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Abstract

Steam is a crucial energy carrier in industrial processes, integral to various heating and process applications.
Mechanical vapor compressor (MVC) and vapor compression heat pump (VCHP) cascades have emerged as
highly efficient technologies for steam generation, outperforming standalone VCHP systems for steam
generation in terms of energy efficiency. This increase in efficiency motivated first industrial implementations
of MVC-VCHP cascades that are either in imminent realization or already operational.

The three primary MVC technologies—piston, screw, and turbo compressors—exhibit unique performance
characteristics and operational limitations, but also show some overlap in their operational margins,
complicating the selection process for optimal use cases. This challenge is further intensified under partial load
conditions, where performance deviations become increasingly pronounced and technology specific.

We present a methodology designed to evaluate industrial site specifications, energy costs and individual
equipment capital expenditure as well as performance data. The outcomes of this calculation are then subjected
to a sensitivity analysis, allowing for the assessment of variations in input parameters. The levelized cost of
heat (LCoH) holds as important metric for long term investment decisions and is therefore chosen as key metric
to compare the technologies.

This methodology results in a realistic evaluation of optimal operational windows for each technology,
allowing for informed decision-making for both VCHP and MVC suppliers. By identifying the machine
configurations tailored to the equipment operating windows, these results contribute to minimizing primary
energy consumption and optimal LCoH for the steam supply.
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1. Introduction

Steam is the primary energy carrier in industrial processes due to its excellent heat transfer properties during
condensation. With the highest latent heat content of any known fluid, steam offers a high energy density and
delivers optimal heat transfer during the condensation process. These characteristics allow for a significant
reduction in the size of heat exchangers and piping, particularly in high-pressure steam applications, compared
to other heat transfer media.

In many modern industrial plants, steam is primarily produced by fossil fuel-fired boilers. These boilers are
favoured for their relatively low investment costs. However, these fossil fuel-based systems emit substantial
amounts of CO,, which has a severe impact on the global climate. In the European Union, industrial processes
account for 20.3% of CO, emissions [1]. In these industrial processes, heat below 200°C accounts for 39% of
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the total heat demand, which is currently met primarily by fossil fuels, most commonly through natural gas
boilers [2].

Direct steam production via electric steam generators offers a potential solution for reducing CO» emissions.
However, in high electricity-to-gas price scenarios, the associated higher energy costs make them less
competitive compared to the fossil fuel fired equipment. This is particularly problematic in energy-intensive
industries, where the increased energy costs for electrification result in significant competitive disadvantages
in a globalized economy.

State-of-the-art heat pumping technologies offer a promising alternative, providing process steam with
lower primary energy input, particularly for temperature ranges around 200°C and below [3-5]. By investing
electrical energy, these systems utilize low-grade waste heat and upgrade it to high-temperature process heat
at the required temperature level. The pressure, and thereby the temperature, of the saturated steam can be
further increased through direct steam compression. This is achieved using mechanical vapor compressors
(MVC), a technology known from mechanical vapor recompression (MVR) applications. These technologies
offer additional benefits, as they can reach higher saturated steam temperatures than current VCHP
technologies [5]. However, they come with certain drawbacks, particularly in applications with low waste heat
temperatures, due to the low density of steam in sub-atmospheric conditions.

To leverage the strengths of both VCHP and MVC technologies, cascades of these systems, as illustrated
in Figure 1, have been investigated theoretically [6—8] and first devices are already operational [9, 10] or close
to full operation [11], demonstrating increased efficiency and operational benefits for each technology when
used in combination.

Given the distinct performance characteristics of each technology, the optimal operating window for the
cascade varies across different industrial processes. Determining the steam pressure and temperature for
transitioning an optimal handover from the heat pump to the steam compressor is not straightforward.
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Figure 1. Sketch of the VCHP-MVC cascade under investigation with injection after each MVC stage.

This work aims to address this question from a techno-economic perspective. We take a high-level
approach, avoiding detailed modelling of the vapor compression cycle, to make our results applicable across
a wide range of process parameters. However, the approach allows for user inputs to adjust process and system
parameters, such as the efficiencies of each used technology. Consequently, we identify the point at which
operational and investment costs are minimized, determining the optimal handover temperature from the
VCHP to the first MVC stage. Since many industrial processes operate off their design point for a significant
portion of the year, we also examine how part-load behaviour affects the cascade’s performance, which may
lead to a different handover temperature than what is observed in full-load conditions.

To illustrate the results of the presented calculation we picked a showcase example that is partially based
on specific input data from openly available literature sources. Especially when it comes to equipment
investment cost, there is a large uncertainty in the available data.

2. Heat Pump Technologies for Steam Generation
2.1. Vapor Compression Cycle

2.1.1. Technology overview

The vapor compression cycle is the most widely used refrigerant cycle in industrial heat pumps. It relies on
heat exchange mainly during the condensation and evaporation of a refrigerant at two distinct states, each
defined by fixed pressure and temperature conditions. This characteristic makes the cycle well suited for
comparison with the Carnot COP (Coefficient of Performance), which represents the maximum achievable
COP for any heat pump and is defined by

Ty
Th - Tc

cop, = )


https://doi.org/10.23697/gv6r-d231

15th IEA Heat Pump Conference 2026 - HTH12.4 - https://doi.org/10.23697/gv6r-d231

This fundamental description of the heat pump performance is based on the two characteristic temperatures
of the vapor compression cycle: the condensation temperature T, and the evaporation temperature T,.
Since a real heat pump operates below the theoretical maximum efficiency, its performance is typically
expressed as a fraction of the Carnot limit, quantified by the second-law efficiency 7,,4. In general, the COP
of a heat pump relates the delivered heat output @y to the electrical power input P,; and thus indicates how
much more heat can be supplied compared to the electrical energy invested as can be seen by

COP = Q—H = 1,qCOP; . 2)
P el

Since we do not delve into the specifics of the refrigeration cycle and instead focus on the heat pump's
performance based on external parameters, the temperatures T, and T, are referred to external parameters.
In the case of steam-generating heat pumps, we set T, as the steam temperature and T, as the source outlet
temperature, as these temperatures best correspond to the condensation and evaporation temperatures in the
refrigeration cycle.

In Arpagaus et al. [3] different approaches of modelling the heat pump performance based on source and
sink temperature are presented. We have compared these approaches based on the resulting 2" law efficiency
for different temperature lifts T, — T, in Figure 2. Besides the second law efficiency model they present two
other approaches that show divergent behaviour at low lifts and therefore fail in describing the heat pump
performance in these conditions. Since we want to describe the heat pump performance for arbitrary handover
temperatures, we chose the simple but proven approach of describing the heat pump performance by an
efficiency model where 7,,4 = 0.45 is applied to the Carnot COP, which offers the advantage of being
applicable over a wider temperature range.
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Figure 2. Comparison of different heat pump performance models based on 60°C heat source temperature and variable steam (heat sink)
temperature based on equations of Ref. [3].

2.1.2. Off-design-performance

Depending on the compressor technology used in the refrigeration cycle, the off-design performance of
VCHPs can vary significantly. While piston compressors maintain a relatively constant performance over a
wide range of steam mass flow rates [12] , screw compressors often experience a drop in efficiency when the
mass flow—and thus the heat output—deviates from the design point. This will be demonstrated based on the
part-load performance of a screw steam compressor in Section 2.2.2. In the showcase example, we assume that
the VCHP employs a piston compressor and that the heat pump experiences no efficiency loss during part-load
operation as motivated by equipment manufacturer information.

2.2. Mechanical Vapor Compression

2.2.1. Technology overview

Steam compressors are a well-established technology. In this study, we employ them to raise the steam
pressure beyond what is achievable with state-of-the-art VCHP systems. For certain applications, we even
observe improved performance for lower handover temperatures in the cascade.
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By investing electrical power, steam is mechanically compressed, resulting in an increase in both pressure
and temperature at the output. This process is often referred to as an open-loop heat pump cycle, as the
compressed steam is directly used in the process and not reintroduced into the MVC after condensation. This
contrasts with the closed-loop cycle of a VCHP, where the same refrigerant is reused after each cycle.
However, an MVC system can also be employed as a compressor in a closed-loop heat pump cycle that uses
water (R718) as the refrigerant.

The performance of a compressor is often quantified by its isentropic efficiency n;s. This metric describes
the deviation of the actual final state of the compressor from the theoretically most efficient final state,
following from isentropic compression, where no entropy is produced.

In practical MV C applications, a single compression stage is often insufficient to achieve the desired steam
pressure. As a result, steam compressor systems typically employ multiple stages, as shown in Figure 3. After
each stage water is injected to reduce superheating, which is also referred to as dry compression since the
suction conditions for each stage are never in the wet steam regime (steam quality x < 1). Excessive
superheating can lead to thermal stress on the equipment and reduce efficiency, as compression becomes
increasingly inefficient the further it moves from the saturation curve.
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Figure 3. Log(p)-h diagram of a stage wise dry steam compression from 100°C to 150°C saturated steam at a stage pressure ratio
PR=1.47. Water is injected after each stage to decrease superheating and reach saturated steam conditions.

The performance of MVC technologies in multistage applications largely depends on both the stage
isentropic efficiency and the maximum achievable lift per stage. These two parameters determine the second-
law efficiency shown in Figure 4, where its decrease with increasing lift per stage is illustrated.
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Figure 4. Second law efficiency of MVC technologies with typical isentropic efficiencies and stage pressure ratios compared to the
constant efficiency of a VCHP. (Turbo: ;s = 0.85, PR, = 1.5, piston: 1, = 0.7, PR, = 3.5, screw: n;; = 0.65, PR, = 8)

To summarize the approach taken in this work, we describe the performance of the VCHP based on the
second-law efficiency, whereas the performance of the MVC technology is characterized by the isentropic
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efficiency of the compressor. This provides a more detailed description of steam compression. Moreover, this
approach remains flexible in describing the heat pump cycle without requiring detailed modelling of its internal
dynamics and is applicable across a wide range of operating conditions.

2.2.2. Off-design performance

The off-design performance of an MVC largely depends on the compression technology used. Turbo
compressors, for example, have a relatively narrow operating range and experience a significant decrease in
performance when deviating from the design point. This behaviour is often illustrated in turbo compressor
maps. The efficiency in this context is determined by the pressure ratio and volume flow. Since we are
considering fixed pressure ratios for each handover temperature, a slice through the compressor map at a
constant pressure ratio can be used to represent the decline in isentropic efficiency as a function of the mass
flow ratio relative to the design point. We utilized the compressor map from an experimental steam compressor
in Ref. [13] and found a normalized fit function with maximum efficiency mn;; = 0.78 at the design point at
100% mass flow (x) of

f(x) =—0,728 - x* + 1,460 - x + 0,268 (3)

For piston steam compressors we expect the same off-design performance as in heat pumps with piston
compressors and therefore assume that the performance doesn’t degrade under partial load conditions.

In the work of Deguerece et al. [14] a screw steam compressor was subjected to a performance review,
which found an average isentropic efficiency of 1;; = 0.65 across all test points. For part-load behaviour at
a constant pressure ratio, we referred to data from manufacturers of screw compressors used in refrigeration
applications. The average performance decrease of a screw compressor can be described using the normalized
fit function

f(x)=1263-x*—-1316 - x + 1,053 (4)

2.3. Steam compressor — heat pump cascade performance calculation

An illustration of the equipment arrangement in the cascade is shown in Figure 1. The VCHP at the bottom
of the cascade delivers steam at an intermediate temperature to the first stage of the MVC setup. After each
stage of compression, water is injected to reduce superheating, and at the final stage, process steam at the
required saturated steam temperature is delivered.

Since both technologies produce steam, we chose the latent heat in the outlet steam as the metric for
comparison. as it is always required at the same temperature regardless of whether it is generated by the VCHP
or the MVC. To calculate the fluid properties of the steam we used the TILMedia python fluid library and
determined the heat in the outlet steam based on the enthalpy Ryean, sarurarea at steam temperature Tsppq,, and
qualities x on hand of

Qsteam = (hsteam,saturated(Tsteam:x = 1) - h]fquidsaturated(Tsteam:x = O)) : moutlet (5)

Each MVC technology has a maximum attainable pressure ratio per stage PR, q, relating the inlet and
outlet pressures. The pressure ratio determines the number of stages required for the pressure increase from

Dinitial to Pfinal

Pfinal
l
_ n (pinitial) (6)

n =
stages ln(PRmax )

The actual compression ratio per stage PR, 1S computed on the hand of
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DPfinal )1/n5tag95 (7)

Pinitial

PRactual = (

The performance of a cascade can be computed using a stage wise algorithmic approach based on the
isentropic efficiency of each steam compressor stage and the second-law efficiency of the heat pump. The
performance calculation begins with the desired steam mass flow required for the process heat, which
correlates to the heat output. Each preceding stage has a lower mass flow 1., due to the desuperheating
water injection 7h;,;, which is subtracted. After all MVC stages, the required steam mass flow coming out of
the bottom-end steam generating heat pump is determined. The calculation for each MVC stage is presented
in the following list.

1. Calculate the inlet steam pressure p;, for the current stage based on the outlet pressure p,,. and the
pressure ratio PR, .- First, the inlet pressure of the final stage is computed, where p,,. is the desired
steam output pressure required for the process. For each further step of the calculation pg, is
equivalent to the inlet pressure of the next higher stage.

pout
Py = 8
" PRactual ( )

2. Compute the thermodynamic state conditions at the inlet of the current stage

hin = h(pin'x = 1)' Sin = S(pin'x = 1) (9)

3. Compute the outlet state according to isentropic compression (ideal compression)

his, out — h(poutvs = Sin) (10)

4. Compute real output enthalpy according to isentropic stage efficiency

his out — hin
hout = hin +— (11)

Nis

5. Reduce desuperheating by water injection of an amount depending on the inlet mass flow

hout B hsat, vap

mstage h — h
min]' _ - saiv}alp liq (12)
1 + out sat, vap
hsat, vap hliq
6. Electrical power per stage with overall efficiency of 95% depending on the inlet mass flow
(Mstage = Ming) * (Rour = Rin)
Pvcsge =~ g o5 (13)
7. The inlet mass flow is handed over to preceding stage as new outlet mass flow
mstage < mstage - minj' Pout < Pin (14)
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The heat pump thermal capacity is then computed based on the output steam mass flow, which is equivalent
to the inlet steam mass flow of the first MVC stage.

QVCHP,required = mevap ' (hsink - hsource + CpAT) (15)

In the sensible heat part of QVCHp’required we calculated the heat capacity at constant pressure ¢, at the
handover temperature between the heat pump and the steam compressor, while the temperature difference AT
is the difference of the handover temperature and a fixed feedwater temperature of 20°C.

3. Cost Model
3.1. Investment cost

3.1.1. VCHP investment cost

Typically, the specific investment cost (e.g., €/kW) of heat pumps decreases with increasing capacity. This
trend is represented by specific cost functions found in the literature. The main contributors to heat pump costs
are the compressor and the two heat exchangers used for condensation and evaporation. These components
generally scale with the heat demand at the sink, which motivates relating the specific investment cost to the
heat capacity Q) of the heat pump, as described in Ref. [3]. This relationship is based on a fit of commercially
available VCHPs.

Cinpup = 3157 - QEO'SZZ for [Cinv,HP] = €/kWy, (16)

3.1.2. MVC investment cost

For MVC technology, the specific cost is sometimes reported in relation to the thermal capacity [15].
However, since the steam compressor is not equipped with a heat exchanger, this may not always provide the
most accurate representation, as the cost is largely influenced by the number of stages, which increases with
the temperature lift. Given that electrical power correlates with the temperature lift as well as the mass flow
according to Eq. (13), we chose it as a representation of the equipment cost. Due to the limited data available,
we adopted heat specific values to electrical power specific to describe the cost of MVC equipment. Based on
realized projects published in Annex 58 — High Temperature Heat Pumps [5] we estimated the specific cost
for reciprocating piston MVC technologies to 970€/kW,; derived from a project where the installation costs
were not included. For turbo MVC technologies we found a project with unclear details regarding installation
costs, therefore we decided to halve the reported investment cost, assuming a specific investment of around
1500€/kW,;. As no publicly available price data was found for screw MVC systems, we assumed their
investment cost to be equivalent to that of the piston MVC.

3.2. Operating cost

The total annual heat demand Qy,.,; is then reflected in the operating expenditure OPEX, calculated using
the electricity price EP, the electric power demand Pe;t,. and the utilization time per year ts,e.. EP only
considers electricity consumption cost, while electricity demand cost has been ignored. These costs are
combined with the annual maintenance expenditure OPEX,, to determine the total operating expenditure

OPEX = OPEXy + topec * Pevtor - EP (17)

A literature study suggests that the average annual maintenance cost is about 3.2% of the investment cost
[3]. To account for additional unknown factors, we chose to set it to 4% for our further calculations.

3.3. Levelized Cost of Heat
LCoH has been chosen as the key metric to compare the total cost when we compare the share that vapor

compression heat pumps and steam compressors cover in the cascade
They consider CAPEX as well as OPEX, which are set in relation to the generated heat
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Qheat = tspec Qheat (18)

The calculation of the levelized cost of heat is based on the calculation of levelized cost of electricity
presented by Short et al. [16]. However, due to the assumption of constant energy demand and cost it can be
simplified by employing the CRF factor and then reads

CRF - CAPEX + OPEX
LCOH = (19)
Qheat

Here capital recovery factor CRF takes account of the weighted average cost of capital (WACC) in the
following form

CRE — WACC(1 + WACC)® 20)
T (1 +WACC) -1

In our calculation the weighted average capital cost WACC is chosen to 8% by factoring in interest rates
and capital risk. In general it depends also on tax credits and rates, depreciation and insurance cost and is often
estimated between 5 and 15% [3][16].

4. Results
4.1. Exemplary use cases of cascades

To showcase the performance of heat pump cascades in different scenarios we defined three distinct use
cases. All cases operate at the same process steam temperature of 150°C and a heat source temperature of
60°C. The cost of electricity is estimated at 100 €/ MWh, and the total operating time for the machinery is set
to 10 years. Under full load conditions, all cases deliver 5.4 t/h or 3.17 MW of steam, which were chosen since
it is in the operating range of each MVC technology in the given process conditions. Cases A and B compare
the effect of heat pump efficiency, with both cases having the same utilization of 6000 hours per year. Case C
represents a scenario with low utilization, operating for just 3000 hours per year. Each case is considered with
50% of the time in part-load operation. The case parameters are provided in Table 1, the resulting LCoH heat
maps for Cases A, B and C are displayed in Figure 5, Figure 6 and Figure 7.

Table 1. use cases for VCHP-MVC cascades

Use Case A (Base case) B (eff. HPs) C (low utilization)
tspec 6000 6000 3000
N2na 0,45 0,55 0,45

4.2. Visualization of results

The multitude of input parameters presents challenges when visualizing the results in two dimensions. Out
of a user perspective, we chose to plot the handover temperature, which is equivalent to the VCHP sink
temperature, and the percentage of part-load operation on individual axes of the outcome diagrams. In each
diagram, the LCoH is represented by a colour gradient of a heat map, with the minimum LCoH highlighted by
an “x” mark. This representation provides the user with insight into how much heat is delivered by the VCHP
and MVC, while also illustrating how the optimal handover temperature changes as the part-load factor

increases.
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Figure 5. LCoH plotted on a heat map for use case A for three different MVC technologies
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Figure 6. LCoH plotted on a heat map for use case B for three different MVC technologies
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Figure 7. LCoH plotted on a heat map for use case C for three different MVC technologies.
The sharp changes in LCoH in Figure 5 to Figure 7 stem from the introduction of a new stage of MVR to

achieve the desired lift under the given maximum pressure ratio.

4.3. Sensitivity analysis

Since all input parameters are subjected to some degree of uncertainty, we performed a sensitivity analysis
at the minimum LCoH point for each heat map and varied each input parameter individually from 50 to 150%
individually while keeping the others constant.
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Figure 8. Sensitivity analysis at minimum LCoH of a turbo MVC for Case A (with 7,,4 = 0.45 at 6000h/a)

As can be seen in Figure 8, the system is most sensitive to the output steam temperature and the source
temperature. This behaviour is expected since these two temperatures directly influence the maximum
attainable efficiency COP. of the total cascade. We also see that the influence of electricity cost shows a
linearly increasing behaviour on the LCoH.

The investment cost and cost of capital only have a marginal influence on the LCoH due to the high
equipment utilization in this case.

In use case C, with low utilization of the equipment, the influence of CAPEX and WACC becomes more
pronounced, as can be seen in Figure 9. The increased gravitas of the heat pump CAPEX is also evident, as
the optimal handover temperature is equal to the outlet steam temperature, resulting in no use of MVC.
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Figure 9. Sensitivity analysis at minimum LCoH of a turbo MVC for Case A (with 7,,; = 0.55 at 3000h/a)

5. Conclusions and Outlook

It is important to note that our analysis relies solely on publicly available data. Price data is difficult to
obtain and is based on multiple sources across different years. As a result, the findings should not be interpreted
as absolute truths but rather as a directional guide indicating where each technology might be most suitable.
Nevertheless, we have developed a methodology that allows users to input values from manufacturer quotes
and therefore achieve a more accurate result. Through the sensitivity analysis, it is possible to assess which
parameters are more critical and where less precise information might still yield reliable results.

However, general trends can be derived from the results presented in this work. For Case A (Figure 5), a
low handover temperature is optimal due to the high utilization of the equipment and the high efficiencies of
the MVC technologies. For Case C (Figure 7), the opposite trend is observed, as investment costs carry a

10
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higher weight under low-utilization conditions. Case B (Figure 6) further shows that efficient vapor
compression heat pumps can be favourable even at high utilization when their efficiency, represented by a
second-law efficiency of 1,,4 = 0.55, exceeds that of the base case (case A).

5.1. Other criteria that must be considered for investment decisions

Our methodology provides valuable insights into the techno-economic factors that must be considered when
making investment decisions regarding operational parameters. These insights can be helpful not only for site
managers but also for equipment manufacturers when deciding how much R&D effort to invest in developing
machinery with larger operational windows. However, the used LCoH metric does not account for variations
in energy demand and energy costs over the entire utilization period. To more accurately represent such
behaviours, the more detailed calculation method of Short et al. [16] is required. Additionally, LCoH is just
one factor to consider when making an investment decision.

Other important criteria must be considered before installing a heat pump cascade at an industrial site. These
include the equipment footprint, operational reliability and redundancy, investment risk, and equipment
utilization, among other considerations. For some processes, clean steam, free from contamination by debris
from the compressor, is needed, rendering the use of some MVC technologies unfeasible.

As steam pressure decreases, so does its density, requiring an increase in volume flow to deliver the same
amount of heat. This increase in volume flow leads to larger condensers of the heat pump and larger piping to
the steam compressor. Such increases in equipment size result in higher costs, which are not fully captured by
the LCoH calculation in relation to the handover temperature. On the other hand, CAPEX has little effect on
LCoH when equipment utilization is high.

5.2. Extensions to our methodology

5.2.1. Dry vs. wet compression in the MVC

We only considered dry compression, where the steam at the inlet of the MVC is already in a saturated
state, becomes superheated during compression, and is then returned to a saturated state after compression
through water injection, as shown in Figure 3.

In wet compression, water is injected before compression, and the steam enters the compressor in a wet
state (x < 1). Some MVC suppliers offer this type of compression, which has shown potential for improving
efficiency and lowering superheated outlet temperatures, thus reducing thermal stress on the machinery.
Hosseinnia et al. [6] demonstrated that wet compression can be 2.1% more efficient than a dry compression in
a scenario of 6 injection ports. With an increasing number of injection ports the efficiencies of dry and wet
compression converge since both follow the saturated vapor line.

5.2.2. Sensitivity analysis based on handover temperature instead of LCoH

While the sensitivity analysis based on LCoH provided valuable insights into which parameters influence
the investment decision, another important criterion is how these parameters affect the handover temperature
from the VCHP to the MVC in the cascade. This would require determining the minimum LCoH for each
parameter variation using an optimization approach, making it computationally more intensive. However, this
approach would offer valuable insights into how the load share between the bottom and top stages changes
when uncertainties in certain parameters arise.
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