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ARTICLE INFO ABSTRACT
Keywords: An efficient global cold food chain is critical to the sustainability of the growing world population, and it is
Isochoric freezing anticipated that the global frozen food market will reach $404.8 billion by 2027. Frozen foods are typically

Isochoric supercooling

stored under conventional industry-standard isobaric (constant-pressure) conditions at sub-freezing tempera-
Energy savings

Frozen food tures, however, which can degrade the textural and nutritional quality of the food and comes at high energetic

Cold storage and carbon costs. While efforts to reduce this energetic toll have traditionally targeted the devices used to

Global cold-chain generate refrigeration, we herein identify that significant energy savings may be attainable by altering the
fundamental thermodynamics of the freezing process itself. Here we show that preserving frozen food under
isochoric (constant-volume) thermodynamic conditions, as opposed to conventional isobaric conditions, may
theoretically reduce annual global energy consumption by as much as 6.49 billion kWh, with accompanying
carbon emission savings of 4.59 billion kg. Importantly, these savings can be achieved rapidly and inexpensively,
without any costly changes to the current global refrigeration infrastructure. Furthermore, early studies
demonstrate that isochoric freezing results in substantially improved food quality, extends the preservable
lifetime of fresh and otherwise delicate food products, and has cross-cutting biopreservation applications in
domains as diverse as medicine, biology, and pharmaceuticals.

4% of all global electricity consumption annually [6], equivalent to
6.54 x 10°® metric tons of emitted carbon dioxide [7] and costing
approximately 120 billion USD. The high economic and climatological
price of essential cold-storage infrastructure creates systemic in-
equalities in food access between countries with high- and low-income
economies. Thus, in envisioning an energy efficient future food chain,
capable of meeting the needs of a soaring global population, funda-
mental innovations in the cold-storage space are needed to reduce both
the economic burden, the energetic burden and the carbon footprint of
the cold-storage infrastructure.

Cold storage of food is driven by the strong temperature dependence
of metabolism. Lowering the temperature reduces the metabolism,
thereby slowing the deterioration of food and the growth of contaminant

1. Introduction

The development of sustainable, equitable, and inclusive global food
chains in the face of a growing population represents a landmark chal-
lenge on the path towards global sustainability in the 21st century.
Meeting this challenge will require innovation in multiples domains, but
perhaps most pressingly in the food cold-chain. Cold storage of food is
integral to global food capacitance (i.e. the ability to store and distribute
food resources as necessary). Its efficacy and availability have huge
implications on global food waste (which has been estimated at greater
than 30% of total post-harvest yields) [1-3], safety [4], and accessi-
bility. Estimates anticipate a continuous growth in the frozen food

market, from $291.8 billion in 2019 to $404.8 billion in 2027 [5]. microorganisms. However, in an isobaric (constant-pressure) thermo-
The current global cold-chain operates at significant energetic costs; dynamic environment open to the atmosphere (as virtually all modern

domestic food cold-storage alone was estimated to account for nearly food storage presently is), food matter (being comprised largely of

* Corresponding author.
E-mail address: rubinsky@berkeley.edu (B. Rubinsky).
1 Matthew Powell-Palm and Yuanheng Zhao made equal first authorship contributions to this study.

https://doi.org/10.1016/j.rser.2021.111621
Received 10 March 2021; Received in revised form 23 July 2021; Accepted 27 August 2021
1364-0321/© 2021 Elsevier Ltd. All rights reserved.


mailto:rubinsky@berkeley.edu
www.sciencedirect.com/science/journal/13640321
https://www.elsevier.com/locate/rser
https://doi.org/10.1016/j.rser.2021.111621
https://doi.org/10.1016/j.rser.2021.111621
https://doi.org/10.1016/j.rser.2021.111621
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2021.111621&domain=pdf

Y. Zhao et al.

Renewable and Sustainable Energy Reviews 151 (2021) 111621

Nomenclature

C Carbon emissions (COy), [kg]
c(T) Isobaric specific heat capacity, [J/(kg+°C)]
¢(T) Isochoric specific heat capacity, [J/(kg+°C)]

cop Coefficient of performance of the refrigerator/freezer

COST Cost of electricity consumed by the refrigerator/freezer,
[USD]

E Total energy expended per unit mass of food product, [kig}

H Latent heat of phase change from water to ice, [kJ/kg

h Convection coefficient of chilled air within freezer cabinet,
21

k Thermal conductivity of the food product, [W/(m«°C)]

L Half-length of 1D domain representing the food mass, [m]

m Mass of stored food, [kg]

P Hydrostatic pressure that develops in an isochoric system,
[MPa]

T Temperature of the food product, [°C]

To Initial temperature, [°C]

Ty Phase transition temperature, [°C]

Ts(¢) Freezing point of physiological saline solution as a function
of ice fraction in isochoric systems, [°C]

t Run time of the compressor in the freezer, [s]

w Electrical work consumed by freezer, [kWh]

&(t) Time-dependent position of the phase transition interface,
[m]

p Density of the specimen, [kg/m>]

a Thermal diffusivity of physiological saline in the isochoric

system, [m3/s]

Subscripts

freeze Pertaining to the initial freezing/cooling process
storage  Pertaining to the extended cold storage process
isobaric  Isobaric conditions

isochoric Isochoric conditions

l Pertaining to the liquid phase

s Pertaining to the solid phase

Fig. 1. Comparison between isochoric cold storage and conventional isobaric storage. (a) to (e) [27]. Fresh tomatoes stored four weeks: (a) fresh controls, (b)
isochoric storage at —2.5 °C, (c) conventional refrigerator storage at 10 °C and 85% relative humidity, (d) conventional flash freezing and refrigeration storage at
—20 °C, (e) isobaric storage at —2.5 °C. (f) to (i) [28]. Fresh spinach stored for one week: (f) fresh controls, (g) isochoric storage at —4 °C, (h) isobaric storage at
—4 °C, (i) commercial, flash freezing and freezing storage at —20 °C. (j) to (m) [30]. Fresh cherries stored for 24 h: (j) fresh controls, (k) isochoric at —7 °C, (1)
isobaric at —7 °C, (m) conventional liquid nitrogen freezing and refrigeration storage at —20 °C. (Figures modified from the listed references).

water), will freeze at sub 0 °C temperatures. The ice crystals that form
upon freezing can substantially degrade the textural and nutritional
quality of the food, and the central efforts of the modern food cold
storage community seek to ameliorate the deleterious effects of these ice
crystals while preserving the beneficial effects of low-temperature
preservation, e.g. Refs. [8,9]. Quick freezing, which can decrease the
size of ice crystals and thereby reduce morphological damage to frozen
foods, revolutionized the food industry in the early 20th century [10]
and is still today considered the gold standard of frozen storage [11,12].
The rapid cooling methods that are commonly used in the food industry
are: a) freezing to liquid nitrogen temperatures (—196 °C), b) freezing to

—100 °C, c) freezing to —40 °C and d) hyperbaric freezing in which the
pressure of the system is first increased (an energy consuming process)
and then suddenly released [13,14]. Maintaining these ultra-low tem-
peratures at which food is rapidly frozen during subsequent continuous
storage is extremely energy-intensive and requires specialized refriger-
ation systems. Therefore frozen food is typically stored at substantially
higher temperatures than those at which it is initially frozen. However,
this transition in storage temperatures can also lead to food damage, due
to such mechanisms as ice recrystallization and fluid migration [15].
Therefore, in the cold food chain, a balance is sought between temper-
atures low enough to reduce recrystallization and temperatures at which
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Fig. 2. Isochoric freezing thermodynamics and design. (a) Ice-water phase diagram

the energy costs are acceptable. Most commercial cold storage systems
use storage temperatures between —10 °C and —18 °C. In order to attain
energy savings in the cold storage domain, many contemporary research
efforts aim to re-examine the technological methods by which we
generate this cold, from improving the efficiency of conventional
vapor-compression freezers [16-18], to conceiving new refrigeration
processes based on novel thermodynamic principles [18]. However,
little research by comparison has questioned the fundamental thermo-
dynamics at play within the freezing food matter itself, and the potential
energy-saving benefits of extreme departures from conventional frozen
storage.

Building from fundamental thermodynamic principles, we have
developed a new concept for food storage at subfreezing temperatures,
“isochoric cold storage” [19]. This storage modality aims to replace
industry-standard cold storage, which occurs under constant atmo-
spheric pressure (isobaric) conditions, with cold storage that instead
occurs in constant volume (isochoric) conditions. Superficially, the dif-
ference between isobaric and isochoric systems appears minor: an
isobaric container (volume) is open to the atmosphere (which functions
as a pressure reservoir), while an isochoric container (volume) is closed
to the atmosphere. However, thermodynamic theory and experiment
show that the isochoric process of cold storage is profoundly different
from its isobaric equivalent [19-24] resulting in substantial improve-
ments in the quality of the preserved food [25,26]. Furthermore, iso-
choric systems can be used for storing foods that are otherwise difficult
to preserve with isobaric freezing, such as tomatoes [27], spinach [28],
cut potatoes [29], sweet cherries [30], etc. For example, isochoric
preservation of tomatoes for one month led to improved quality stability
of tomato fruits when compared with conventional preservation tech-
niques such as individual quick freezing (IQF) [27]. Tomatoes preserved
at —2.5 °C in an isochoric system showed the most desirable sensory
characteristics in terms of mass, shape, volume, color and texture
retention, and retained 98% ascorbic acid, 98% lycopene, 88% phenolic
compound and 94% antioxidant activity. In comparison, ice formation

, Ice lh

showing an isochoric and isobaric freezing process. (b) Schematic of isochoric
preservation of food (physiological saline solution) at subfreezing temperatures. (c) Mass percentage of ice that forms and the according equilibrium pressure in an
isochoric system of ice and water. (d) Schematic representation of the freezing slab like configuration used to analyze an isochoric system in this work. The
equivalent isobaric domain is subject to the same boundary conditions but contains no interior phase change interface, as at subfreezing temperatures the entire
domain becomes ice.

during IQF freezing led to 17% mass loss and 16% volume loss, which
contributed changes to both overall visual quality and firmness and
reduced nutrient retention, (87% ascorbic acid, 33% lycopene, 40%
phenolic compounds and 36% antioxidant activity). In another recent
study, cut raw potatoes preserved at —3 °C for one month under iso-
choric conditions had lower drip loss and volume shrinkage as well as
better preserved texture and microstructure than cut raw potatoes
conventionally preserved at atmospheric pressures [29]. Finally, the
potential of isochoric freezing for the development of value-added
products and processes has also recently been demonstrated:
value-added food products with improved nutrition and functionality
can be produced using the enhanced hydrostatic pressures generated
during isochoric freezing, which allow the infusion of bioactive com-
pounds such as nutritional compounds, anti-browning agents, firming
agents, antimicrobials, etc. into foods [31]; and processes that combine
food storage and food safety measures can be developed by leveraging
the unique bacterial sterilization effects observed in isochoric systems at
low temperatures [32,33].

Ilustrative examples comparing isochoric and isobaric storage of
sensitive foods are shown in Fig. 1. Our results in these papers show that
optimal isochoric storage temperatures are between —2.5 °C and —7 °C.
The ability to cold-store these difficult-to-freeze products can have a
major effect on world-wide reduction of food waste efforts.

It should also be noted that the process of isochoric freezing is not
limited to the food domain, but is in fact applicable to issues of bio-
logical preservation in domains as divergent as medicine, conservation
biology, and space travel. Notable recent efforts have employed iso-
choric freezing in the global effort to preserve complex organs and tis-
sues outside the body for transplant [34,35], demonstrating the
first-ever preservation of full mammalian hearts at sub-zero centigrade
temperatures without chemical cryoprotectants [36], the first-ever
multiday preservation of autonomously beating genetically-human
engineered cardiac tissue [37], and successful multiday preservation
of mammalian pancreatic islets [38].
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Table 1
Thermodynamic data.

(a) Thermodynamic Storage Modes (b) COP of Vapor-Compression

Freezer
Thermodynamic Operating Coefficient of Operating
Storage Mode Temperatures (°C) Performance Temperature
(CoP) (9]
Isochoric Freezing [-2.5, -5, —10, 4.41 -2.5
—18]
Isochoric [-2.5, -5, —10] 4.1 -5
Supercooling
Isobaric Freezing [-2.5, -5, —10, 3.53 -10
—18, —40, —100,
—196]
Hyperbaric [-18] 3.06 —15
Freezing
2.86 -18

While these attributes of isochoric cold storage are all of value to the
global food economy and health, the primary motivation for this work
comes from a distinct and nuanced thermodynamic finding: In addition
to improvements in the quality and safety of the cold stored food, iso-
choric cold storage consumes substantially less energy than isobaric cold
storage [39,40].

The process of freezing in an isochoric system can be explained in
thermodynamic terms by application of Le Chatelier’s principle or
analysis of Helmholtz free energies of water and ice [22,23]. From a
high-level physical viewpoint, however, the unique behaviors experi-
enced in isochoric systems can be thought of as a result of the expansion
undergone by liquid water in transitioning to ice-Th, which has a lower
density than water. If water is confined within a constant-volume
container, as freezing initiates, the lower-density ice Ih cannot freely
expand, and it thus compresses the yet-unfrozen portion of the liquid,
forcing the freezing process to proceed along the “liquidus line” of the
Temperature-Pressure phase diagram. Fig. 2a illustrates the thermody-
namic path that isochoric freezing takes (as an ice-water two-phase
mixture along the liquidus line) alongside the isobaric freezing path (in
which the entire system will freeze after the marked constant pressure
line intersects the liquidus line in temperature). Fig. 2b shows that at
—18 °C (the industry-standard frozen storage temperature), less than
50% of an isochoric volume will freeze. This of course suggests the
possibility that food matter can be preserved in the remaining liquid
phase of the isochoric system at subfreezing temperatures in an unfrozen
state, and therefore, without concern for the effects of ice crystals on the
quality of the food and without the need to resort to complex and
energy-intensive cold storage protocols such as quick freezing. An
illustration of the concept of isochoric freezing is shown in Fig. 2c.

It is important to emphasize in advance that refurbishing the global
“isobaric” cold storage food chain with “isochoric” storage does not
require any substantial changes in global refrigeration infrastructure, as
it is a mode of storing food within a refrigeration system, and thus avoids
the economic and logistical specter of replacing the billions of domestic
and industrial refrigeration units currently in use. Isochoric cold storage
simply replaces conventional storage containers with sealed, constant-
volume containers; it is not dependent on any specific means of refrig-
eration, and thus may also be seamlessly integrated with both current
conventional infrastructure and any novel refrigeration systems that
may achieve widespread use in the future. For completeness, we also
mention another thermodynamic food storage method that is less
common, supercooling, in which the food mass is cooled only mildly
past the freezing point and held in a metastable ice-free liquid state [24,
34]. This form of cooling also exists in isobaric and isochoric variants,
and we have recently demonstrated through thermodynamic analysis
and experiments that supercooling under isochoric conditions is sub-
stantially more stable than supercooling under isobaric conditions. It is
important to emphasize here, that in isochoric cold storage, either
through freezing or supercooling, the processing and storage
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considerations which have conventionally constrained isobaric cold
storage due to considerations of ice-related damage simply do not apply.
Isobaric and hyperbaric freezing results in ice crystal formation, driving
substantial degradation of the textural and nutritional quality of the
food [13-15]; isochoric storage modes (freezing/supercooling) preserve
food without ice damage [27-30,37], resulting in improved quality.
Therefore, while for isobaric cold storage there is a strong argument for
storing frozen foods at —18 °C to avoid secondary affects related to ice
formation (such as recrystallization), in isochoric storage any optimal
subfreezing temperature can be used.

In this work, we analyze the energy savings, reduction in global
energy burden, and reduction in carbon footprint that could be accrued
from transitioning the global food cold chain from isobaric cold storage
to isochoric cold storage. We develop a simple two-part phase change
model to describe the thermodynamics of frozen food storage in several
thermodynamic storage modes: traditional isobaric freezing; hyperbaric
(or pressure-shift) freezing [13,14]; isochoric freezing, and isochoric
supercooling [24], which we evaluate at several storage temperatures
reflecting various processes found in the industry. The Methodology
section of this paper describes the mathematical model and calculations
used to compare the energy expenditure for cold storage in isochoric
systems and various isobaric systems.

2. Methodology
2.1. Thermodynamic model

We developed a simple two-part phase change model to describe the
thermodynamics of frozen food storage in several thermodynamic
storage modes: traditional isobaric freezing; hyperbaric (or pressure-
shift) freezing [13,14]; isochoric freezing, and isochoric supercooling
[24], which we evaluate at several storage temperatures reflecting
various processes found in the industry. These thermodynamic regimes
are summarized in Table 1a. Nomenclature and relevant units for all
thermophysical properties and relations employed can be found in the
Nomenclature Table and Supplementary information (SI).

Our model treats the two thermodynamically significant portions of
the food cold-storage process: initial freezing and extended storage.
Throughout the model, an arbitrary mass m of food is considered, which
for the purpose of simplicity is modeled as a mass of physiological
(0.09%) saline solution with a freezing point of Tf = —0.56 °C. For
isobaric conditions, this food mass m comprises the total mass of the
thermodynamic system. In order to calculate the temperature history
and energy required during freezing and storage, the heat transfer
problem is required to be solved. Here, the governing equations for each
thermodynamic case are provided as follows. In all cases, a simple finite
difference scheme is used to solve the equations. Standard mesh halving
was employed to verify solution convergence. In reproducing these re-
sults, any chosen method of solving the following equations should
prove sufficient.

2.1.1. Isochoric freezing

During isochoric freezing and storage, food products are immersed in
liquid in a rigid constant-volume chamber [19]. Ice begins to expand
when the chamber interior reaches sub-0°C temperatures, generating a
hydrostatic pressure which in turn prevents further ice formation and
results in a stable two-phase, liquid-ice equilibrium [19-24], wherein
food products are stored in the liquid portion and thereby protected
from any form of ice-related damage. Accordingly, only a limited
portion of an isochoric system actually freezes (along the exterior closest
to the cold source), and thus the system will always feature a frozen
(subscript s) and unfrozen (subscript I) region and a phase-change
interface between them, as shown in Fig. 2d. The time-dependent po-
sition of the interface is denoted by 4(t).

The energy for the frozen region is given by:



Y. Zhao et al.

o, _ 0T,
o ox2’

0<x<é(t)andt >0 (€]
The energy balance for the unfrozen region is given by:

o, T,
0_2:%5_)6?7 8(1) < x < Lisochoric and t > 0 (©))

The coupling conditions at the interface are:

oT, oT; 06

S()T%‘X:ﬁ - l()Tc,'*':’j = pl'H557 x = 6(1) 3

T,(x=6(1),t) =T)(x=5(t),1) =T((5) 4)
Hj represents the constant volume latent heat of fusion, which is eval-
uated according to the following relation [41]:

H;=1.62 x 10Ty, +5.51 x 107°Ty, +7.94 x 10T, +5.29T,, + 3.34
x 10
)

The phase change interface temperature varies with the ice percent

in the isochoric system, which can be obtained from Fig. 2¢c as T(5(t)) =

Ton(IPm). The correlation between the change in phase transition

temperature Ty, (IPm) as a result of ice percent (in mass) IPm for physi-
ological saline solution, is given by [19].

Tu(IPm) = —7x 107°IPm’ —2 x 10*IPm* — 1.94 x 107" I/Pm — 0.56  (6)

where T(IPm) is in °C and IPm is in 0-1.
The pressure (MPa) increases with the increase in mass fraction of ice
according to the following relation from [41].

P=8.78 x 102IPm* + 2.75 x 10*IPm> + 3.24 x 10°IPm* + 1.97 x 10*IPm
+0.31
@

In isochoric freezing/storage processes, two different configurations
are considered, reflecting different use cases. In configuration 1, appli-
cable to isochoric storage of juices and other liquid products, pre-frozen
meals, or any other food product in which ice formation is deemed
acceptable, the isochoric system mass is identical to the isobaric
equivalent (Mysochoric = m) and limited ice formation is allowed to occur
within the food mass:

Lisochoric = L (Configuration 1) ®)

In configuration 2, which represents most isochoric food preserva-
tion research to date, sensitive food materials such as fresh fruits and
vegetables may be stored in the portion of the system that remains liquid
at sub-freezing temperatures, guaranteeing protection from ice damage.
Accordingly, the isochoric system is sized to ensure that the food mass
remains unfrozen and that there is sufficient excess solution to allow
restricted ice formation at the exterior of the system, as shown
conceptually in Fig. 2b and c. To account for this aspect, we employ a
modified mass Myochoric = M/(1 — P(Tstorage)), that is

L[.wchorir = L/ (1 - ¢ (Tsmmge)) (Conﬁgumtion 2) (9)

wherein ¢ (Tsorqge) is the fraction of the isochoric system contents that
will freeze at a given storage temperature per Fig. 2c.

2.1.2. Isobaric freezing
Conventionally, food products are frozen in an isobaric (constant-
pressure) environment open to the atmosphere, e.g. food samples placed
directly in a refrigerator [8,9]. The isobaric domain is divided into two
parts: cooling with phase-change (while the domain is still freezing) and
frozen cooling/storage (when the domain has frozen completely).
2.1.2. a For cooling with phase change (T(x = L) > — 0.56°C), the

Renewable and Sustainable Energy Reviews 151 (2021) 111621

domain is a 1D half-space geometrically identical to Fig. 2d, with a
moving phase change interface. The governing equations are the same as
Eqns. (1)-(3).

The coupling conditions at the interface is:

T,(x=98(t),t) = — 0.56°C (10)

2.1.2. b For frozen cooling (T(x = L) < — 0.56°C), there is no phase
change and no moving phase interface.
The energy balance for the entire domain is thus given by:

or, 0T,

= <x<
o ot:aXA3 0<x<Landt>0 an

2.1.3. Isochoric supercooling

During isochoric supercooling, food samples are immersed in liquid
in a rigid constant-volume chamber (there is no air inside the chamber
and the liquid is isolated from the atmosphere), which is then reduced in
temperature only a few degrees past the freezing point of the liquid. At
these mild sub-freezing temperatures, there are insufficient kinetic
stimuli to nucleate ice crystals [22,24], and the system will remain in a
metastable, supercooled, unfrozen state [37]. Supercooled storage keeps
the entire domain unfrozen:

o, O°T,
?ZGITX%’ 0<x<Landt>0 (12)

2.2. Initial cooling/freezing

2.2.1. Temperature history during cooling/freezing

In order to estimate the energy, Efre, required for initial freezing,
the latent heat expenditure required to freeze the food mass at its
freezing point Ty and the sensible heat required to cool the mass from an
initial temperature To = 20°C to the target storage temperatures Trqge
presented in Table 1a must be summed. It should be noted however that
the compressor is assumed to be running continuously during the initial
cooling/freezing step, and the desired storage temperature Tgorqge iS
constant (corresponding value is shown in Table 1a).

To calculate the temperature during the initial cooling/freezing
process, the following initial condition is provided as:

T(x,t=0)=T, =20°C , att =0 13)

and the following boundary conditions:

oT
1 (Tytorage — Tourface) = kg heos @t x=0,1>0 a4
or
a‘-‘:L =0atx=L,t>0 (15)

Eqns. 1-15 are solved using MATLAB software to obtain the tem-
perature profile for the initial cooling and freezing process in the case of
isobaric and isochoric freezing. A variant front-tracking method is used
which employs a fixed Ax advancement of the interface and solves for
the according time needed for that advancement At. This method is
commonplace for standard isobaric solidification, and the modifications
made to accommodate isochoric conditions are described in our previ-
ous work [42]. Use of a fixed- Ax method allows for the initial cooling
process preceding advancement of the phase change interface (e.g. the
period during which the first node of the domain cools from room
temperature to the freezing point) to be captured in the first At node
(which will be large as a result). For isochoric supercooling, which in-
volves no phase change, the temperature evolution of the system is time
in trivial, and can be found using any standard analytical solution or
numerical scheme for a slab subject to the boundary conditions
described.
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Fig. 3. Temperature and energy during initial cooling/freezing. (a—c) Temperature profiles during freezing for different methods. (a) Temperature profiles
during isochoric supercooling at —2.5 °C. (b) Temperature profiles during isochoric freezing (configuration 2) at —18 °C. (¢) Temperature profiles during isobaric
freezing at —18 °C. (d-e) Energy consumption of different freezing modes per kg food. (d) Energy consumption during the freezing process for different
thermodynamic systems. (e) Energy saved during cooling/freezing by isochoric supercooling (at —2.5, —5 and —10 °C), isochoric config. 1 (at —2.5, —5, —10,
—18 °C), isochoric config. 2 (at —2.5, —5, —10, —18 °C) relative to conventional freezing (hyperbaric at —18° and isobaric at —18, —40, —100, —196 °C).

2.2.2. Energy required for isobaric freezing

For the simple case of freezing under isobaric conditions at constant
atmospheric pressure (the current industry standard), the energy
required during freezing can be totaled as:

Ty Tstorage

Efrceze =m: /Cp.liquid(T)dT + / Cpiice (T)dT +H

Ty Ty

(16)

in which ¢,(T) is the temperature-dependent isobaric specific heat ca-
pacity and H is the specific latent heat of fusion of ice.

2.2.3. Energy required for isochoric freezing

The isochoric case differs in two key aspects: firstly, only a portion of
the system will freeze, with the equilibrium state presenting a two-phase
pressurized liquid-ice equilibrium per Fig. 2; secondly, due to the
aforementioned pressurization (which occurs as a result of ice expand-
ing under physical confinement and is a direct function of temperature),
the freezing point of the system will continuously decrease as freezing
progresses. These aspects require alteration of Eqn. (16) to include the
term ¢(T) describing the fraction of the system mass which will freeze at
a given sub-zero temperature, which has been calculated according to
our previous work [19], and to include a temperature-dependent latent
heat of fusion H(T). Armed with these terms, the energy required to
freeze the modified mass of food under isochoric conditions is:

Tstorage Tstorage
E/reeze = Misochoric / (1 - ¢(T))Cv,liqu[d(T)dT + / ¢(T) * Cyjice (T)dT
To 7
Tstorage
+ / ¢(T)-H(T)dT a7n
7

Here ¢,(T) is the specific heat capacity at constant volume. Numer-
ical values for all parameters are available in the SI.

2.2.4. Energy required for isochoric supercooling

In addition to the isochoric and isobaric freezing processes described
in Eqn. (16) and (17) of the main text, we examined two other ther-
modynamic modes for initial cooling/freezing: isochoric supercooling
and hyperbaric freezing.

Isochoric supercooling is a process by which the system is chilled
only mildly below its freezing temperature and held in a metastable
supercooled liquid state [24]. The application of supercooling within
food preservation has been investigated for several years, but has gained
little traction to the instability of supercooled systems under isobaric
conditions, in which small perturbations can cause the system to
destabilize and freeze entirely. Isochoric conditions have recently been
found to significantly stabilize supercooled conditions, potentially pac-
ing the way to more widespread use in industrial environments. How-
ever, it should be noted that the thermodynamic description of isochoric
supercooling provided below will be nearly identical in the case of
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Fig. 4. Temperature and energy during cold storage. (a) Temperature response at the surface of the food mass for isochoric (config. 2) and isobaric systems. (b)
Temperature response in the center of the food mass for isochoric (config. 2) and isobaric systems. (c) Energy saved during storage for per kg food for 365 days by
isochoric supercooling (at —2.5, —5 and —10 °C), isochoric config. 1 (at —2.5, —5, —10, —18 °C), isochoric config. 2 (at —2.5, —5, —10, —18 °C) relative to the energy

for storage in isobaric system at —18 °C.

isobaric supercooling, differing only in the use of the isochoric vs.
isobaric heat capacities.

2.3. The energy required for isochoric supercooling per kilogram food is

Tstorage

Efreeze = / Cy water (T)dT (1 8)

To

For isochoric freezing, isobaric freezing and isochoric supercooling
processes, the electrical work consumed by the compressor to provide
energy for per kilogram food can be calculated using the appropriate
COP from Table 1b of the main text as:

_ Efrzeze 1
~ COP 3.6 x 10°

(19)

2.3.1. Energy required for hyperbaric freezing

For hyperbaric freezing, a rigid container is loaded with food prod-
ucts immersed in pure water. The food-water system in the container is
pressurized by a compressor prior to cooling. This depresses the freezing
point of the system, allowing it to cool to significantly lower tempera-
tures before the onset of freezing. Once the system has been chilled in
the pressurized liquid phase to some designated sub-zero centigrade
temperature, the pressure is mechanically released, causing rapid low-
temperature ice formation that results in much smaller characteristic
ice crystal sizes, in turn reducing damage to the cellular integrity of the
stored foods.

To calculate the minimum energy required for the hyperbaric
freezing process, three energy-consuming steps are considered [13]:

(1) Compression of the food at 20 °C from 0.1 MPa to 180 MPa:

P P
Emmpress[on: /VdP = /LAdP/m
Po Po

(2) Cooling of the unfrozen food at 180 MPa to the desired storage
temperature (herein —18 °C):

Ty

E(‘ooling—hyperbari( =m: /Cp,wmu(T)dT

To

Note that the food will not freeze en route to —18 °C if pressurized to
180 MPa.

(3) Isentropic expansion to atmospheric pressure and freezing of food
at —18 °C:

The minimum total energy required for hyperbaric freezing per ki-

logram food (as plotted in Fig. 3a) is thus given by

Tstorage

Epoe = / vap + / Cpaer(TVAT + H(Tome) 20)

Po To

Note herein that the pressure-dependence of the specific heat ca-
pacity has been neglected for simplicity.

The electrical work consumed by the hyperbaric freezer contains
freezing and compressing process, which is

Efreew: - Ecompre:s[on Efomprﬂssion 1
W= = 21
< CoP + n 3.6 x 10° (21)

where the efficiency of the compressor is assumed as n = 0.6 [43].

2.4. Extended storage

Having dealt with the freezing process itself, the second part of our
model estimates the energy required to store the food mass in its frozen
state continuously. To this end, we assume storage in a simple domestic
vapor-compression freezer with a known temperature-dependent coef-
ficient of performance (Table 1b). In order to reduce compressor
running time, such devices typically operate on an on/off compression
cycle, which yields continuous temperature fluctuation within the de-
vice. We will herein model this fluctuation as a sin wave B sin(wt)
centered on the desired storage Tsrqge, With a constant amplitude B and
frequency w. Assuming this oscillating temperature within the air of the
refrigerator cabinet, we adapt the discrete 1D thermal phase change
model (the domain for which is shown schematically in Fig. 2d) to
calculate the energy exchange between the refrigerated air and the
stored food mass. For simplicity, we assume that the refrigerated air
surrounding the food mass is much greater in volume than the food it-
self, and that the temperature profile of the air may be prescribed by the
steady-periodic form

Toir = Totorage + B-sin(wt) (22)

in which the amplitude and frequency were chosen based on [40].

2.5. Initial conditions

For the cold storage period, the temperature of the food system in all
thermodynamic cases is initialized as spatially uniform at the desired
storage temperature.

T(x-, t= O) = Txmmge (23)
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2.6. Boundary conditions
Convective exchange at the exterior surface of the system:

or
B(Tuir = Touoce) = kg o x=0,1>0 24
29
in which h is the natural convective heat transfer coefficients between
the refrigerated air and the stored food mass.
Insulated symmetry boundary at the center of the system:

oT

ox 25

|, =0atx=L,t>0
To calculate the temperature profile and interface position as a
function of time, Eqns. (1)-(9), Eqns. 12 and 13 and Eqns. 22-25 are
solved using MATLAB software. Following the method used in Ref. [40],
which represents a front-tracking method similar to that employed in
Ref. [44] but modified for isochoric conditions, in order to solve the

isochoric freezing and storage equations the energy balance equation on

the solid-liquid interface Eqn. (3) is treated as an independent equation

whose solution gives the quasi-steady position of the interface in time.
Firstly, time is discretized in all of the resulting equations as

t=j-At, At = constant, j€ N (26)

Herein, j represents the timestep number. In the following, the
subscript j represents the value of a given parameter at step j in time.

The movement of the phase change interface drives the iterative
solution scheme. For a timestep At, the distance Ax that the interface
moves from its previous position is calculated using the interfacial en-

ergy balance Eqn. (3). The phase change interface position is updated as
5j = 51-,1 + Ax (27)

As freezing progresses, the mass percent of the ice in the system can
be calculated from the phase change interface position using
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= (28)

For each iteration, the pressure in the system P(¢) can be calculated
according to Eqn. (7), and the new phase change temperature of the
system T¢(P) corresponding to the updated hydrostatic pressure can be
calculated in turn according to Eqn. (6). Once the phase change tem-
perature and Ax have been obtained, they are used to re-solve the gov-
erning equations given in Eqns. (1)-(9) for the temperature profiles
within the frozen and unfrozen regions, which are then used to re-solve
the interfacial balance equation Eqn. (3) and generate a new value of Ax.
This process proceeds iteratively for a given timestep j until the distance
Ax the interface has moved converges to within a predetermined
convergence criterion (10_9).

For the cold storage (isochoric supercooled, isochoric frozen and
isobaric frozen) stage for 365 days, the energy required for storage per
kilogram food by the compressor of the freezer is calculated by totaling
the convective exchange between the cooled air and the food product
during the time-portion of the temperature cycle in which the
compressor is running, as indicated by the air temperature decreasing.
This exchange is written as:

Tcompressor

Estoragﬂ =A- !h(Tair - Tsmface) | dta x=0 (29)

0

To reiterate, toompressor iS the time period in which the compressor is
running, e.g. the time period over which the prescribed oscillating air
temperature is decreasing.

The electrical work consumed by the compressor to provide this

energy for 365 days per kilogram food can then be calculated using the
appropriate COP from Table 1b of the main text as:

Estomge 1

~7COP 3.6 x 10° G0

2.7. Energy savings calculations

Here we analyze the energy savings, electrical cost savings, carbon
emission savings for food storage at subfreezing temperature under
isochoric conditions relative to isobaric conditions. The electrical work
Wrreeze consumed by freezer for freezing and storage in the U.S. or the
world are given by

Efreeze 1
Wieeze = — 31
Freee ="COP 3600 @D
EV!()I‘H e 1
Ws orage = 32
orse T COP 3600 (2

where M is the total frozen food in mass. Employing an average elec-
tricity cost of $0.13 per kWh. The electricity cost for freezing and storage
is

Ejeeze 1
OST e =————M-0.1
COST e COP 3600 0-13 33)
ES/G"E e 1
OST, = —.M.0.1
COST suorage COP 3600 0.13 (34)

The carbon emission equivalency factor recommended by the U.S.
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Environmental Protection Agency (0.707 kivflgz) [45]. The carbon emis-
sion is for freezing and storage is

_ Efree:e 1

Chreere = —.M-0.707 35

freeze —"COP 3600 (%
E't rage 1

CY orage — g —M-0.707 36

erse T CoP 3600 36)

3. Results and discussion
3.1. Energy savings during the initial freezing stage

The temperature profile of the system at progressing timepoints
under different freezing methods is shown in Fig. 3a-c. Fig. 3a depicts
isochoric supercooling, which is a single-phase process and thus has no
phase-change interface. Fig. 3b depicts isochoric freezing, in which the
phase-change interface can be seen to decrease in temperature as it
progresses, due to the pressurization that ice growth causes within the
system and the according depression of the freezing point. Note further
that the phase-change interface stops short of the end of the domain,
consistent with the limited ice formation seen in isochoric systems.
Fig. 3c depicts isobaric freezing, in which the phase-change interface
progresses across the entire domain and the temperature at the interface
(the freezing point of the system) remains approximately constant. In
reality during both isochoric and isobaric freezing there will be mild
additional freezing point depression driven solute rejection from the ice
phase, but given the extremely dilute starting concentration, these ef-
fects were neglected.

The findings of our model in regards to energy savings during the
initial freezing stage are presented in Fig. 3d and e. The plots in Fig. 3d
show the energy consumed during freezing per kg of food, with various
methods. Fig. 3e shows the energy savings (e.g. the difference in energy
consumed) per mass of preserved food between isochoric systems and
various isobaric methods as a function of isochoric storage temperature.
The results demonstrate that both isochoric freezing and isochoric
supercooling can significantly reduce the energy expenditure required
for food for cold storage at a range of subfreezing temperatures.

The principal mechanism driving these savings is the avoidance of
total conversion of the isochoric system to ice. This provides a dramatic
reduction in the energy required to bring the mass to steady-state at sub-
freezing temperatures, driven by a large reduction in latent heat con-
sumption (and noting that the specific latent heat of ice is roughly two
orders of magnitude larger than the sensible specific heat capacity of
water). For isochoric freezing, the relative reduction in energy is a
product both of reduced latent heat consumption and also the fact that
the specific latent heat associated with formation of ice decreases at
lower temperatures [46]. The temperature-dependence of the isochoric
ice percentage (Figs. 2b and 3b) also drives the increasing differences
observed between the two possible isochoric freezing configurations. In
the case of isochoric supercooling the energy savings results are more
straight-forward, as the system remains in an entirely unfrozen, meta-
stable state (Fig. 3a); the difference between the supercooled and
isobaric energy consumption is simply equal to the latent heat of fusion
and the minor differences between the heat capacities of liquid water
and ice.

The results of Fig. 3d demonstrate that isochoric conditions, be they
metastable (isochoric supercooling) or equilibrium (isochoric freezing)
invariably reduce the energy consumed during the initial chilling/
freezing process. Furthermore, Fig. 3e shows that extreme savings in
latent heat expenditure may be attainable by storing foods at higher sub-
zero temperatures under isochoric conditions. As mentioned earlier,
isochoric cold storage is not affected by ice recrystallization. These
temperature-sensitive energy savings prove unattainable by comparison
in conventional isobaric systems, because water will convert entirely to
ice at all temperatures below the freezing point when exposed to a
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constant pressure reservoir such as the atmosphere.

As mentioned earlier tomatoes [27], spinach [28], cut potatoes [29],
sweet cherries [30], tilapia [47] stored in an isochoric system at tem-
peratures between —2.5 °C and —7 °C, are of substantial higher quality
than similar foods preserved by conventional isobaric freezing methods.
The absence of ice crystals in isochoric freezing and cold storage elim-
inates the need for low temperature freezing to produce small ice crys-
tals and the use of low temperature storage to avoid recrystallization — al
this while the quality of the food product is improved.

In addition to improved food quality, storing food in optimal iso-
choric conditions also saves energy. As an example, per Fig. 3e, use of
isochoric supercooling at —2.5 °C can save 355.44 kJ per kg food
compared to conventional isobaric freezing at —18 °C, and isochoric
freezing (configuration 1) at —5 °C can save 290.26 kJ per kg of food
compared to the same.

3.2. Energy savings during prolonged cold storage

Fig. 4a and b compare the temperature fluctuations on the outer
surface and the center of a comparable slab like geometry during iso-
choric and isobaric storage at —18 °C. These figures illustrate another
advantage of isochoric cold storage relative to isobaric cold storage.
Temperature fluctuation during storage and distribution of frozen foods
can result in cycles of thawing and refreezing and recrystallization of ice
crystals and in drip loss, e.g. Ref. [48], which are detrimental to the
quality of the frozen food. This mode of damage does not exist in iso-
choric storage. Furthermore, it is important to note that the change of
phase interface in the isochoric system acts as a temperature-stabilizing
PCM (phase change material), a well-known mechanism for energy
savings and storage [49,50]. This leads to the findings that sustained
storage of foods frozen under isochoric conditions requires less electrical
work from the refrigerating device than conventional isobaric storage.
Energy savings attributable to prolonged isochoric cold storage as
compared to isobaric cold storage as a function of storage time are
shown in Fig. 4c. Isochoric ice-free storage (config. 1) at —5 °C will save
429.21 kJ energy per kg food annually relative to conventional isobaric
storage at —18 °C. As mentioned in the previous paragraph, there is no
ice recrystallization in isochoric cold storage and therefore the storage
temperature is not constrained by the need to eliminate ice
recrystallization.

3.3. US and global energy savings from transition to isochoric cold storage

The work presented herein suggests that isochoric conditions may
present a unique cold food storage alternative with the potential to both
enhance food quality and significantly reduce energy consumption.
Furthermore, this storage approach does not require substantial modi-
fication of the current global refrigeration infrastructure, as isochoric
thermodynamics are enforced at the storage-container scale; thus, iso-
choric storage capabilities (for freezing or supercooling alike) could
theoretically be built into any existing cold-storage facility.

Fig. 5 gives the potential savings in the US made possible by tran-
sition from isobaric to isochoric freezing and storage, separated by
savings during the initial cooling/freezing process and savings during
prolonged storage. The 2019 cold storage frozen food volume in the U.S.
was 4.52 billion kg [51]. Fig. 5a—d demonstrate various savings asso-
ciated with the use of isochoric processes as compared to conventional
isobaric or hyperbaric freezing to —40 °C. Depicted respectively are the
annual electrical work saved, the associated energy cost saved, the
carbon emissions averted, and the number of cars removed from the
road required to produce equivalent carbon savings. Fig. 5a-d, show
that for freezing to any cold storage temperature, isochoric freezing
consumes less energy than isobaric freezing. As discussed in previous
sections, isochoric storage does not require the low storage temperatures
required by isobaric freezing. The experiments listed earlier show that
—5 °C may be an optimal temperature for isochoric cold storage. As an
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example of energy savings, isochoric cold storage in configuration 1 at
—5 °C saves in the US annually, relative to isobaric freezing to —18 °C,
148 million kWh of electricity, at a cost of 19.28 million USD, and re-
duces emissions of CO3 by 104.87 million kg, equivalent to the removal
of roughly 23,000 cars from the road. Figures, 5e-h provide the same
savings metrics for prolonged isochoric storage at various subfreezing
temperatures as compared to isobaric cold storage at - 18 °C. For
example, isochoric storage in configuration 2 at —5 °C saves 790 million
kWh (equivalent to 102.13 million USD) and 560 million kg of COy
annually.

Finally, Fig. 6 shows potential savings due to a transition from
isobaric freezing and storage at —18 °C to isochoric freezing and storage
at various temperatures for the global frozen food market. The total
global frozen food capacity in 2019 was approximately 31.3 billion kg
[52]. If all of this food was processed under isochoric conditions (config.
1) at -5 °C rather than under isobaric conditions at the
industry-standard of —18 °C, a total savings of 6.49 billion kWh could be
realized. This energy saving translates to an annual economic savings of
approximately 843.33 million USD and an annual environmental sav-
ings of 4.59 billion kg of CO; (equivalent to removing of roughly one
million cars from the road [45]).

4. Conclusions

In summary, we developed a simple two-part phase change model to
describe the thermodynamics of frozen food storage in several thermo-
dynamic storage modes: traditional isobaric freezing; hyperbaric (or
pressure-shift) freezing; isochoric freezing, and isochoric supercooling,
which we evaluate at several storage temperatures reflecting various
processes found in industry. The model treats separately the two ther-
modynamically significant steps of the food cold-storage process: initial
cooling and freezing and extended storage. The energy savings, reduc-
tion in global energy burden, and reduction in carbon footprint that
could be accrued from transitioning the global food cold chain from
isobaric cold storage to isochoric cold storage are analyzed. The result
shows that the energetic costs of frozen food storage could be dramati-
cally reduced by isochoric cold storage without significant changes to
global refrigeration infrastructure and whilst increasing frozen food
quality. Furthermore, the ability to preserve freeze sensitive foods could
reduce food waste and open new global markets. Isochoric cold storage
technology results in substantially improved quality of the preserved
food, greatly extended periods of preservation, and long-term preser-
vation of foods that cannot be preserved by other freezing methods, and
it has the potential for significant cross-cutting impacts in medical and
scientific biopreservation. While this study is theoretical in nature and
broad in scope, our results suggest that isochoric cold storage may prove
a compelling alternative to conventional freezing techniques for the cold
storage of food and beyond.
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