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Abstract:

Mobile camps—such as military forward operating bases and humanitarian relief camps—operate at
relatively small scales and are often deployed in hazardous or resource-constrained environments.
This increases the need of self-reliance of the camp which needs to be met by easily deployable
renewables like PV panels. In such contexts, the choice of energy storage technology is critical, as
it must balance performance, robustness, and mobility. Carnot Batteries, which combine heat pump,
thermal storage, and power cycle, have recently emerged as an possible alternative to conventional
energy storage systems such as electro-chemical battery, particularly due to their ability to utilize
locally available storage materials such as water.

This work investigates the feasibility of a low-temperature (90 — 95°C) Carnot Battery tailored for
mobile camp applications characterized by power capacities, where mobility and logistical constraints
are major design considerations. Because the thermal storage medium (e.g., water) can typically be
sourced on-site, the carried components of the system are limited to the energy-generating unit (PV
panels), the charging unit Heat Pump, the thermal energy storage containment, and the Organic
Rankine Cycle. The study proposes a methodology to determine an optimal thermodynamic design
point along with the energy dispatch modelling which combines the thermodynamics of the Carnot
Battery to the energy system of the camp.

The results show that the optimal design is strongly influenced by system-level constraints, partic-
ularly mass and thermal energy storage volume limitations. While the round-trip efficiency remains
relatively stable, the energy density becomes the dominant factor in determining the optimal design
as constraints become active. Furthermore, the integration of Carnot Battery becomes most rele-
vant when conventional lithium-ion storage reaches its capacity limits due to hazardous aspects of
chemical energy storages. The results also highlight the strong coupling between component sizing
and dispatch dynamics, with the Organic Rankine Cycle playing a critical role in minimizing fuel con-
sumption. Overall, the study demonstrates that Carnot batteries can be relevant under strict mobility
constraints; however, this advantage holds only when additional energy generation systems, such as
photovoltaic panels, are excluded from the containerised system.
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1. Introduction

In recent years, Heat pump (HP) — Organic Rankine Cycle (ORC) based Carnot batteries (CB) have
attracted significant interest as a cost-effective and environmentally friendly energy storage technol-
ogy [1,2,6]. This work explores the potential of this technology as an energy storage solution for the
electrification of mobile base camps.

The primary objective of this paper is to propose a design-point sizing methodology that integrates the
optimal thermodynamic design of the Carnot battery with the optimal sizing and dispatch of a mobile
camp’s energy system. Chemical batteries are known to pose safety risks, particularly under mobile
operating conditions; therefore, investigating a Carnot battery-based system for this application is
well justified. The safety hazardous of Chemical batteries enforces the maximum carry able capacity
generally less than 50 kWh.



Several general frameworks exist for sizing microgrids based on the minimisation of installation and
operational costs, such as HOMER Pro [4]], Microgrids.jl [5]], MicroGridsPy [8], and the Microgrid
Design Toolkit [3]. This work builds on similar principles, extending them to the sizing of mobile
base camps using Carnot batteries, while incorporating key performance indicators relevant to such
applications like electrical energy density and round trip efficiency. It combines the thermodynamic
design point of CB to the optimal energy dispatch inside the microgrid.

Such a system is strongly constrained by mobility, which limits the allowable size and configuration
of individual components. A schematic of the system is presented in Figures |1/ and 2} All energy
storage units must be integrated within the mobile platform.

As the focus of this work is on the analysis of the Carnot battery configuration, only the energy
storage components are modelled in detail, while the energy generation units are parametrised. The
containerised system includes the following components: a lithium-ion battery, a heat pump (HP), an
organic Rankine cycle (ORC), and thermal energy storage (TES) excluding the storage medium. The
latter three components together constitute the Carnot battery system.

The TES medium is assumed to be water, which can be sourced locally. This eliminates the need to
transport the storage material, thereby reducing the overall system weight and improving mobility.
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Figure 2: Camp’s Energy Layout

The goal of this work is to check the impact of such a system purely for electrification application
under constrained physical sizing.

2. Mathematical Modelling

This section describes the modelling techniques and methodologies chosen for the analysis. This
section is split in three parts, general description of the problem thermodynamic modelling and
optimization of Carnot Battery performance[2.2] and the energy system sizing and dispatch modelling
of the camp[2.3] The modelling and simulation of the code is done is Julia [20].

2.1. Problem Description

As described in Section[I] the case study focuses on the sizing of mobile camps equipped with a CB
unit. The expected electrical load profiles, specific PV production (kW/m?), and ambient temperature
of the camp are assumed to be known over the time horizon. The choice of thermal storage container
is high-density polythene (HDPE) [19]], while that of the TES medium is water. The storage medium
is locally sourced. Given the mass allowance of the container unit, the goal is to optimally size the
Carnot Battery unit and its dispatch under mass allowance.



2.2. Thermodynamic Modelling

For the thermodynamic modelling of the heat pump (HP) and organic Rankine cycle (ORC) units, the
package ThermoCycleGlides.jl [9] is employed. It uses Clapeyron.jl [[10] as the thermodynamic back-
end for fluid property calculations. The selected equation of state is the consistent Peng—Robinson
formulation [14]].

This section describes the implementation of the thermodynamic components. The objective is to
map the relevant Carnot battery key performance indicators (KPIs) mainly round-trip efficiency and
electrical energy density, such that they can be effectively integrated into the larger-scale energy
system model.

A schematic of the overall energy system layout is shown in Figure 2| and of the Carnot Battery cycle
in Figure 3]
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The expander and compressor are modelled using constant isentropic efficiencies. For the compressor:
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The heat exchangers are modelled using pinch point temperature constraints. The coefficient of per-
formance (COP) of the HP is define as:

cop = Qe 3)
comp
and the efficiency of the ORC is define as:
We:p - W um
Nore = —=r PP (4)
Qevap
The efficiency of the Carnot Battery is computed as:
NceB = COP - Nstorage * TNORC, (5)
While the electrical energy density (kW h/m?) is given by:
Pele = Pwater * Cp,water : (Thot - Tcold) *NoRrc, (6)
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2.2.1. Carnot Battery Performance Map

The efficiencies of both the HP and the ORC are characterised as functions of the thermal storage
temperature configuration, working fluid, mole fraction (z - in the case of mixtures), and the degrees of
superheating and subcooling. A schematic representation of these dependencies is shown in Figure 4]
Where ATy, and AT, resemble the super heating and sub cooling temperatures. AT, resembles
the glide on the evaporator of the HP while AT, is the glide on the condenser of the ORC. z is the
molar composition of the mixture.

As the dimensionality of the variable space increases, it becomes computationally efficient to generate
an optimised performance map of the Carnot battery subsystem and pass it to the system-level energy
model. In this work, the optimised map is parameterised as a function of the cold storage temperature.
Based on the performance maps reported by Laterre [6], acetone and isopentane are identified as
optimal working fluids within the considered temperature range around 365 K. Furthermore, the use
of fluid mixtures can enhance the performance of both HP systems [22]] and ORC systems [23]].

As phase change in mixtures is non-isothermal, the pinch point may occur within the two-phase
region. To accurately capture this behaviour, the heat exchangers are discretised into 20 control vol-
umes with equal enthalpy increments, ensuring proper resolution of pinch-point constraints [22]. This
method of modelling allows the construction of optimized performance map of the thermodynamic
cycle by fixing the fluid combination while optimizing for the mole fraction and super and sub cooling
temperatures. Metaheuristic algorithm, Evolutionary Centers Algorithm, from Metaheuristics.jl [21]]
is used for optimizing the thermodynamic cycle. Both the ORC and HP cycles are optimized inde-
pendently for the chosen storage configuration as shown in figure 4}

COP = f (Tcolda Thot; fluid y 25 AT’shy ATSC) (7)

Norc = ¢ (Tcold> Thota fluid 2 AT‘sha ATSC) (8)

In Figure [5] the Pareto front of the Carnot Battery’s efficiency-density curve is shown for chosen pa-
rameters in Figure ] The surrogate models representing the system performance, given by Equations
and [8] are fitted using Chebyshev polynomials.

2.3. Energy System Modelling

The energy storage is composed of a Li-Ion Battery and a CB. The generator set and PV installations
are parametrised. The performances of the components apart from the CB are taken from the manu-
facturers. The generator load fraction to fuel consumption relations are generated over data provided
by the manufacturer [[18]. Along with this, the physical sizes of the components are also derived from
manufacturers who provide plug-and-play type units [15]] [16] [17].
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The energy system modelling is based on an optimal dispatch strategy for the minimisation of fuel
consumption over the horizon time as described in equation 9]

( J (Fuel (S, P (1)) dt) |

Fuel,,.«

®)

rggl log
Where the decision variables are split into two parts. First, .S is the sizing variable of the Lithium Ion
battery (kWh), volume of the TES (m?), nominal power of the HP and ORC unit (kW), and the cold
storage temperature (K). Second P, are the dispatch variables per hour from all the energy sources
and storages. Namely, PV, Li-lon, generator, HP, and ORC.

S - {SLfy STES) S]n{O]rDHa SgOanC 7Tcold} (10)
P(t) = {Ppv(t), Pi(t), Pif(t), Pup(t), Porc(t), Pa(t)} (11)

The system is constrained such that power generation at any given point is more than the demand:
Ppy(t) + Pore(t) + PE5(t) + Pg(t) > Load(t) + PS4 (t) + Pyp(t), VteT (12)
The output of the generator at any given time is between 0 and its maximum power rating.
0 < Ps(t) < Sq (13)

As described in the previous section the mass of the energy storage system is constrained. This
is described in equation [14]

M(Swr) + M(Stes) + M(Pgp') + M(P5g¢) < Mep (14)

The dynamics of the Li-Ion battery are described in Equation [I3]

dE;+(t 1 A
;5 b2 PR — o PR (15)
ndis
0< Er;(t) <Spr (16)
0 < PEi(t), PE(t)(t) (17)

While the dynamics of the CB are described in Equation Here, Ergps resembles the thermal
energy stored in the TES.

dErps(t) 1

I = —kiossErps(t) + COPyp(Teoa(t)) Pup(t) — mpoz%c(t) (18)



The operating range of the HP and ORC is expressed in equation [I9

1
QE" S < Pup(t) < ojfh SiE (19)
1
Qi3 SR < Pono(t) < aliie Sim 20)

The variable a governs the bandwidth of operation that arises due to the compressor, expander and
the chosen sizes of the heat exchangers. The start-up time to steady state for any technology is not
considered as it is relatively small with respect to the large-scale duration of its operation. As the
optimal dispatch problem is a Non-linear Optimization Problem (NLP), the interior point method
from MadNLPjl [24]], [25] is used. The non-linearity majorly arises from the CB dynamics and the
constrained physical sizes. The schematic of the solver is shown in figure [6]
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Figure 6: High Level Solver Framework

3. Test Case

The methodology described above is applied to analyze a fictional case with a 7-day time horizon.
An installation of 650 m? of PV capacity is considered. A representative load demand profile is used,
as shown in Figure |/l The HP source temperature is fixed at 300 K, and the ORC sink temperature at
280 K, as described in Section[2.2] This difference of 20 K is considered as a approximation between
the day and night temperatures differences.

For the optimal dispatch, the objective function is defined to minimize the camp’s fuel consump-
tion, as described in Equation [0} The fuel consumption is normalised with respect to the worst-case
scenario, i.e., the case without any storage. The logarithm of this normalised value is then taken to
improve numerical stability. The objective function of the optimal dispatch is described in Equation
ol

For the analysis, two cases are considered: lithium-ion storage capacities of 0 kWh and 30 kWh.
The mass capacity of the energy storage container is varied from 500 kg to 1500 kg. The remaining
parameters are provided in Table ]

Table 1: Camp’s and component Parameters

A Time Step PLi Cpwater Storage Wall thickness Kioss Max TES Volume
1.0 hr 7.6 % 1.16 x1073 % 4 x1073m 0.01 hr! 30m?

The Figures [8HI3]illustrate the evolution of the optimal sizing of the CB units. In general, the trend
can be described as follows: as long as storage capacity (e.g., mass or TES volume) is not limiting,
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Figure 7: Electricity demand and PV generation over the simulation horizon

the optimization favors the most efficient CB configuration. However, once one or more constraints
become active, the solution shifts to exploiting the Pareto front of the CB density—efficiency trade-off,
as shown in Figure 3]
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Between the two test cases, the optimization generally prefers the lithium-ion battery due to higher
efficiency. As a result, the total energy storage capacity of the container is consistently higher when
lithium-ion storage is included. Nevertheless, the difference between the two cases can be considered
competitive (Figure [9). This behaviour arises from the optimal dispatch and sizing of the system
components within the camp.

As the carrying capacity of the system increases, the sizes of all Carnot Battery components (HP-TES—ORC)
generally increase. This scaling has only a minimal impact on the round-trip efficiency until one of

the system constraints becomes active. In this case, the limiting factor is the maximum allowable
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storage volume (30 m?), as evidenced in Figures and[15]
The fuel consumption of the camp decreases progressively as the allowable carrying capacity in-
creases, as shown in Figure[I4] This highlights the benefit of increased storage capacity in reducing

reliance on fuel-based generation.

Since the objective of the system is purely electrical supply, the ORC plays a critical role in the overall
performance. In certain cases, the optimization favours increasing the ORC capacity without a corre-
sponding increase in the HP capacity. This behaviour is observed in Figures [I0] and [T} particularly

when the carrying capacity exceeds 1400 kg.

For all the cases analysed, the ORC was able to meet only between 1% - 4% of the demand, Figure
[I6] This is still marginal to the system after considering the net fuel reduction to lie between 2% -

3%.
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Figure 16: Fraction of energy met by the ORC



4. Conclusion

This work establishes a link between the thermodynamic design of Carnot Batteries (CB) and their
role within large-scale, mobile microgrid energy systems. In particular, it demonstrates how micro-
scopic thermodynamic variables mainly the storage temperature configurations influence system-level
design decisions relevant to mobile camps.

The results highlight that the density—efficiency trade-off of the Carnot Battery plays a critical role
in system sizing. Under mass and volume constraints, energy density emerges as a more influen-
tial parameter than round-trip efficiency. Consequently, the optimal thermodynamic design point
remains relatively stable in terms of efficiency, while shifting significantly in terms of energy density
as container constraints become more restrictive. Only when the maximum allowable thermal energy
storage (TES) volume is reached does the thermodynamic efficiency begin to significantly impact
system performance.

From a system perspective, the sizing of HP and ORC units is strongly governed by dispatch dynamics
and the non-linear interactions within the system. The results show that both HP and ORC capacities
tend to increase when excess energy is available for storage. However, due to the relatively low round-
trip efficiency of CB, the optimization framework prioritizes lithium-ion storage, with CB integration
becoming relevant primarily when lithium-ion capacity limits are reached.

Furthermore, the strong non-linearity of the system leads to non-intuitive design trade-offs. In certain
scenarios, the optimization favors increasing ORC capacity while maintaining constant HP capacity
to minimize fuel consumption. In other cases, slight reductions in storage capacity are accepted to
achieve better sizing of HP and ORC units. Notably, ORC capacity is rarely sacrificed, indicating its
critical role in energy recovery within the system.

Overall, this study demonstrates that Carnot Battery integration in mobile microgrids is highly context-
dependent, with its relevance emerging under specific operational and constraint-driven conditions
arising from mobility of the unit. About 2% of fuel reduction was achieved over the 7 day horizon.
The current work also only focusses on electrification without any consideration of thermal loads of
the camp. This significantly downplays the importance of the Carnot Battery. Hence the future work
should contain:

* Integration of generator waste heat into the Carnot Battery system.
* Coupled optimization of electrical and thermal loads.
* Impact of ambient conditions on system performance

* Identification and evaluation of Carnot Battery sub-technologies best suited for mobile camp
applications.

Nomenclature

PV Photovoltic panels

HP Heat Pump

COP Coefficient of Performance
TES Thermal Energy Storage
Li  Lithium Ion Battery

ORC Organic Rankine Cycle

h  specific enthalpy, J/kg
specific heat, kWh /(kgK)
Power, kW

Energy, kW h

Energy Size of unit

AT NN < Y

mole fraction, (-)



T temperature, (K)
Q Heat transfer Rate, (k1)
W Power, (kW)

Greek symbols

i efficiency
«  Operation range factor

Subscripts and superscripts

Ref

sh  super-heat

sc¢  sub-cool

comp compressor

exp expander

cond condenser

evap evaporator

rt  round trip

cold cold store temperature
hot  hot store temperature
ch  charge

dis  discharge

pp  pinch point
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