each 17 %), textiles
(8 %), and other sectors (8 %) (Figure 1, A). The most frequently requested process temperatures were
100-160 °C for low-pressure steam (43 %) and 100-200 °C for medium-pressure steam (26 %) (Figure
1, B). This aligns with practical experience from the food industry, where approximately 73% of heat
demand is below 150 °C [5]. The greatest application potential is for heat pumps with a heating capacity
of 1-3 MW (Figure 1, C). The main alternatives considered are electric boilers and biomass.

Key challenges include system integration (35 %), high energy costs (26 %), limited availability of
reliable suppliers and components (20 %), and regulatory and financial uncertainties (11 %) (Figure
1, D). These results align with a European market study [6], showing that most of the 4,174 identified
heat pumps have heating capacities below 10 MW, with a median of 3.0 MW,
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Figure 1: Survey results collected ahead of the OST webinar Steam-Generating Heat Pumps (SGHP) 2025 on
21 October 2025, based on 218 respondents (30% response rate, multiple-choice format) [4].

Objective of the study

This study evaluates steam compressors and closed-cycle HTHPs, focusing on efficiency, practical
deployment, and market-ready technologies in the 100 kW—10 MW range. It also reviews alternative
SGHP concepts, including Stirling heat pumps and hybrid systems that combine closed-cycle HTHPs
with direct steam generation, identifies remaining development gaps, and offers guidance on technology
selection.



Methods and Concepts for SGHPs

After reviewing commercially available solutions and conducting a literature search focusing on steam
compression and heat pump designs, various key concepts for steam generation are [7], [8], [9], [10],
[11],[12], [13], [14], [15], [16], [17], [18] Figure 2 summarizes the most important concepts for steam
generation, including HTHP cycles, evaporators, condensers, flash tanks, and mechanical vapor
compression (MVR).

e (A) Open-loop MVR systems (suited when low-pressure steam is available)
e (B) Steam compression combined with evaporators (vacuum operation for waste heat < 100 °C)

e (C) Direct steam-generating closed-cycle HTHPs with different designs, refrigerants (e.g.,
hydrocarbons, hydrofluoroolefins, ammonia), compressor types, and staging, combined with
direct heat exchangers

e (D) Direct steam-generating HTHPs with downstream MVR
¢ (E) HTHPs for hot water combined with flash tanks and MVR
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Figure 2: Concepts for steam-generating heat pumps (SGHP) [7].

There is a wide range of HTHP cycle designs, characterized by different cycle components (e.g., with a
subcooler for heating water for steam generation in the condenser, cascade with intermediate heat
exchanger, economizer, flash tank, parallel compression, ejector, etc.), refrigerants, compressor types,
and number of compressor stages [19]. The optimal concept depends on the application, the required
steam pressure/temperature, and the available waste heat.

MVR systems use electrically driven compressors to recompress low-pressure steam to higher pressure
and temperature levels, enabling its reuse as process steam (Figure 2, Concepts A and B). Depending
on the application, number of stages, and suction pressure, MVR systems cover power ranges from
approximately 100 kW to more than 10 MW [7]. Of crucial relevance is the combination of steam
compression and evaporator (Figure 2, Concept B), which requires operation under vacuum when the
(waste or excess) heat sources are below 100 °C, which is often the case in industry.

Other concepts use TVR systems (thermal vapor compressors) with steam ejectors, auto-cascades with
refrigerant mixtures, and the integration of pressurized hot water circuits to decouple the refrigerant
from the steam [11], [15]. For steam-generating AHT systems (absorption heat transformers), the reader
is referred to further literature [20].



Results and Discussion of Steam Compressor and Closed-Cycle HTHP Technologies

Depending on the applied steam compressor technology (e.g., integrally geared compressors, MVR
blowers, rotary lobe compressors, direct-driven turbo compressors, reciprocating, screw, sliding vane,
or spindle compressors), system performance, achievable temperature lift per stage, and maximum
steam temperatures vary significantly [7], [8], [9], [11], [14], [21], [22], [23], [24], [25]. Table 1 provides
an overview of commercially available steam compressors for SGHPs.

Table 1: Overview of steam compressor technologies for steam-generating heat pumps (SGHP) (*with water injection) [7].

. Minimum
. i Heating . Temperature Steam
Suppliers (examples . suction .
. R Capacity lift per stage temperature
in alphabetical order) (MW) pressure ©C) ©C)
(bara)
Integrated gear Everl}ence, Howden, MHI, 10 to 80 021005 20 t0 25 Up to 250*
COMpressors Siemens, Turboden
Atlas Copco, Continental
Industrie, EPCON, Howden,
MVR blowers and Hoffman & Lamson, Piller, ~ 0.5t050  0.2t00.5 10 to 20 105 to 230
turbo fans .
Shandong Zhanggqiu, Shangu,
Skyven
. . Rotrex, Weel & Sandvig, "
Direct-drive CS Techcom, SPXFLOW, 01t05  02t00.5 30 t0 40 1000 200
turbo compressors (superheated)
Johnson Controls
Sliding vane AERZEN, Kacser, Kay, Kubicek, g 1,15 931005 10 to 20 105 to 115
compressors Shangu, Robushi
Piston compressors Spilling 1to0 10 1.4t0 20 30 to 40 Up to 280*
Screw compressors Atlas Copco, Howden 03t02  045t0 1.5 50 to 70 130 to 165*
(oil-free)
Twin screw compressors Kobelco 0.6 1.5t02 40 165 to 175%*
Rotary lobe compressors ToCircle 1to5 1 50 to 90 160 to 188*
Spindle compressors Hamburg Vacuum 0.2t0 0.6 1 80 to 120 160 to 230 *

Integrated gear compressors offer high efficiency and a compact design. A central motor drives multiple
compression stages via planetary or bevel gearing, allowing each stage to operate at an individually
optimized speed. Variable inlet guide vanes and a configurable number of stages enable flexible
operation and fast load changes. Key suppliers include Everllence (formerly MAN Energy Solutions),
Turboden, Mitsubishi Heavy Industries (MHI), Siemens and Howden [7], [21], [26], [27], [28].

MVR blowers are high-speed centrifugal machines designed for large volumetric flow rates and small
pressure or temperature lifts. They are primarily used in evaporators (e.g., dairy, wastewater, chemical,
and pharmaceutical industries), drying processes, and industrial waste heat recovery systems. Typical
suppliers include Atlas Copco, Continental Industrie, EPCON, Howden, Hoffman & Lamson, Piller,
Shandong Zhangqiu, Shangu, and Skyven [7], [8], [9], [21], [22], [23].

Direct-drive turbo compressors are well-suited for small- to medium-scale steam applications. They
feature compact axial or multistage radial designs, oil-free operation, and high rotational speeds
(35,000-70,000 rpm) [5]. High efficiency is achieved at small to moderate temperature lifts (up to 20 K
per stage) and suction pressures of 200—500 mbar. Key suppliers include Rotrex [29], Wheel & Sandvig
[30], CS Techcom, SPX Flow, and Johnson Controls. For example, Wheel & Sandvig’s WSE TURBO
compressors achieve pressure ratios of 2.0-2.8 per stage, enabling up to 30 K per stage or 83 K across
three stages [7], [21].

Figure 3 shows the COP of different steam compressor types as a function of the temperature lift between
suction and discharge, based on literature data and reference cases [21], [30], [31], [32], [33], [34]. The
data can be described by the fit COP = 106.03 - ATy; ft_0'766. The compressors achieve Carnot

efficiencies of 53—70% (average 64% at a fixed steam temperature of 165 °C and 20 K to 120 K
temperature lifts). The COP decreases from ~6.3 to 3.1 when the temperature lift increases from 40 K



to 100 K. Isentropic efficiencies of various steam compressor types (i.e., screw, centrifugal, and turbo)
typically range from 0.75 to 0.85, depending on design [11], [25].
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Figure 3: COP of various steam compressor types as a _function of the temperature lift between suction and discharge for
piston compressors, MVR blowers, turbo compressors, trubo fans, and twin screws [21], [30], [31], [32], [33], [34].

Figure 4 presents direct SGHPs with closed cycles (Figure 2, Concept C) from SPH, Enerin, Olvondo,
Heaten, and Mayekawa [9], [35], [36], [37], [38]. The SGHPs differ in design, refrigerants (e.g., HFOs,
hydrocarbons, helium), compressor types (piston, screw), and compression staging (e.g., cascades). All
feature a direct steam heat exchanger, such as those supplied by Vahterus or GESMEX.

A | SPH B | Enerin C | Olvondo

Figure 4: Steam-generating heat pumps (SGHP) from (4) SPH, (B) Enerin, (C) Olvondo, (D) Heaten, and (E) Mayekawa
with plate and shell heat exchangers [9], [35], [36], [37], [38]. Images courtesy of the manufacturers.

SPH’s ThermBooster systems (recently acquired by Copeland) with integrated steam generators (Figure
4, A) currently achieve 115 to ~160 °C (up to 6 bar), covering a large share of industrial applications.
The systems offer high configurability, including heat exchanger design, tailored source and sink media,
and large temperature lifts. Project examples in the Netherlands, Germany, Italy, Austria, Spain, and
Switzerland demonstrate successful industrial steam heat pump deployments [39]. Reported steam
applications show an average COP of 3.1 + 1.1, a mean heating capacity of 1,105 + 685 kW, and an
average sink temperature of 129 + 16 °C [7].

Enerin and Olvondo offer the Stirling-cycle—based HTHPs HoegTemp [40] (Figure 4, B) and HighLift
[35] (Figure 4, C), using helium (R704) and double-acting piston compressors. These systems enable
large temperature lifts, flexible operation, and supply temperatures above 200 °C. Enerin delivers 0.3—
10 MW of heating capacity at up to 250 °C [40] and achieves higher COPs than comparable technologies
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above ~160 °C and temperature lifts >80 K. For steam generation, its 6-cylinder unit supplies
pressurized hot water to a plate steam generator. Enerin reports 30,000 prototype operating hours, series
production since 2023, and a 12-cylinder (800 kW) version planned for 2025. Olvondo systems deliver
steam at 100—183 °C from heat sources between —5 and 120 °C, with COPs of 1.4-2.5 [35]. Typical
values are ~1.7 at 36/183 °C (147 K lift) and ~2.6 at 90/144 °C (54 K lift).

Heaten AS offers the HeatBooster with piston compressors [37] (Figure 4, D). The product portfolio
includes the HBL4 (4 cylinders, 0.8-2.5 MW) and HBL16 (16 cylinders, 3.2-10 MW). The systems
deliver 90-200 °C using water or steam. Single-stage configurations enable temperature lifts of up to
80 K, while two-stage systems achieve up to 140 K, with higher capacities achieved via cascading or
parallel operation. Refrigerants include HFOs (e.g., R1234ze, R1233zd, R515b) and hydrocarbons (e.g.,
R600a). Reference applications for steam generation, including the HBL-4-S/S (steam/steam), can be
found in sugar processing, paper manufacturing, and district heating, supported by partnerships with
ADVENT and INNIO. For water—water applications, COPs of 3.6 (70/125 °C, 55 K lift, R1233zd) and
3.2 (25/95 °C, 70 K lift, R515b) are reported [37]. Compressor scaling is currently underway.

Mayekawa manufactures around 6,000 compressors per year [38], with MYCOM models widely used
in the EU. The SGHPs M-HT (R600/R600a) and FC-HT (R601/R601a) systems employ ATEX-
compliant components that deliver steam capacities of 0.5-3 MW and are scalable beyond 12 MW. M-
HT systems deliver 110—125 °C from 35-70 °C sources, while FC-HT systems reach 155-160 °C (6
bar) from 55-90 °C sources (Figure 4, E). Typical food applications report COPs of 2.4 at 38/159 °C
(water/steam) and 5.7 at 90/112 °C (1.5 bar), with ~2 MW heating capacity or 3 t/h of steam for seafood
processing [38]. In the EU SPIRIT project, a two-stage ammonia/pentane cycle (R717/R601) produces
0.7 MW of steam (~1,2 t/h) at 145 °C and 4.1 bar(a), enabling simultaneous heating and cooling with
an overall COP of 2.5. Commissioning is planned for Q1/2026.

An alternative technology is air-to-steam heat pumps [9], [41], [42], [43], [44], [45].
For example, since 2020, the Hongjitang Brewery in China’s Shandong province has been operating
three units with a total capacity of 180 kW (3 x 60 kW) [43], [45]. The air-to-steam heat pumps use an
R410A/R245¢fa cascade cycle with a 3 m? flash tank at 90 °C, producing about 0.2 t/h of steam at 120 °C
and 1.2 bar [44]. Stable operation is reported at ambient temperatures of 5-35 °C, with COPs ranging
from 1.5 to 2.1 [44]. At 18.9 °C, a COP of 1.85 is achieved [45].

In September 2025, US-based AtmosZero commissioned the first commercial Boiler 2.0 at New
Belgium Brewing in Fort Collins, Colorado. The 650-kW system delivers 1 t/h of saturated steam at
150 °C and 4.7 bar(a), using a two-stage cascade cycle with an intermediate heat exchanger. It operates
with R513A and R1233zd(E) refrigerants and Danfoss Turbocor compressors, achieving isentropic
efficiencies of 77-81 % and pressure ratios of 1,6 —2,3 [41]. Ambient air (—10 to +40 °C) serves as the
primary heat source. Under local climatic conditions in Fort Collins (-3.6 to 22.7 °C), the air-to-steam
heat pump achieves an annual COP of 1.81 for 150 °C steam [42].

Combined HTHP+MVR cycles (Figure 2, D) and SGHP systems with flash tanks and downstream MVR
(Figure 2, E) have been investigated and partially implemented by several manufacturers, thereby
expanding the range of SGHP demonstration plants [9], [16], [46], [47].

Table 2 summarizes case studies from Kobelco [48], ANEO [49], Johnson Controls [50], Nestlé [5], and
the EU Horizon projects AHEAD [39] and Push2Heat [20]. The overall performance of a combined-
cycle system is largely determined by the refrigerant used in the closed-cycle HTHP, the compressor
types, and the intermediate (transfer) temperature of water evaporation from the HTHP to the first MVR
vapor compression (i.e., suction pressure).

In 2011, Kobelco introduced the SGH165 steam heat pump in Japan. It features an HTHP unit with
R245fa, a flash tank, and a single-stage screw steam compressor. Using heat sources at 35-70 °C, it
produces saturated steam at 135—175 °C, with a heating capacity of 624 kW (~0.9 t/h steam). Hot water
at 115 °C is expanded in the flash tank and further compressed in an oil-free, water-injected screw
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compressor. COP ranges from 1.9 (50/165 °C source/sink) to 3.0 (70/135 °C), with 2.5 at 70/165 °C.
Drop-in alternatives R1224yd(Z) and R1336mzz(E) were tested [48]. Optimal flash tank temperatures
are 98—114 °C. Hydrocarbons have not been tested due to poor oil compatibility, and ammonia is
incompatible with the seals and materials used.

Table 2: Case studies with combined cycle of HTHP, flash tank (separator), and MVR (*in operation, ** planned for 2026).

Firma, Refrigerant Heatlng capacity Heat Intermediate Steam COP Compressor
Proiekt in HTHP (kW) source temp. temp. ¥ type
) (t/h steam) °C) °C) °C) HTHP / MVR
(48],
Kobelco* R1224yd(2), 624 (0,84 t/h) 70/65 110 165 2,5  Screw/screw [51],
R1336mzz(E) (52]
ANEO* R717 1,600 2 th)y 2924 85 ORI NI Lo
turbo fans

Johnson Controls** R717 1,075 (1,7 t/h) 39/34 120 139 2,4  Piston/screw [50]
Nestlé** R717 1,100 (1,8 t/h) - - 135 - - / turbo [5]
AHEAD* R600 1,561 (2,5 t/h) 70/65 115 184 2,3  Piston/piston [39]
Push2Heat** R1233zd(E) 855 (1,31 t/h) 90/80 115 162 3,0  Screw / screw [[252]]’

ANEO [21], [49] implemented a combined-cycle steam heat pump at Felleskjopet Agri in Trondheim,
recovering heat from the pet food pelletizing process and from moist exhaust air. The HTHP uses
ammonia (R717) and a two-stage configuration with screw and reciprocating compressors from GEA.
Steam is recompressed using four Piller VapoFans with water injection and a water/steam separator at
85 °C. The pilot system (1.6 MW heating capacity) supplies 2 t/h of steam at 120 °C and 1.5 bar(a),
achieving a COP of 3.1 with a heat source at 29/24 °C.

Johnson Controls developed a combined ammonia heat pump (HeatPac 712) and MVR system [50]. The
HTHP uses a 39/34 °C heat source and supplies hot water at 80/89 °C with 800 kW heating capacity
and a COP of 4.0. Steam generated at 80 °C (0.455 bar) is compressed in a three-stage MVR system
from 0.455 to 3.5 bar, producing saturated steam at 139 °C with a mass flow rate of 1.7 t/h. The combined
HTHP+MVR system delivers 1.075 MW with an overall COP of 2.36 (~61 % Carnot efficiency). A
broader commercialization requires additional customer projects [50].

A similar system is planned for the Nestlé France Petfood Retorting Decarbonisation project starting in
2026 [5]. It combines an 85 °C ammonia heat pump with three turbo MVR units to produce steam at
135 °C with a heating capacity of 1.1 MW. The project is close to financial approval. In addition, it is
foreseen to use a Copeland VILTER unit (single-screw compressor, 80 bar system pressure) to increase
the heat pump hot-water supply temperature to 110 °C, with Nestlé¢ acting as the industrial partner [5].

The AHEAD (Advanced Heat Pump Demonstrator) project demonstrates a combined HTHP using
butane (R600, 180 kg refrigerant charge) from SPH and a reciprocating steam compressor from Spilling
at Takeda’s pharmaceutical site in Vienna, Austria [54]. The HTHP uses 70/65 °C hot water and
generates steam at 115 °C (1.67 bar) with a COP of 4.3, which is then recompressed to 184 °C and
11 bar(a). The piston steam compressors from Spilling operate at suction pressures above 1.4 bar(a)
(110 °C) and achieve temperature increases of up to 100 K using a two-stage compression design within
a single unit. The overall system delivers 1.56 MW and 2.5 t/h of steam, with a total COP of 2.3 [39].
The SGHP plant has been successfully commissioned but is not yet in continuous operation.

One of the Push2Heat demonstration projects is being implemented at Cartiere di Guarcino in Fiuggi,
Italy [20], [53]. The HTHP developed by Cannon Bono uses R1233zd(E) and 600 kW of waste heat
from a biomass CHP cooling circuit (90-80 °C) to produce steam at 115°C (1.7 bar(a), 740 kW,
COP 5.3). The steam is then recompressed via MVR to 6.5 bar(a) and 162 °C (855 kW, 1.31 t/h) for
injection into the medium-pressure steam network on site. The combined HTHP+MVR system achieves
a total COP of ~3.0. Commissioning is planned for 2026 [53]. The screw compressor is supplied by
Palladio Compressors, recently acquired by Danfoss.



Conclusions

Steam compressors and steam-generating heat pumps (SGHP) are key technologies for decarbonizing
industrial steam networks. An OST survey conducted ahead of the Steam-Generating Heat Pumps
Webinar 2025 highlighted strong potential in the food and beverage sector, where process steam
between 100-200 °C is common, with the largest market for 1-3 MW heat pump systems.

The number of commercial high-temperature heat pump (HTHP) products nearly doubled between 2018
and 2024. Many manufacturers now offer ready-to-use closed-cycle HTHP systems and steam
compressors, with successful industrial applications demonstrated by SPH, Enerin, Olvondo, Heaten,
and Mayekawa.

Steam compressors are available in various types, including integral-gear, mechanical vapor
recompression (MVR) blowers, rotary, screw, turbo, reciprocating, vane, and spindle compressors,
differing in capacity, temperature lift, and achievable steam pressure/temperature. Combining one- or
two-stage closed-cycle HTHPs with steam compressors significantly extends the performance range,
enabling applications at higher temperatures and pressures.

Various system concepts are used for steam generation:

e open steam compressor (MVR) loops,

e steam compressors combined with an evaporator,

e direct steam-generating HTHPs (closed or combined with steam compression), and

e hybrid (combined) HTHP systems with hot-water, flash tank, and steam compressors.

The choice depends on the required steam pressure and temperature. Steam compressors are suitable for
pressures up to ~11-12 bar(a) (183—188 °C saturated steam), while closed-cycle HTHPs efficiently
utilize waste heat (or air sources) to supply hot-water or low-pressure steam networks. Efficiency
analyses show clear differences in COP values between these approaches.

Steam compressors typically achieve COPs of 3—11 (53-70 % Carnot efficiency, average 64 % at 165 °C
steam pressure), while closed-cycle HTHPs reach COPs of 2—6 (35-50 % Carnot efficiency, average
43 % at 120 °C) [55]. Open MVR systems are generally more efficient, whereas closed-cycle HTHPs
enable higher temperature lifts. Temperature lifts of up to ~100 K appear technically feasible. Air-to-
steam heat pumps can achieve annual COPs of around 2 under local climatic conditions.

Combined HTHP+MVR cycles offer additional potential but are still in the demonstration phase, as
shown by projects from Kobelco, ANEO, Johnson Controls, Nestl¢, and EU Horizon projects AHEAD
and Push2Heat. Key to system efficiency is the intermediate temperature between the HTHP and the
first MVR stage, which depends on the refrigerant, compressor efficiency, and steam pressure.

Future developments target compact, high-efficiency turbo compressors and optimized HTHP+MVR
concepts. Broader commercialization requires favorable economics (electricity cost, investment),
standardized interfaces, and robust safety and integration designs to accelerate planning and
implementation, alongside pilot and customer projects willing to adopt innovative solutions.
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