PROCEEDINGS OF ECOS 2026 - THE 39™ INTERNATIONAL CONFERENCE ON
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS

28 JUNE - 03 JULY, 2026, CONSTANTA, ROMANIA

Advanced Multi-Temperature Heat Pump Model for
Industrial Decarbonization: A Realistic Multi-Energy
System Optimization Approach

Jan Luca Blaensdorf**", Lukas Hoettecke”, Paul Stursberg” and Stefan Niessen®®

¢ Foundational Technologies, Siemens AG, Munich/Erlangen, Germany,
b Technology and Economics of Multimodal Energy Systems, TU Darmstadt, Darmstadt, Germany,
*Corresponding author: jan-luca.blaensdorfl@siemens.com

Abstract:

Industrial heat decarbonization remains a major challenge particularly for reliable supply of process heating
demands at high temperature levels. Breweries represent a particularly interesting case, as their thermal
demand is substantial but largely below 200 °C. This makes them suitable candidates for electrification with
heat pumps. A new physically grounded representation of heat pumps is presented here. It is integrated into
a techno-economic optimization model for a brewery energy system, in order to compare several electrification
pathways. These pathways include a single high-temperature heat pump, multiple demand-specific heat
pumps, and an integrated multilevel heat pump system with heat-flow optimization across temperature stages.
The results show that the best overall performance is achieved by the multilevel heat pump configuration,
which systematically reuses intermediate heat flows, resulting in the lowest lifetime total expenditures. The
findings highlight that realistic heat pump modelling and temperature-level integration are crucial for identifying
viable electrification roadmaps in industrial multi-temperature energy systems. At the same time, economic
attractiveness remains highly sensitive to future energy prices, carbon costs, and practical retrofit
requirements.
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1. Introduction

The food and beverage (F&B) industry is an energy-intensive industrial sector, with breweries requiring
substantial amounts of process heat for steps such as mashing, wort boiling, and pasteurization [1-4]. Because
most of this heat is still generated on-site from fossil fuels, industrial heat remains a major lever for
decarbonization [5-7]. At the same time, brewery heat demand is typically in the range of 60 to 140 °C and
provides a good opportunity for waste heat utilization, making the sector a promising candidate for
electrification [8]. Decarbonization strategies for breweries have mainly focused on combinations of renewable
electricity generation, storage, electric boilers, heat pumps (HPs), waste heat recovery, and operational
optimization [2,3,5,6,9]. In this context, HPs are particularly recognized as a promising technology because
they can upgrade low- and medium-temperature heat sources efficiently and thereby reduce both fuel
consumption and emissions. However, in many energy system optimization studies, HPs are represented in
simplified approaches, e.g., through a fixed coefficient of performance (COP) [6,10-12]. This limitation
becomes particularly relevant when considering high-temperature heat pumps (HTHPs) for industrial process
heat. HTHPs can supply the temperature levels required in brewery applications, but single-stage systems
often face efficiency and reliability challenges at high temperature lifts [13—18]. For this reason, multi-stage
configurations such as cascaded and multilevel heat pumps (MLHP) are of particular interest. By splitting the
temperature lift across several stages, utilizing optimized refrigerants for each stage, these systems can
improve thermodynamic performance for the high temperatures needed in breweries [14,17,19]. Especially in
the context of fully electrified industrial multi-temperature energy systems, MLHPs are a promising option
because they can simultaneously provide heat at several temperature levels while making use of intermediate
stages efficiently. This makes them particularly attractive for brewery processes and other F&B applications
with diverse thermal demands [16,19-21]. Against this background, this study investigates how more



physically grounded representations of cascading HTHPs and MLHPs can be integrated into brewery energy
systems and what efficiency and decarbonization benefits they may offer.

2. Literature review

Brewery energy systems are conventionally built around centralized gas or oil-fired boilers producing high-
pressure steam, distributed to process units, with electrical demand met almost exclusively from the grid
[2,4,6,22]. Modern decarbonization pathways move beyond simple boiler replacement toward multi-modal
system designs, integrating renewable generation, power-to-heat technologies, and waste heat recovery,
typically optimized using Mixed-Integer Linear Programming (MILP) frameworks [5,6,10,22]. Comprehensive
multi-modal approaches have demonstrated full decarbonization cost reductions exceeding 30 % compared
to simple heat electrification [6].

Within these optimization frameworks, HP modelling is predominantly based on constant COP assumptions,
which preserves MILP linearity and reduces computational overhead but neglects the significant dependence
of performance on fluctuating source and sink temperatures [6,11,12,23,24]. High-fidelity thermodynamic
models exist but are generally confined to experimental settings and are considered computationally
intractable for large-scale system design [25,26].

For reaching the medium-to-high temperature levels required in brewery applications, cascade and multilevel
architectures are of particular relevance. By connecting multiple refrigerant cycles in series via intermediate
heat exchangers, these configurations split a large temperature lift into smaller increments, allowing each stage
to operate near its design point with refrigerants suited to its temperature range [14,16,27]. Importantly, serial
configurations are not limited to integrated single-body units; multiple conventional HPs installed in series can
achieve similar effects, and where intermediate stages directly serve lower-temperature process demands
rather than acting solely as thermal bridge, effective energy cascade utilization is realized [14,16]. Through
optimized sizing and load distribution across stages, such systems can outperform standalone HTHPs and
offer a compelling pathway for industrial electrification at multiple temperature levels. Existing studies typically
focus on the energetic optimization of standalone HP units, parallel sequencing strategies, or conventional
two-stage cascades designed to meet a single high-temperature delivery point [16,19,21]. However, they
seldom model the thermodynamic and operational interactions between internal temperature stages explicitly
to satisfy multiple concurrent process demands. This gap motivates the central focus of this work: developing
an optimization framework that captures the cross-stage heat flow interactions of MLHP systems and evaluates
their techno-economic benefit within a brewery energy system.

3. Methodology

This chapter presents the methodology used to identify optimal technology pathways. A techno-economic
model is applied to rapidly determine optimal equipment sizing and tariff selection by minimizing a multi-year
objective function. The overall mathematical optimization framework is introduced in Section 3.1, followed by
the modeling of HP efficiencies in Section 3.2 and heat flows in Section 3.3. Section 3.4 provides details on
the brewery case study used in this work.

3.1. Mathematical optimization model

The model is based upon the optimization framework developed and improved by [6,28,29]. The minimization
approach generally is to minimize the total costs of all technologies &
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by solving a MILP, where the optimization is restricted by constraints that ensure the physical and technical
feasibility of the energy system. The core constraints are given in [28,29].

3.2. Modelling of heat pumps
To model HPs realistically but also efficiently we use the following formulation to approximate their real COP
based on their sink and source temperature Tgipkx and Tsoyrces €-9., sources in the form of outside



temperature or from available waste heat recovery, and sinks reflecting requirements from process and space
heating demands:

COP(Tsinkr Tsource) = TMquality—grade " Tlcarnot ° fdefrost (2)

The real-world COP combines a stepwise quality-grade efficiency factor capturing real-world irreversibilities
Tsink

. It also adds a defrost correction factor
Tsink_Tsource

not considered in the simple Carnot efficiency Ncarnot =

faefrost that penalizes COP in temperature ranges where frost accumulation is significant.

The quality-grade efficiency factor Ngyality—grade COMbines losses in HP components, heat exchangers, and
more that are hard to accurately model but are often quite well approximated by a constant factor that has
been shown to be mostly dependent on temperature lift [30]. Following approaches described in [30-32] we
propose the following model for the quality-grade efficiency factor of a water-to-water HP:

0.50 if AT< 50K

_ 043 if 50K <AT <90K 3)
Nquality—gradeww = )0.36 if 90K < AT < 130K
0.30 if AT > 130K

For air-source heat pumps (ASHPs) we apply a systematic downward shift of approximately 0.07 at every tier
to account for the less efficient heat exchange of air to water according to [30,31].

The defrosting factor comes from the fact that when an ASHP operates in cold, humid conditions, frost
accumulates on the outdoor evaporator coil. This frost layer acts as a thermal insulator, reducing heat transfer
from the outdoor air and restricts airflow across the coil, increasing compressor workload [33,34]. This triggers
reverse-cycle defrost events, during which the system consumes electricity without delivering useful heat,
reducing the seasonal COP [35]. The magnitude of the penalty is strongly temperature- and humidity-
dependent. This work focusses on climatic conditions in central Europe. The influence of relative humidity on
frost formation and the associated defrost penalty was not accounted for in this study. While relative humidity
is known to affect the frequency and duration of defrost cycles, no measured humidity time series was available
for the investigated location, and substituting site-specific data with a generic climatological average was
considered insufficiently accurate to justify its inclusion. The impact is therefore modelled based solely on the
outside temperature using a stepwise correction factor defined as:

1.00 if T >10°C
098 if 5°C<T<10°C

faetrost(T) = 090 if 0°C<T<5° )
0.95 if T<0°C

Laboratory and field studies consistently identify the 0 °C to 5 °C range as the most frost-critical operating
band, where coil temperatures readily fall below freezing while the ambient air still carries sufficient moisture
to sustain rapid frost growth [33,34]. At temperatures below 0 °C, the absolute humidity of the ambient air
decreases substantially, reducing the rate of frost deposition and the frequency of defrost events, such that
the integrated seasonal penalty is smaller than in the 0 — 5 °C band [35]. Above approximately 10°C, the
outdoor coil surface temperature remains above freezing under normal operating conditions and no frost forms,
so no defrost penalty applies. For temperature lifts greater than 60 K we apply the defrosting penalties twice
to account for the likely higher ice build-up when lifting the already low source temperature to even higher sink
temperatures.

This study focuses on industrial sites with typical demands of several MW, where HPs are generally installed
in multiple units. Since frequency converters offer stable efficiencies across a broad operating range, this work
neglects part-load capabilities, following the approach of [29].

3.3. Modelling of heating demands

Prior work on industrial energy system optimization has largely treated heating demands as purely energetic
quantities, associating each demand with a fixed, constant temperature throughout the year [6,36,37]. As
discussed in Section 2, this implication can obscure important interactions between temperature levels,
particularly in multi-temperature systems where several demands with differing requirements share a common



distribution infrastructure. When all demands on a shared heating system must be served at the temperature
of the highest-temperature consumer, the entire system operates at an unnecessarily elevated sink
temperature, reducing efficiency for all lower-temperature demands and potentially misrepresenting the true
benefit of demand-side measures such as insulation upgrades or heat emitter replacement. Capturing these
effects requires that each demand be associated with its own temperature profile, and that the supply
temperature itself be modelled realistically.

For process heating demands with fixed temperature requirements, the sink temperature of the HP is directly
determined by the process specification. For space heating and similar demands where the required supply
temperature varies with ambient conditions, the required heat flow temperature Ty, is computed as a function
of the desired room temperature T,,,m, the current outside temperature T, iqe, and a building-specific factor
k capturing the combined effect of insulation quality and heat emitter sizing, following the simplified heating
curve formulation according to EN 12831, EN 442 and related empirical research [38]:

Tflow = Troom +k- (Troom - Toutside) (5)

Rather than prescribing a fixed heating infrastructure topology, the model is given the freedom to choose which
combination of supply temperature levels to install. In practice, this means the optimizer can decide whether
to generate heat at the highest required process temperature and distribute it to lower-temperature demands
via vents or heat exchangers, or whether to install dedicated HP stages that deliver heat directly at each,
possibly time-variant process temperature level. Each of these configurations carries a different balance of
capital expenditures (CAPEX), determined by the number, size, and type of HP units installed, and operating
expenditures (OPEX), determined by the efficiency at which each unit operates given its specific temperature
lift. The model therefore implicitly compares the cost of additional heating infrastructure at intermediate
temperature levels against the lifetime operating savings that more targeted heat delivery enables through
higher COPs.

In principle, this framework allows HP inputs and outputs to be defined at any temperature level, not only at
the discrete process temperatures. In practice, however, restricting HP connection points to the actual process
temperature levels is a well-justified simplification for early-stage system design [11,36,37], where the relevant
temperature requirements are known and intermediate levels would add computational complexity without a
commensurate gain in planning accuracy. Moreover, with many closely spaced temperature options, solutions
can become sensitive to small variations in boundary conditions, reducing robustness. The temperature levels
in this study are given by the brewery case study introduced in Section 3.4, which already provides the
optimizer with substantial structural freedom while remaining tractable and interpretable. Exploring finer or
adaptive temperature discretization remains a valuable direction for future work.

3.4. Brewery case study

The general beer production process includes multiple steps and is well described in [6].

The system modeled for this case study uses data from a real brewery. The existing system is schematically
shown in Figure 1. The waste heat source from wort cooling that is not used in the business-as-usual (BAU)
scenario can be fed into a booster HP for optimized scenarios. The system addresses five distinct process
demands: 130 °C steam, 100 °C and 80 °C hot water, and wort cooling. Additionally, room heating (RT) is
provided with a time-variable flow temperature, determined by Eq. (5) using k = 1.5, corresponding to relatively
poor insulation and comparatively small radiators relative to room size, which would fit to a room temperature
heating system for a large industrial facility. Additional electricity demand is supplied by the public electric grid.
The annual demands for process heating, cooling, and electricity are given in the Appendix (Table A.1). The
installed capacities of the different assets are given in Table A.2.
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Figure 1. Simplified energy flow diagram for the BAU scenario. Biogas and natural gas are burned in boiler
systems to provide steam at 130 °C that is then subsequently cooled to deliver heat to different process
demand temperatures. Electricity from the grid is used in a chiller to provide the cooling demand and to supply
supplementary electricity demand. Waste heat is not used.

The room for improvements includes different electrified scenarios with photovoltaic (PV) systems and lithium-
ion batteries. Additionally, a steam, RT hot water, and chilled water storage can be installed. Depending on the
different scenarios, HPs of different configurations can be installed, from ASHPs to booster HPs at varying
temperature lifts. Installation prices and unit sizes for the installable assets are given in Table A.3. Electricity
prices are set to the German spot market prices of 2025, gas prices to 6.7 ct/kWh [39], biogas is extracted
from the brewer’s spent grain (BSG) and has therefore no cost associated with it. All lifetimes are set to 20
years. An interest rate of 7 % is used. For temperature and PV generation time series, standardized time series
for central Europe are used.

As shown in Section 2, there are numerous ways to optimize a brewery’s energy system. This paper focuses
on the electrification of heat supply. In that respect, four scenarios are compared that are schematically shown
in Figure 2. The BAU scenario’s heat flow is described in Fig. 2.a. A straightforward retrofit in which the gas
and biogas boilers of the BAU scenario are replaced by a HTHP for a full electrification is shown in Fig. 2.b.
This approach follows a one-by-one replacement approach with considerable low planning efforts. This is
compared with an alternative configuration that installs four separate HPs (Fig. 2.c), each matched to a specific
process temperature level. Finally, an application of heat-flow optimization to MLHP systems, shown in Fig.
2.d, is investigated.

4. Results

As a solver for the optimization problem, Gurobi Optimizer version 10.0.1 was used on a machine with an
Intel(R) Xeon(R) Gold 6240R CPU @ 2.40GHz with 24 physical cores, 48 logical processors, using up to 3
threads. The MIP gap was set to 0.1 %.

Section 4.1 evaluates the straightforward retrofit of the BAU scenario with an ASHP steam in the One HTHP
scenario for a full electrification. This is also compared to the Multiple HP scenario. Section 4.2 investigates
the MLHP system under varying parameter assumptions. Finally, Section 4.3 compares the different
approaches, discusses their practical realism, and outlines implications for real-world deployment and future
developments.
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Figure 2. Simplified heating diagrams for the four different scenarios: a) BAU, b) One HTHP, c) Multiple HP,
d) MLHP. The color of the arrows denotes the corresponding temperature of the heat flow. Scenario a) and b)
show heat generators producing steam that is then iteratively cooled to the other process temperatures.
Scenario c) has ASHPs delivering heat at exactly the temperature needed for each process and scenario d)
shows the setup of the cascading MLHP system where the heat flow for each heat demand is used as input
for booster HPs to produce higher temperatures. Waste heat is not shown for simplification but flows into a
booster HP for RT production. RT HP can be installed either as a single system with extra compression chiller
or as a dual-mode HP.

4.1. One-by-one retrofit vs. process-specific heat supply

Compared with the BAU scenario, replacing the gas boiler with a single HTHP (scenario b in Fig. 2) results in
a substantial increase in both capital and operating expenditures. Total CAPEX amount to 20.59 M€, of which
15 M€ are attributable to the ASHP steam, while the remainder is associated with PV investments and a small
thermal storage contribution. In contrast, as a simplification we assume the BAU scenario requires no new
capital investment in the reference period. Annual OPEX increase from 3.37 M€ in the BAU case to 4.44 M€
in the One HTHP scenario. The increase in CAPEX is readily explained by the investment required for new
equipment, whereas the BAU case continues operation of the existing gas boiler infrastructure. The higher
OPEX in the One HTHP scenario is less obvious at first glance. While the ASHP steam performs efficiently
under summer conditions, the model indicates that its winter performance is comparable to that of a gas or
electric boiler. This is primarily due to significant defrosting penalties associated with large temperature lifts
under low ambient air temperatures. The main economic disadvantage of the One HTHP scenario, however,
arises from the current energy price structure: natural gas remains considerably cheaper per kilowatt-hour than
electricity. Under average spot-market conditions, an electrified heating system would therefore need to
achieve roughly three times higher efficiency to attain operating costs comparable to those of the gas-based
system. This result is, however, sensitive to assumptions regarding electricity prices, gas prices, and carbon



costs. In particular, rising CO2 prices and continued geopolitical uncertainty may significantly alter the long-
term economic comparison. From an implementation perspective, the One HTHP scenario represents a
relatively simple replacement of the existing gas boiler and therefore serves as a useful reference case for the
electrification of the system. Nevertheless, under the present price assumptions, it does not appear to be an
economically attractive option.

Compared with the baseline configuration in the One HTHP scenario, the Multiple HP scenario (scenario ¢ in
Fig. 2) considers the deployment of multiple individual HPs that are each matched directly to the specific
process temperature levels. This arrangement allows heat to be supplied closer to the required temperature,
thereby improving overall system efficiency. In the One HTHP scenario, a large fraction of the heat demand is
supplied by generating steam with a single ASHP steam and subsequently cascading this heat to lower-
temperature processes. According to the model, steam generation via the HTHP operates at a COP that is
approximately 2 to 2.4 times lower than that of the ASHP RT. As a result, using high-grade heat for lower-
temperature demands introduces avoidable thermodynamic losses, and exergy destruction. These efficiency
gains in the Multiple HP scenario require additional investment. In addition to an ASHP steam, albeit smaller
as it is only dependent on the actual steam demand, the system also includes HPs for supplying heat at 100
°C, 80 °C, and RT-temperature level. Yet, CAPEX decrease by approximately 15 % relative to the One HTHP
scenario, as can be seen in Fig. 3. As the ASHP steam has a very high electricity consumption, investing
heavily in PV has higher benefits for the One HTHP scenario (5.54 M€) than for the Multiple HP scenario (3.17
M€). Also, the demand-specific sizing of the individual HPs seems to already lead to lower investment costs.
These investments remain dominated by the ASHP steam, which accounts for 7.5 M€, followed by the ASHP
80 °C with 3 M€, and the ASHP 100 °C with 2.5 M€. The ASHP 100 °C is more expensive than the ASHP 80
°C but as the demand for 80 °C is on average 50 % higher than for 100 °C demand, this leads to higher CAPEX
for this asset. In addition to the moderate decrease in CAPEX, the improved temperature-level matching
substantially reduces annual operating costs. The modeled OPEX in the Multiple HP scenario are only 60 %
of those of the One HTHP scenario. Assuming an asset lifetime of 20 years, this, in combination with the
CAPEX savings, corresponds to cumulative net savings of up to 38.5 M€ relative to the One HTHP scenario.
Under the assumptions of this study, the Multiple HP scenario is therefore economically preferable to the One
HTHP scenario, provided that its implementation is technically and spatially feasible. However, relative to the
BAU scenario, the Multiple HP scenario still does not constitute a clearly cost-efficient retrofit, as its lower
CAPEX and even lower OPEX are not sufficient to achieve a payback period of less than 20 years.

Both approaches largely treat the HPs as standalone utilities that simply meet each temperature demand,
without explicitly optimizing heat flows between process levels. In the next section, we therefore explore how
a MLHP system can be coupled through heat-flow optimization to recover and reuse heat across steps and
further improve overall performance.

4.2. Heat flow optimization

As discussed, it is often advantageous to use heat from one temperature stage as the source for a subsequent
HP cycle in order to reach higher temperature levels more efficiently. Although this cascading principle is
inherent to HTHPs, previous system configurations do not systematically utilize intermediate temperature
levels to directly serve process demands at those same levels. In contrast, the MLHP configuration scenario
(scenario d in Fig. 2) incrementally raises the temperature from ambient conditions to steam generation
through several coordinated HP stages, while recovering and reusing intermediate heat flows wherever
possible.

This configuration results in an estimated reduction of 4.54 M€ in total expenditures over the system lifetime
relative to the Multiple HP scenario. Although the initial CAPEX of the MLHP scenario are approximately 1.5
% higher than those of the Multiple HP scenario, the lower operating costs more than compensate for this
increase. Specifically, annual OPEX are reduced by 0.24 M€ compared with the Multiple HP scenario, such
that the additional investment is already recovered after one year. Relative to the BAU scenario, however, the
MLHP scenario remains only marginally attractive from a purely economic perspective. The modeled payback
period is 18.8 years, which is close to the assumed lifetime of the installed assets and therefore implies a
comparatively high investment risk. Under the assumptions applied here, cumulative savings of approximately
1.07 M€ could still be achieved over 20 years while simultaneously enabling full site electrification. Compared



with the simple single ASHP steam electrification strategy of the One HTHP scenario, the MLHP scenario
reduces lifetime total expenditures by almost 40 %. The different scenario’s CAPEX, OPEX, and savings
compared to the BAU scenario are shown in Table 1.

Table 1. Comparison of scenario’s initial CAPEX, annual OPEX, and total cost savings after 20 years
compared to the BAU scenario.

Scenario CAPEX [M€] OPEX [M€/a] Savings compared to BAU [M€]
BAU 0 3.37 0

One HTHP 20.59 4.44 -41.99

Multiple HP 17.47 2.67 -3.47

MLHP system 17.73 243 1.07

In Fig. 3 it can be seen that the largest investment items in the MLHP scenario are the ASHP supplying RT
heat, followed by the booster HP for 80 °C water and the PV system. This differs from the Multiple HP scenario,
in which the steam-generating HP represents the dominant cost component. In the MLHP scenario, the
economic focus shifts toward the first stage of the MLHP chain, which supplies RT heat not only for the
corresponding process demand but also as the thermal basis for subsequent temperature lifts in downstream
process stages. For this reason, the booster HP waste heat to RT is sized to maximize the use of the waste
heat at all times, as this stage operates with the highest efficiency and can be utilized continuously due to the
consistently high demand at and above this temperature level. This stands in contrast to the Multiple HP
scenario, where the installed size of the booster HP waste heat to RT is 25 % smaller than in the MLHP
scenario as the full capacity of the time-variant waste heat is not needed.

Assets
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Figure 3. CAPEX for the three different electrification scenarios broken down by assets.

4.3. Discussion

The ongoing decarbonization and electrification of industrial manufacturing require new technical concepts for
process heat supply. The results of this study indicate that simple electrification through a single HTHP, or
similarly through an electric boiler, would lead to substantially higher costs than the current BAU configuration.
In contrast, more specialized configurations employing dedicated HPs for individual process temperature
levels can significantly reduce operating expenditures, although they remain more expensive than the BAU
scenario under the present assumptions. The analysis further shows that an intelligently integrated MLHP
system can already achieve slight cost savings relative to BAU while remaining markedly more economical
than the simple One HTHP electrification approach. At the same time, several practical constraints may limit



the direct applicability of such a system in real industrial settings. A future research direction may be to refine
investment estimation methods accounting for construction and retrofitting measures to integrate a MLHP into
existing supply systems. In addition, industrial processes that depend on highly reliable heat supply at precise
temperature levels and specific times may require greater system redundancy than a complex MLHP
configuration can inherently provide. This could necessitate additional backup capacity and control
infrastructure, which would further reduce economic attractiveness. For this reason, the results presented here
should not be interpreted as an immediate implementation recommendation. Rather, they are intended to
illustrate and compare alternative electrification pathways based on HP technologies in order to support
informed long-term decision-making.

The economic assessment is also highly sensitive to future energy price developments. If natural gas prices
increase due to stricter CO2 regulation, higher carbon prices, or geopolitical disruptions, the economic
attractiveness of electrified heat supply options would improve considerably. For example, assuming a gas
price of 15 ct/kWh, which represents a high but not implausible case according to [40,41], even a simple
replacement of the gas boiler with an ASHP steam becomes economically viable. Under such conditions, the
MLHP scenario would yield even greater savings. These additional savings could help offset the higher real-
world costs associated with retrofit measures, backup systems, and other implementation requirements
necessary for industrial deployment.

5. Conclusion & Outlook

This study shows that brewery heat supply can be substantially decarbonized through electrification with HPs.
However, the system design choice strongly affects techno-economic performance. A simple replacement of
the main gas boiler by a single HTHP is not economically attractive under the assumed energy prices, whereas
an integrated assessment including decentralized HPs significantly improve efficiency and reduce lifetime
costs. Among the analyzed options, the integrated MLHP system performs best, as it makes better use of
intermediate temperature levels and can profit from its increased flexibility while enabling full electrification.

At the same time, the results highlight that economic viability remains sensitive to boundary conditions such
as electricity and gas prices, carbon costs, and retrofit complexity. Future work should therefore focus on more
detailed site-specific integration studies, including practical implementation constraints, redundancy
requirements, and dynamic operation under real process conditions. In addition, finer temperature
discretization, more detailed part-load modelling, and the inclusion of forecasting models for loads and multi-
market prices could further improve the robustness of the assessment.
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Appendix A

Table A.1. Annual demands for different processes.

Process Maximum [MW] Average [MW] Energy Demand [GWh]
Steam demand 7.5 1.24 10.8
100 °C demand 1.7 0.93 8.15
80 °C demand 2.55 1.40 12.2
RT demand 2.8 0.98 8.58
Cooling demand 0.2 0.2 1.75

Electricity demand 0.1 0.1 0.88




Table A.2. Installed capacities of BAU scenario assets.

Asset Installation [MW]

Gas Boiler 12.5

Biogas boiler 0.86

Compression chiller 0.2

Valve steam to 100 °C 10

Valve 100 to 80 °C 8.5

Valve 80 °C to RT 7

Table A.3. Investment prices and unit sizes of installable assets of the electrification scenarios.
Asset Invest [€/kW] Unit size [kW]
Dual-mode ASHP RT 750 500

Booster HP waste heat to RT 145 250

Booster HP RT to 80 °C 600 500

Booster HP RT to 100 °C 650 500

Booster HP 80 °C to steam 750 250

Booster HP 80 °C to 100 °C 500 250

Booster HP 100 °C to steam 750 250

ASHP RT 600 500

ASHP 80 °C 1000 500

ASHP 100 °C 1250 500

ASHP steam 1500 500

PV system 600 -

Li-ion battery 150 + 400 €/kWh -

Chilled water storage 20 €/kWh -

Steam storage 30 €/kWh -

RT water storage 18.3 €/kWh -

Nomenclature

Abbreviations
F&B  food & beverage OPEX operational expenditures
HP heat pump ASHP air-source heat pump
COP  coefficient of performance PLR part-load ratio
MILP  mixed-integer linear programming RT flow temperature for room temperature
HTHP high-temperature heat pump BSG brewer’s spent grain
MLHP multilevel heat pump BAU  business-as-usual
CAPEX capital expenditures PV photovoltaic

Parameters

c costs t time
n efficiency
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