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Abstract

The energy transition entails numerous challenges related to the generation and distribution
of various forms of energy and heat. In the case of electricity, these include, among
others, challenges associated with transmission; however, these are usually less severe than
those related to heat transmission, particularly due to limited access to district heating
transmission networks. At the same time, heat storage is considerably less expensive
than electricity storage, which means that heat management and balancing are also less
costly than balancing electricity generation and demand. These two factors provided the
rationale for selecting mobile heat transport from locations where surplus heat is generated
to potential end-users as the subject of analysis. In this context, analytical methods were
applied to determine the relationship between the economic efficiency of such a solution
and selected technical and economic parameters, including CAPEX, OPEX, heat transport
costs, and heat prices. The analysis demonstrated that, under current price conditions as of
2025, the economic efficiency of this solution, expressed using the net present value measure,
may exceed zero only under specific conditions. These include relatively short transport
distances, a high frequency of transport cycles, and favourable heat prices. Nevertheless,
in the future, due to potential increases in heat prices or the possibility of subsidising
this type of heat transport, particularly with respect to CAPEX, the solution may become
economically attractive.

Keywords: heat; energy transport; mobile energy transport; PCM; waste heat;
economy evaluation

1. Introduction
In both Poland and the European Union, the heat generation sector faces numerous

challenges, including the need to increase the share of renewable energy sources in the
energy generation mix. One additional challenge is the management of waste heat, under-
stood as surplus heat generated in locations where it cannot be consumed directly. This
issue particularly concerns sites without access to a district heating network, where the
construction of such infrastructure would potentially be economically inefficient and/or
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excessively time-consuming. Another important problem in this context is the irreversibil-
ity of investment expenditures incurred for heat transmission infrastructure, especially
when compared with mobile heat transport. Mobile heat transport, despite requiring lower
capital expenditure, entails higher costs related to labour and transportation. Taking these
factors into account, as well as the possibility of local heat production, for example from
natural gas or heat pumps, only specific conditions may prove economically favourable
for either the expansion of district heating networks or the implementation of mobile
heat transport.

Poland is characterised by an exceptionally high share of the population with access
to district heating networks compared with other European Union countries. Nevertheless,
in many locations, so-called waste heat is generated, and its recovery and use in other
technological processes could be achieved at almost zero marginal cost. Moreover, such
activities are often promoted through various types of subsidy programmes. At the same
time, the utilisation of waste heat may provide an additional benefit for companies in the
context of ESG reporting.

The challenges faced by the heat market in Poland, particularly those related to heat
production and supply, are associated with numerous technical aspects, primarily the
improvement of energy efficiency, which has been extensively examined from a long-term
perspective [1].

1.1. Heat Market in Poland

The Polish heat market is characterised by an exceptionally extensive district heating
infrastructure compared with other European Union countries. In 2023, district heat was
supplied to approximately 15 million inhabitants, corresponding to 52.2% of households in
the country [2]. By comparison, the average share of district heating in EU countries was
approximately 13–14% [3]. According to data from the Energy Regulatory Office (URE),
398 energy companies held 815 licences for activities related to heat generation (354), heat
transmission and distribution (349), and heat trading (112). Of these entities, 71% operated
in more than one area, indicating a high level of sectoral integration [4].

The total amount of heat produced by licenced entities in 2023 amounted to 376,600 TJ,
of which 64% came from cogeneration units and the remaining 36% from heat-only
plants [4]. Fossil fuels accounted for the vast majority of energy carriers: hard coal and
lignite jointly represented 61.2% of the fuel consumed, and natural gas accounted for 13.0%,
while renewable energy sources and waste, mainly biomass, accounted for 14.4% of total
consumption [4]. Biomass remains the main renewable energy source in the heating sector,
representing as much as 97% of the total RES share in this sector [2].

With regard to transmission infrastructure, the total length of district heating networks
in Poland in 2023 was 21,756 km, more than 90% of which was located in cities with more
than 50,000 inhabitants [4]. However, a significant part of this infrastructure is outdated.
According to URE estimates, approximately 42% of the network requires modernisation
due to low transmission efficiency and high heat losses [4]. The average heat transmission
efficiency ratio in Poland in 2023 was 86.1%, meaning that almost 14% of heat was lost
during delivery to end-users [4].

In the heat sales market, the total amount of heat sold by licenced enterprises in
2023 amounted to 335,430 TJ, representing a decrease of 6.17% compared with 2022. The
residential sector remained the largest heat consumer, accounting for 48.2% of heat sold,
followed by the public services sector (20.4%) and industry (17.7%) [4]. The average selling
price of district heat in 2023 was PLN 104.65/GJ, which represented an increase of 63.43%
compared with the previous year [4].
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The financial situation of the sector remains difficult. In 2023, the total revenues of
licenced district heating companies amounted to PLN 42 billion, of which PLN 31 billion
came from activities related to heat generation, transmission and distribution [4]. However,
the sector’s net result was highly differentiated: as many as 23% of enterprises recorded a
financial loss, mainly due to high fuel purchase costs, CO2 emission allowance costs, and
limited possibilities of passing these costs through to tariffs [4]. The average cost of CO2

emissions in 2023 was approximately EUR 75/t, and its share in heat production costs
exceeded 20% in the case of coal-fired units [2].

In addition, the utilisation of waste heat potential and low-temperature heat sources
remains marginal. Although it is technically possible to recover heat from, among others,
data centres, industrial refrigeration facilities, and wastewater heat, their current share
in the heat mix does not exceed 1% [5]. There is also a lack of appropriate regulations
promoting the integration of such sources into district heating networks.

1.2. Literature Review

One of the approaches to improving energy efficiency and reducing CO2 emissions is
the utilisation of waste heat from industrial processes. In this context, Fritz et al. conducted
a comparative analysis of district heating networks, which are capital-intensive and require
considerable time for implementation, and examined the conditions under which such
networks may be more economically viable than mobile heat transport [6]. The demon-
strated profitability depends on the quantity of available heat; therefore, both qualitative
and quantitative analyses were carried out to compare the economic aspects of the analysed
solutions. Based on more than 450,000 analysed variants, the authors showed, among other
findings, that the transport of an appropriate amount of heat over distances below 6 km
may be economically efficient [6].

Asefi et al. analysed porous phase change materials (PCMs) for heat transport and
storage under Chinese conditions, using hybrid photovoltaic–thermal systems, i.e., systems
generating both electricity and heat [7]. The levelised cost of energy (LCOE) was adopted as
the economic performance indicator, and the study examined the conditions under which
this indicator would reach its lowest values [7].

The analysis of mobile heat transport demonstrated that the economic efficiency of
this solution is influenced primarily by the scale of heat demand and transport distances.
The impact of PCM material costs and transport costs on the final economic outcome was
also identified, with the lifetime of the installation additionally taken into account [8].

Giampieri et al. analysed mobile heat transport and storage using different substances
and determined the conditions under which heat transport over a distance of approximately
10 km may be economically viable [9]. Deckert et al. examined the occurrence and frequency
of charging and discharging cycles of thermal energy storage systems, as well as the impact
of various PCM-related factors on mobile heat transport and storage [10].

Liu et al. analysed three different PCM material structures for mobile heat transport
and compared the costs per 1 kWh of energy [11]. In another study, different sizes and
thicknesses of PCM capsules were analysed in the context of heat storage from solar systems,
using the Ansys Fluent 15.0 simulation software [12].

Potential heat sources for mobile heat storage and transport include renewable energy
installations, industrial processes, air-conditioning and refrigeration systems, district heat-
ing systems, and cogeneration units. Hydrogen technologies also constitute an important
group of potential sources, including hydrogen production and storage processes in which
recoverable heat streams are generated, such as heat produced during the operation of
electrolysers [13,14] and fuel cells [15]. Taking these sources into account broadens the po-
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tential application range of mobile thermal energy storage systems, particularly in locations
situated away from district heating networks.

Tests concerning the application of mobilised thermal energy storage (M-TES) under
Polish conditions, using geothermal heat, were carried out by Kuta. The study considered
700 kg of PCM to meet the heat demand of a single-family house. The results provided
several guidelines for the design of this type of installation, including the appropriate
selection of PCM and a suitably adapted heat exchanger design. These aspects were shown
to depend on the supply temperature and the stability of operating conditions at the heat
source. In addition, the study highlighted the importance of the distance between the
charging and discharging points [16]. This work constitutes a continuation of the research
by Matuszewska et al. [17], which focused on the economic analysis of mobile thermal
energy storage for the transport of geothermal heat to single-family houses.

The conditions related to competing heat sources are also significant, particularly in
view of differences in natural gas prices before 2021 and after 2022, as indicated, among
others, by Kaczmarzewski et al. [18]. These changes were also indirectly affected by
consumption-related conditions in the natural gas market [19]. The need for the appropriate
selection of PCM type and shape, as well as heat exchanger design, in order to enable a
more efficient process of thermal energy storage and transport, was demonstrated by Kuta
et al. [20], with the aim of increasing the use of renewable energy. Long-term analyses of
solar energy utilisation with the application of PCM were conducted by Radomska and
Mika [21].

Recent studies have examined M-TES from different technical and economic perspec-
tives. Matuszewska et al. [17] assessed geothermal heat delivery using M-TES under Polish
conditions, Shehadeh et al. [22] analysed its integration into a district energy network, and
Fritz et al. [6] compared mobile and stationary excess-heat transport technologies. Resch
and Dehner [23] updated the economic assessment for the energy-price conditions of 2022,
while Yang et al. [24] focused on the design and thermal performance of a composite-PCM
M-TES unit. Reviews by Kuta [25] and Kuta et al. [26] confirm that existing studies remain
dominated by technical analyses and location-specific case studies. However, the literature
does not combine a newly designed 2 MWh PCM-based mobile thermal energy storage
unit, post-2021 Polish heat-market conditions, detailed CAPEX, OPEX and transport-cost
assumptions, and a long-term NPV assessment across a broad multidimensional parameter
space. The novelty of the present study therefore lies in analysing 1.656 billion parameter
combinations to identify profitability boundaries as functions of heat purchase and selling
prices, annual cycle number, transport distance, transport costs, RTE and uCAPEX. This
approach makes it possible to determine the technical, operational and market conditions
under which the analysed system may become economically viable, rather than assessing
only a single location-specific configuration. Section 1 outlines the background of the prob-
lem, presents a review of the literature, and defines the research gap. Section 2 describes
the analytical assumptions, calculation variants, adopted techno-economic parameters, and
the procedure used to assess economic viability. Section 3 presents the outcomes of the
multi-variant calculations, including the relationship between NPV and key parameters, as
well as the sensitivity analysis. Section 4 interprets the results, identifies their limitations,
and discusses practical implications for the application of mobile thermal energy storage
systems. Finally, Section 5 summarises the most important findings and indicates directions
for further research.

2. Methods
The economic potential of applying mobile thermal energy storage was analysed using

economic efficiency indicators across different variants. The base variant takes into account
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the difference between the selling price of heat and the purchase price of waste heat, i.e., a
price spread sufficient to cover operating costs and to ensure profitability when investment
expenditures are also considered. The selling price of heat is assumed to be competitive
relative to alternative solutions, such as local stationary heat generation. At present, the
main competing technology is heat generation based on natural gas.

2.1. Cost–Benefit Analysis (CBA)

A cost–benefit analysis was carried out for a project involving the mobile transport of
waste heat as a substitute for heat generated from natural gas.

A detailed analysis according to the nine-step CBA framework is presented below:

1. Project outline: Definition of the project goals, objectives, and scope.

The objective of the project, as understood within the CBA framework, is to imple-
ment an innovative system for the mobile transport of waste heat from locations where
it is generated, such as industrial facilities or combined heat and power plants, to final
consumers who currently use, or could potentially use, heat generated from natural gas or
heat pumps. The main objectives are to reduce natural gas consumption, lower heating
costs for end-users, decrease greenhouse gas emissions, and improve energy efficiency
through the utilisation of previously unused waste heat.

The implementation of the project includes, among other activities, the purchase
and operation of mobile thermal energy storage units, in this case thermal tank trailers,
the construction or adaptation of heat loading and unloading points, and, optionally, the
optimisation of transport logistics.

2. List of costs: Identification of all potential costs associated with the project, including
direct costs, such as materials and labour, and indirect costs, such as overheads and
opportunity costs.

List of costs:

• Investment costs (CAPEX):

# Purchase of mobile thermal energy storage units, including thermal tank trailers,
thermal containers, and transport vehicles.

# Construction or adaptation of infrastructure at the heat source, including loading
stations, pumps, and heat exchangers.

# Construction or adaptation of infrastructure at the heat consumers’ sites, in-
cluding unloading stations, connections to the heating network, pumps, and
heat exchangers.

# Design, engineering, and administrative costs related to project implementation.
# Costs of permits and licences, where applicable.

• Operating costs (OPEX):

# Fuel and electricity costs for transport vehicles.
# Maintenance and repair costs of mobile units and infrastructure.
# Labour costs, including drivers, loading and unloading station operators, techni-

cal personnel, and logistics management staff.
# Insurance costs for vehicles and infrastructure.
# Costs associated with heat losses during transport and storage.
# Monitoring and system management costs.
# Asset depreciation costs.
# Administrative and overhead costs.

These costs were classified into categories and included in Table 1.
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Table 1. Model parameters, baseline values, scenario ranges, calculation increments, units, and
sources used in the economic analysis.

Name Symbol Value or Range Step Unit Source

Unit capital expenditures for thermal storage uCAPEX 40–200 20 thous. EUR/MWh Project calculation
Fixed costs per year (maintenance, insurance,
cleaning, etc.) OPEXf 100 EUR/MWh calculated eq.

Waste heat purchase price PrWH 0–20 5 EUR/MWh simulation
Selling price of heat PrH 30–150 5 EUR/MWh assumption
Number of cycles per year NoC 20–500 20 cycles/year assumption
Transport cost fixed per cycle TCf 1–5 1 EUR/cycle calculation
Transport cost variable per distance TCv 0.4–2 0.2 EUR/km assumption
Total distance of transport (return) dist 5–50 5 km/cycle calculation

Note: The detailed engineering estimate for the complete 2 MWh mobile storage module corresponds to approxi-
mately EUR 46,000–106,000/MWh. The broader range of EUR 40,000–200,000/MWh is used as a scenario range to
account for standardised low-cost configurations as well as prototype, customised and infrastructure-intensive
project variants.

3. List of benefits: Identification of all potential project benefits, including direct benefits,
such as increased revenues, and indirect benefits, such as improved efficiency and
enhanced reputation.

List of benefits for the recipient of the solution, understood as the enterprise receiving
heat and investing in the necessary infrastructure:

• Measurable benefits (financial benefits):
Cost savings resulting from replacing heat generated, for example, from natural gas
with cheaper waste heat recovered from other processes.

• Non-measurable benefits (non-financial benefits):

# Access to a stable and diversified heat source: Reduced dependence on volatile
natural gas prices and geopolitical factors affecting its availability.

# Improved energy efficiency: Utilisation of resources that were previously wasted.
# Environmental benefits: Reduction of greenhouse gas emissions, including CO2,

NOx, and SOx, as well as other air pollutants, contributing to improved local
air quality.

# Strengthening the image of the company or region: Positioning as a leader in
sustainable development and innovation.

# Increased energy security: Improved resilience to energy crises.

4. Valuation of costs and benefits: Assignment of monetary values to all listed costs
and benefits.

At this stage, all identified costs and benefits are converted into monetary values.
Investment costs are usually relatively easy to estimate on the basis of supplier quotations
and construction cost estimates. Operating costs require an analysis of fuel and electricity
consumption, wage rates, and maintenance costs. Financial benefits, such as savings
resulting from the substitution of heat generated, for example, from natural gas, are
calculated on the basis of forecast natural gas prices and the amount of heat replaced. The
results are included in Table 1.

The total capital expenditure of a mobile heat transport project consists of two cate-
gories: (i) the cost of the complete mobile thermal energy storage module and (ii) the costs
of additional transport and site-specific infrastructure. In the detailed engineering estimate
presented below, the mobile module includes the PCM material, tank and semi-trailer
structure, thermal insulation, internal heat exchanger system, measurement and control
equipment, supporting structure, technical documentation and approvals, assembly, test-
ing, transport and technical acceptance. Costs related to a tractor unit, stationary charging
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and discharging stations, external connections and site adaptation are treated as additional
configuration-dependent expenditures. The semi-trailer itself should be equipped with a
complete set of heat exchangers and an appropriate PCM material. In addition, the costs
of constructing or adapting stations enabling the connection of the mobile thermal energy
storage unit to energy distribution systems should be taken into account, for example
through ramps and stationary heat exchangers.

The adopted technical assumptions involve the transport of 2 MWh of energy, which
corresponds to 7200 MJ or 7.2 GJ. When using PCM, such as paraffin or inorganic salts,
with a latent heat of phase transition of approximately 200 kJ/kg, a melting temperature in
the range of 60–120 ◦C, and a density of approximately 900 kg/m3, the required mass of
the material amounts to approximately 36,000 kg, i.e., 36 tonnes, which corresponds to a
volume of approximately 40 m3. Such parameters are typical for thermal energy storage
applications based on PCM [27].

To transport this quantity of material, it is necessary to use a thermally insulated
tank semi-trailer with a capacity of at least 40 m3. Under EU conditions, the permissible
gross vehicle weight of such a vehicle combination is approximately 44 tonnes, of which
around 10 tonnes correspond to the mass of the semi-trailer, while the remaining 36 tonnes
are the PCM payload. The insulation should be made using vacuum or polyurethane
technology with a minimum thickness of 100 mm, ensuring a heat transfer coefficient U
below 0.3 W/m2K. Inside the tank, the installation of stainless-steel heat exchangers, for
example in the form of coils with a total heat transfer area of 20–30 m2, is assumed in order
to enable efficient heat charging and discharging.

The calculation of investment expenditures includes both the structural components of
the semi-trailer and the cost of purchasing the PCM material. The market price of technical-
grade paraffin with a melting temperature of 60–120 ◦C is in the range of PLN 8–15/kg,
depending on purity and supplier [cf. BASF, Micronal® PCM (BASF SE, Ludwigshafen,
Germany); www.basf.com (accessed on 11 May 2026)]. For 36 tonnes, this results in a total
cost of approximately PLN 288,000–540,000 net. In the case of inorganic salts, such as salt
hydrates, the unit cost is lower, typically in the range of PLN 4–8/kg [IEA, Thermal Energy
Storage, www.iea.org/reports/thermal-energy-storage (accessed on 11 May 2026)], which
corresponds to PLN 144,000–288,000 for the entire load. The choice of material therefore has
a significant impact on total CAPEX and should be linked to the temperature requirements
of the application and the permissible gross vehicle weight.

An indicative cost analysis of the semi-trailer itself includes the manufacture of
a 40 m3 stainless-steel tank at PLN 90,000–120,000, thermal insulation at PLN 40,000–60,000,
a heat exchanger system at PLN 25,000–40,000, a measurement and automation sys-
tem with temperature, pressure, and flow sensors at PLN 15,000–25,000, a supporting
structure and equipment compliant with ADR standards at PLN 40,000–60,000, prepara-
tion of the design and technical documentation including Office of Technical Inspection
(UDT)/ADR approvals at PLN 10,000–15,000, and assembly and testing, including pres-
sure and leak tests, at PLN 30,000–50,000, as well as transport and technical acceptance
costs at PLN 5000–10,000. The sum of these items gives an indicative expenditure range of
approximately PLN 255,000–380,000 net. After adding the cost of purchasing the PCM, the
total investment expenditure ranges from approximately PLN 399,000 in the lower-cost
inorganic salt variant to as much as PLN 920,000 in the high-purity paraffin variant.

For a storage capacity of 2 MWh, the above engineering estimate corresponds to
approximately EUR 46,000–106,000/MWh. The lower value represents a configuration
based on a low-cost inorganic-salt PCM and the lower estimates for tank manufacture and
auxiliary equipment. The upper value represents a configuration based on high-purity
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paraffin and the upper estimates for the tank, insulation, heat exchanger, automation and
other mobile-module components.

The wider uCAPEX range of EUR 40,000–200,000/MWh adopted in Table 1 represents
a scenario range rather than the direct result of the detailed mobile-module estimate. The
lower bound corresponds to an optimised and standardised configuration using a low-cost
PCM, serial-production effects and existing transport or connection infrastructure. The
upper bound represents a conservative prototype or customised project configuration,
potentially including a more expensive PCM, enhanced heat exchangers and insulation,
advanced automation, a dedicated tractor unit, stationary charging and discharging infras-
tructure, site adaptation, certification and a cost contingency.

5. Compare costs and benefits: Comparison of total costs and total benefits to determine
whether the benefits outweigh the costs.

After monetary values have been assigned to all items, total costs and total bene-
fits are aggregated over the entire project analysis period. At this stage, a preliminary
assessment is made as to whether the sum of benefits exceeds the sum of costs. How-
ever, this is a simplified assessment, as it does not account for the time value of money
(Equations (2), (3) and (5)).

6. Calculate payback time: Determination of how long it will take for the project’s benefits
to offset its costs.

The payback time is the period in which the cumulative net benefits generated by the
project become equal to the initial investment expenditures. A shorter payback period is
generally preferred, although this indicator does not account for profits generated after the
payback point or for the time value of money.

7. Apply discount rates: Adjustment of future costs and benefits to their present values
using discount rates to account for the time value of money.

To account for the time value of money, i.e., the fact that money received today is worth
more than the same amount received in the future, future streams of costs and benefits are
discounted to their present value. An appropriate discount rate of 5% is applied, reflecting
the cost of capital, project risk, and inflation.

8. Analyse results: Evaluation of net present value (NPV) and other relevant metrics to
assess the project’s overall financial viability.

After all cash flows have been discounted, the net present value (NPV) is calculated
(Equation (1)). NPV represents the difference between the sum of discounted benefits and
the sum of discounted costs. A positive NPV indicates that the project is financially viable
and generates value for the investor.

9. Make recommendation: Formulation of a recommendation on whether to proceed
with the project and identification of necessary adjustments.

Based on a comprehensive analysis of NPV, IRR, payback time, and the results of
the sensitivity analysis, a recommendation is formulated. If the NPV is positive and the
project remains robust under adverse scenarios, as indicated by the sensitivity analysis, its
implementation is recommended. The recommendation may also include suggestions for
project optimisation, such as seeking additional sources of financing, including subsidies,
negotiating more favourable heat or fuel prices, or optimising transport routes in order to
maximise benefits and minimise risk.

In price comparisons, tariff-related aspects should also be taken into account, since
tariff structures and regulatory mechanisms affect the final heat prices in Poland [28,29].
Therefore, the profitability analysis of mobile heat transport should be benchmarked against
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the costs of alternative local heat generation, including natural gas, electricity, and heat
pumps. In the case of heat pumps, the COP/SCOP efficiency and electricity tariff profile
are particularly important. In addition, heat losses in heat exchangers and during transport,
which depend on transport distance and cycle duration, must be included so that the
comparison refers to the cost of useful heat delivered to the end-user.

2.2. Computational Methodology

The basic indicator of economic efficiency incorporating discounting was calculated
according to the following formula:

NPV = ∑year
CF(year)
(1 + r)year , year ∈< 0, Y > (1)

where

Y: Lifetime of mobilised thermal storage, years.
R: Discount rate, %.
CF: Yearly cash flow—Equation (2), EUR/year.
year: Year of calculation from 0 to Y.

CF(year) =

{
−cap × uCAPEX if year = 0

CFinc(year)− CFcost(year) if year > 0
(2)

where

uCAPEX: Unit CAPEX per MWh, EUR/MWh.
cap: Capacity of heat storage (depends on temperature and type of PCM), MWh.
CFinc: Cash flow—income part—Equation (5), EUR.
CFcost: Cash flow—cost part—Equation (3), EUR.

CFcost(year) = OPEXf + (OPEXv + PrWH × cap)× NoC(year) (3)

where

OPEXf: Operational expenditures—fixed for year scale, EUR.
OPEXv: Operational expenditures—variable, dependent on distance.
PrWH: Waste heat price, EUR/MWh.
cap: capacity of heat storage (depend on temperature and kind of PCM), MWh.

OPEXv = TCf + TCv × dist (4)

where

TCf: Unit transport cost fixed for one cycle (mainly labour cost), euro/cycle.
TCv: Unit transport cost per distance, EUR/km.
Dist: Whole distance by road from heat supply to heat consumer—the way there and back,
km/cycle.

CFinc(year) = PrH(year)× cap × RTE
100

× NoC(year) (5)

where

PrH: Heat price (for selling)—mean value for year, EUR/MWh.
PrWH: Waste heat price (for buying), EUR/MWh.
cap: Capacity of M-TES, MWh.
RTE: Total round trip efficiency, %.
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NoC: Number of cycles (how many times full of heat transport is selling for the same
distance and heat consumer), per year.

Although the indicators PrH and PrWH refer to heat prices, without a substantial
difference between the purchase and selling prices of heat, the concept of mobile heat
transport would be highly questionable from an economic perspective. In such a case, the
only practically relevant benefits would be environmental ones, including the reduction of
CO2 emissions and other related impacts.

The following values were adopted as constants:

• Capacity (cap) = 2 MWh;
• Discount rate r = 5% [30,31];
• Total round-trip efficiency (RTE) = 80%. It should be noted that RTE should also

depend on the temperature difference, cycle duration, transport distance, and other op-
erational conditions. This aspect is therefore identified as an area for further research.

The value of RTE = 80% was adopted as a baseline engineering assumption for a
well-insulated 2 MWh PCM-based mobile thermal energy storage unit operating under
favourable short-distance transport conditions. In this study, RTE is defined as the ratio
of useful heat delivered to the end user to the heat charged into the unit, including losses
during charging, transport, idle periods and discharging, as well as heat exchanger losses.
It should therefore be understood as a reference value for the techno-economic assessment,
not as a fixed physical property of the system.

The 80% assumption is justified by the expected use of adequate tank insulation and
by the relatively limited share of insulation costs in the total trailer/tank manufacturing
cost. Increasing insulation thickness to reduce heat losses and achieve the required seasonal
efficiency may therefore be possible with only a limited increase in total system CAPEX.

The authors acknowledge, however, that actual RTE may vary with operating con-
ditions, including temperature difference, cycle duration, transport distance, ambient
temperature, wind, idle time, insulation quality and charging/discharging performance.
Consequently, a constant RTE may overestimate NPV under less favourable conditions,
especially for longer transport distances or extended idle periods. Therefore, the impact of
RTE variability is further examined in the sensitivity analysis.

The assumed overall RTE of 80% was further decomposed into charging,
storage/transport/idle-period and discharging components, according to the general ap-
proach in which total storage efficiency is expressed through the efficiencies of individual
stages [32]:

RTE = ηch × ηst,tr × ηdis (6)

where ηch is the charging efficiency, ηdis is the discharging efficiency, and ηst,tr is the
combined storage, transport and idle-period efficiency. For the baseline case, ηch = 0.95
and ηdis = 0.95 were adopted as engineering assumptions for a properly designed heat
exchange system. These values are consistent with reported PCM/LHTES/M-TES per-
formance, including discharge efficiencies of approximately 89–93.5% in PCM-based
LHTES systems [33] and approximately 97% heat release during discharging in an M-TES
system [24]. The remaining component was calculated as ηst,tr = 0.80/(0.95 × 0.95) = 0.886.
The residual term ηst,tr = 0.886 should be interpreted as an aggregated efficiency of the
storage, transport and idle-period stages, rather than as a directly measured efficiency
of one isolated process. Its value is consistent with the typical 75–90% efficiency range
reported for PCM-based thermal energy storage systems [34]. Physically, it accounts for
heat losses through the tank, pipework and connection insulation during storage and
road transport, idle-period losses between charging and unloading, thermal bridges, non-
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uniform PCM temperature distribution, and other minor operational imperfections. In the
present preliminary model, the individual shares of insulation losses, idle-period losses and
other operational losses were not calculated separately, as this would require a dedicated
transient heat-transfer model and experimental validation. For the interpretation of the
sensitivity analysis, ηst,tr = 0.886 refers to the reference case of a well-insulated 2 MWh
PCM-based M-TES unit, a total return transport distance of 25 km and moderate ambient
conditions, represented by an ambient temperature of approximately 15 ◦C. Therefore,
ηst,tr should not be treated as a universal constant; longer distances, extended idle periods,
lower ambient temperatures or poorer insulation may reduce its value. This uncertainty is
addressed in the model through the sensitivity analysis of total RTE.

The adopted transport cost ranges were based on the literature and data on road
freight transport costs. The variable transport cost TCv = 0.4–2.0 EUR/km reflects a range
from marginal costs, mainly related to fuel consumption, to full market-based transport
costs. For Poland, CNR data indicate a fuel-related cost of approximately 0.42 EUR/km and
a total cost of approximately 1.08 EUR/km for a 40-tonne heavy goods vehicle [35]. Similar
values are used in M-TES studies, e.g., 0.97 EUR/km for diesel truck operation [23], while
European road freight benchmarks indicate rates of approximately 1.14–1.68 EUR/km on
the Poland–Germany corridor and higher values on selected Western European routes [36].
The fixed cost TCf = 1–5 EUR/cycle was interpreted as an additional short cycle-dependent
handling and organisational cost, rather than as the full labour cost related to transport.
This range is consistent with previous M-TES assumptions for Polish conditions, where a
labour cost of 5 EUR/h and a 12 min container exchange time correspond to approximately
1 EUR/cycle [17]. In addition, based on CNR data for Polish road transport, the cost of
one hour of driver labour is 14.74 EUR/h [35]. Assuming a short cycle handling time of
12–20 min, this corresponds to approximately 2.95–4.91 EUR/cycle, which falls within the
adopted TCf range of 1–5 EUR/cycle.

The workflow of the multi-variant techno-economic analysis is presented in Figure 1.

Figure 1. Workflow of the multi-variant techno-economic analysis of the FlowPCM mobile thermal
energy storage system. Source: own elaboration.

A total of 1.656 billion computational combinations were analysed in order to deter-
mine the boundaries and conditions of the economic viability of heat transport using the
investigated mobile thermal energy storage and transport system across a broad range of
technical and economic parameters. Such a large number of variants enabled a multidimen-
sional assessment of the impact of key factors on the economic performance of the system,
as well as the identification of profitability regions.
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The obtained results were then compared with the costs of local stationary heat
generation from natural gas, which was treated as the reference variant. The benchmark
was the comparative heat selling price that could realistically be achieved on the market.
This made it possible to determine the conditions under which heat transport may constitute
a competitive alternative to local gas-based heat sources.

3. Results
The analysed computational combinations were used to determine the relationships

describing the impact of the adopted decision variables on the NPV of the investigated
project. The analysis was carried out over the full range of parameter values presented
in Table 1, which enabled the identification of both economically unviable regions and
variants with the highest economic potential.

As a result, the scenario characterised by the highest NPV within the analysed set of
variants was identified. Its trajectory over the analysis horizon, expressed in terms of NPV
and/or annual cash flows, is presented in Figure 2.

Figure 2. NPV trajectory over the 15-year analysis period for the best-performing scenario.
Assumptions: uCAPEX = 40,000 EUR/MWh, PrWH = 0 EUR/MWh, PrH = 150 EUR/MWh,
NoC = 500 cycles/year, TCf = 1 EUR/cycle, TCv = 0.4 EUR/km, dist = 5 km, OPEXf = 100 EUR/year,
and RTE = 80%. The NPV = 0 level represents the economic break-even point. Source:
own elaboration.

Under specifically favourable conditions, the project achieves a positive net present
value (NPV) around the end of the second year of the project duration. In subsequent years,
the project continues to increase its value, reaching an NPV exceeding EUR 1.1 million in
year 15.

The results were then visualised in the form of map-based charts for combinations of
different decision parameters. First, the relationship between the purchase price of heat, i.e.,
heat acquired for transport, and the price of alternative heat available to the final consumer
was analysed. The latter represents the price that the consumer may be willing to pay or
consider competitive in relation to the proposed solution based on a mobile thermal energy
storage system. The results are presented in Figure 3.

The project NPV is directly and strongly related to the combination of the heat purchase
price, representing the cost component, and the heat selling price, representing the revenue
component. The highest profitability level, with NPV exceeding EUR 1 million, marked
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in yellow, is achieved when the final selling price is high, above approximately EUR
135/MWh, and the purchase price of heat is low, close to zero.

Figure 3. NPV after the 15-year analysis period as a function of the waste heat purchase price (PrWH)
and heat selling price (PrH). Assumptions: NoC = 500 cycles/year, uCAPEX = 50,000 EUR/MWh,
OPEXf = 100 EUR/year, TCf = 1 EUR/cycle, TCv = 0.4 EUR/km, dist = 5 km, and RTE = 80%. The
NPV = 0 contour represents the economic break-even boundary. Source: own elaboration.

The project reaches the break-even point, where NPV equals zero, along the diagonal
line. This means that, for the project to be profitable, the spread between the selling price
and the purchase price must be sufficiently large to compensate, among other factors, for
the costs of transport using the mobile thermal energy storage system.

The Figure 4 shows that the project NPV is highly sensitive to the heat selling price
and the utilisation intensity of the mobile thermal energy storage unit. The maximum
profitability, with NPV exceeding EUR 1 million, is achieved only when two conditions
are met simultaneously: a very high heat selling price, above EUR 140/MWh, and the
maximum number of annual transport cycles, close to 500.

Figure 4. NPV after the 15-year analysis period as a function of the heat selling price (PrH) and the
annual number of cycles (NoC). Assumptions: PrWH = 0 EUR/MWh, uCAPEX = 50,000 EUR/MWh,
OPEXf = 100 EUR/year, TCf = 1 EUR/cycle, TCv = 0.4 EUR/km, dist = 5 km, and RTE = 80%. The
NPV = 0 contour represents the economic break-even boundary. Source: own elaboration.
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The break-even point, where NPV equals zero, requires maintaining a substantial
margin between the heat selling price and the purchase price, as shown in the previous
figure. This margin must be sufficient to compensate for all operating costs, including
transport costs. Therefore, for the project to be profitable, it must operate at high utilisation
levels and target a market characterised by a high heat price, which may, however, raise
concerns regarding the competitiveness of the solution.

Sensitivity Analysis

A one-at-a-time sensitivity analysis was performed to assess (Figure 5) the influence
of selected techno-economic parameters on the net present value (NPV) of the FlowPCM
technology. The baseline scenario assumed a CAPEX of 100,000 EUR/MWh, a heat purchase
price of 10 EUR/MWh, a heat selling price of 108 EUR/MWh, an annual operation of
260 cycles per year, a fixed transport cost of 3 EUR per cycle, a variable transport cost
of 1.2 EUR/km, and a transport distance of 25 km. Each parameter was varied by ±20%
relative to its baseline value, while all other parameters were kept constant.

Figure 5. One-at-a-time sensitivity analysis of the 15-year NPV for changes of −20%, 0%, and +20%
relative to the baseline values. The baseline scenario assumes uCAPEX = 100,000 EUR/MWh,
PrWH = 10 EUR/MWh, PrH = 108 EUR/MWh, NoC = 260 cycles/year, TCf = 3 EUR/cycle,
TCv = 1.2 EUR/km, dist = 25 km, OPEXf = 100 EUR/year, and RTE = 80%. Source: own elaboration.

The results indicate that the economic performance of the FlowPCM system is most
strongly affected by parameters directly related to revenue generation and asset utilisation.
The heat selling price has the highest impact on NPV. A 20% increase in the selling price
leads to a substantial improvement in project profitability, whereas a 20% decrease reduces
the NPV below the break-even level. This confirms that the financial feasibility of the
technology strongly depends on the possibility of securing an appropriate heat offtake
price or a favourable contractual model with the end user.

The second major factor is the number of annual operating cycles. Increasing the
number of cycles improves the utilisation of the trailer and increases the total amount
of heat delivered to the customer, which directly translates into higher revenues and a
higher NPV. Conversely, a reduction in the number of cycles significantly deteriorates
the economic result. This shows that the operational organisation of the system is a key
determinant of profitability.

The CAPEX also has a significant effect on NPV, although its influence is opposite
in direction to revenue-related parameters. A 20% reduction in investment expenditure
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improves the NPV, whereas a 20% increase substantially decreases it. If interpreted in
the context of CAPEX subsidies, the results demonstrate that investment support may
considerably improve the economic attractiveness of the technology, especially during early
market deployment.

The heat purchase price has a moderate effect on the NPV. An increase in this parameter
reduces profitability because it raises the cost of charging the thermal storage unit, while a
lower heat purchase price improves the financial performance. In comparison, transport-
related parameters have a weaker influence. The fixed transport cost per cycle has only a
minor effect on NPV, whereas the variable transport cost and transport distance are more
relevant because they directly affect the cost of heat delivery between the source and the
recipient. Nevertheless, their impact remains lower than that of the heat selling price,
annual number of cycles, and CAPEX.

The analysis also confirms the importance of determining the operational capacity of
the trailer, understood as the maximum number of cycles achievable per year. This capacity
depends not only on economic assumptions, but also on technical and logistical conditions,
including charging time, discharging time, travel distance, transport speed, availability
of loading and unloading infrastructure, operational downtime, and the synchronisation
between waste heat availability and heat demand. Based on design data from the FlowPCM
project, the charging and discharging time was assumed to range from 4 to 6 h, with an
average value of 5 h. This represents the maximum assumed duration of one charging
or discharging process and corresponds to an average thermal power of approximately
400 kW.

Overall, the sensitivity analysis shows that the profitability of the FlowPCM system
may be improved primarily through three measures: securing a sufficiently high heat
selling price, maximising the annual number of cycles through efficient logistics and
system availability, and reducing investment costs, for example through optimisation,
scaling effects, or CAPEX support mechanisms. Transport parameters remain important
for practical implementation, but their influence on NPV is secondary compared with
revenue-related parameters and the degree of system utilisation.

4. Discussion
The obtained results confirm that the economic viability of mobile heat transport

using PCM-based thermal energy storage is conditional and is determined primarily by the
simultaneous fulfilment of technical, operational, and market requirements. The developed
model was used to perform a total of 1.656 billion computational combinations. Within
the analysed parameter space, positive NPV occurs only in a subset of scenarios, while the
highest profitability is achieved for short transport distances, a high number of cycles, and
a favourable relationship between the purchase and selling prices of heat.

The results obtained are generally consistent with previous techno-economic studies
of mobile thermal energy storage. Matuszewska et al. [17], analysing a substantially smaller
55 kWh system for geothermal heat delivery under Polish conditions, found that profitabil-
ity decreased strongly with transport distance and concluded that distances exceeding
approximately 3–4 km were not economically justified under the adopted assumptions.
Similarly, Shehadeh et al. [22] demonstrated that the levelised cost of heat delivered by
M-TES increases with transport distance and decreases with increasing energy storage
density. Fritz et al. [6] and Resch and Dehner [23] also identified short transport distances as
a key condition for economic competitiveness, with PCM-based M-TES being particularly
favourable at distances below approximately 6–7 km.

The present results confirm these general relationships: positive NPV is achieved
only for combinations involving a sufficiently favourable heat price spread, high annual
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utilisation and relatively short transport distances. However, the numerical profitability
thresholds are not directly comparable because the studies differ in storage capacity, heat
source, transport assumptions, energy prices and evaluation methods. The present study
extends earlier work by considering a 2 MWh PCM-based unit, post-2021 Polish heat-
market conditions and 1.656 billion combinations of technical, operational and economic
parameters. Consequently, it identifies multidimensional profitability boundaries rather
than evaluating only a limited number of predefined or location-specific scenarios.

The NPV maps indicate that the system is highly sensitive to the heat price margin
and the intensity of trailer utilisation, expressed as the number of cycles per year. This
means that the economics of the solution are driven largely by system throughput and
the effective heat price spread, rather than solely by the investment cost of the storage
unit itself. At the same time, it should be emphasised that assuming a constant round-trip
efficiency (RTE) of 80% simplifies real operating conditions. In practice, cycle efficiency is
not constant, but depends on the temperatures of the heat source and heat consumer, cycle
duration, standstill time, insulation quality, wind conditions, vehicle body geometry, heat
exchanger losses, and transport-related losses. Therefore, the adopted RTE value should be
interpreted as a reference value for a well-insulated mobile thermal energy storage unit
operating under favourable short-distance transport conditions, rather than as a universal
efficiency level applicable to all operating scenarios.

The authors identify this issue as an important direction for further research, since
neglecting RTE variability may lead to an overestimation of profitability in scenarios char-
acterised by long cycle durations or less favourable weather conditions. This potential
overestimation may be particularly relevant when the storage unit remains idle for ex-
tended periods, when transport distances increase, when ambient temperatures are low, or
when convective heat losses are intensified by wind and vehicle movement. Under such
conditions, a lower effective RTE would reduce the amount of useful heat delivered to the
end user per cycle and, consequently, decrease annual revenues and NPV. In practical terms,
this means that the assumed RTE has a direct influence on the break-even heat selling price
and on the minimum number of annual cycles required to achieve economic viability.

Experimental studies on vehicle-based systems show that the convective heat transfer
coefficient may be strongly dependent on vehicle speed and body geometry, which confirms
the need to incorporate this effect into the model.

This decomposition should be interpreted as an engineering representation of the
baseline RTE assumption rather than as a direct measurement for the analysed prototype.
The charging and discharging components are mainly related to heat exchanger design,
temperature differences and flow rates, while ηst,tr is the component most sensitive to
insulation quality, transport duration, idle time, ambient temperature, wind conditions and
vehicle speed. The current model does not explicitly calculate these environmental effects;
instead, they are represented in aggregated form through ηst,tr and through the additional
RTE sensitivity analysis in the range of 70–90%. Therefore, the authors acknowledge that
the constant RTE assumption may overestimate NPV in longer-distance, cold-climate or
extended-idle scenarios. Future work should include a dynamic heat-transfer model of the
mobile tank.

From the perspective of PCM selection, the current economic results expressed by
NPV should, in subsequent stages, be linked to a multi-criteria PCM selection procedure
rather than to a generalised CAPEX parameter alone. The literature emphasises that PCM
selection should simultaneously consider the phase transition temperature, energy storage
density, thermal conductivity, cyclic stability, cost, and operational safety [37,38]. This is
particularly important in mobile applications, where mass and volume constraints favour
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the use of PCM technologies, while at the same time increasing the importance of heat
transfer power and reliable operation over multiple cycles.

The results indicate that further research should be conducted on two levels: optimisa-
tion from the perspective of the system operator, including how many trailers should be
operated, on which routes, and according to what schedule; and optimisation from the per-
spective of the technology manufacturer, including how many trailers should be produced
in order to achieve economies of scale and reduce unit CAPEX. In the first case, the key
factor is the threshold annual volume of delivered heat required to achieve a positive NPV.
In the second case, product development costs, serial production costs, and the potential
learning curve become particularly important.

From the perspective of the operational model, the annual amount of heat delivered
may, as a first approximation, be described as a function of the number of trailers, the
number of cycles per trailer, the storage capacity, and the effective cycle efficiency. Under
the reference parameters of 2 MWh, 500 cycles per year, and RTE = 80%, one trailer would
theoretically deliver approximately 800 MWh per year. In practice, however, this value
would be lower due to downtime, limitations in the availability of the heat source and/or
heat consumer, and losses dependent on operating conditions.

In this context, modelling the maximum number of annual cycles as a function of
charging time, discharging time, and travel time becomes particularly important. Increasing
the number of trailers without a parallel increase in the capacity and number of loading
and unloading stations may not improve NPV proportionally, but may instead lead to a
decline in asset utilisation.

5. Conclusions
The study identified the techno-economic and market conditions under which the

use of mobile thermal energy storage and heat transport may be economically efficient
compared with stationary heat generation, for example from natural gas, electricity, or other
fuels. The results indicate that the profitability of this solution is conditional and occurs
only under specific configurations of technical, price-related, and operational parameters.
At the same time, the key challenges for the further development of this technology were
identified, relating both to supply-side conditions, namely the availability of a stable
low-cost waste heat stream, and to demand-side conditions, particularly the long-term
predictability of heat demand among end-users.

The quantitative analysis covered 1.656 billion combinations of technical, operational
and economic parameters. For a 2 MWh storage unit and an RTE of 80%, the useful
heat delivered per cycle is 1.6 MWh. Therefore, the analysed range of 20–500 cycles per
year corresponds to approximately 32–800 MWh of useful heat annually, while 260 cycles
correspond to about 416 MWh/year.

In the best-performing scenario, NPV exceeded EUR 1.1 million after 15 years, and the
break-even point was reached around the end of the second year. The highest profitabil-
ity occurred when the waste heat purchase price was close to 0 EUR/MWh, the selling
price exceeded approximately 135–140 EUR/MWh, the transport distance was 5 km, and
utilisation approached 500 cycles/year.

For the sensitivity-analysis baseline, the 15-year NPV was approximately 122,000 EUR.
A ±20% change in the heat selling price produced an NPV range of approximately
29,000–216,000 EUR, while a ±20% change in the annual number of cycles resulted in ap-
proximately 58,000–187,000 EUR. The corresponding range for uCAPEX was approximately
82,000–162,000 EUR. Reducing RTE from 80% to 64% decreased NPV to approximately
−21,000 EUR, whereas increasing it to 96% raised NPV to approximately 145,300 EUR.

https://doi.org/10.3390/en19153559

https://doi.org/10.3390/en19153559


Energies 2026, 19, 3559 18 of 20

These results confirm that profitability is determined primarily by the heat selling price,
annual utilisation, uCAPEX and effective RTE.

The obtained results have important practical and regulatory implications. The exis-
tence of a relatively narrow range of economically viable conditions means that the design
of financial support mechanisms for mobile heat transport should be precisely targeted and
should take into account the local specificity of waste heat sources, heat consumers, and
supply chain organisation. Otherwise, there is a risk of supporting solutions that will not
achieve sustainable economic efficiency under market conditions.

Compared with local heat generation, it is also necessary to account for benefits that
are more difficult to quantify unambiguously within a conventional economic assessment.
These include the flexibility to change the heat supplier or heat consumer, as well as the
avoidance of investment expenditures on production and transmission infrastructure that is
difficult to reverse. These characteristics may increase the attractiveness of mobile thermal
energy storage and transport systems in selected niche applications. Therefore, further
research should extend the analysis by incorporating a dynamic perspective on operating
conditions, supply and demand risks, and the valuation of system flexibility.
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