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Abstract

Cold chain logistics plays a critical role in ensuring the quality and safety of temperature-sensitive agricultural products, including meat,
vegetables, and fruits. Focusing on Western China and the associated region-specific agricultural products, this study reviews the current
state of development of cold chain logistics technologies and equipment, encompassing packaging, transportation, pre-cooling, storage,
preservation, and sterilization. Moreover, this study discusses the key strengths and limitations of the current system and proposes tar-
geted policy and operational recommendations. The study also analyzes the adoption of emerging Internet of Things (IoT) technologies in
core functions, such as information management, traceability, and real-time monitoring. Additionally, the study highlights the effective-
ness of metaheuristic and hybrid algorithms in optimizing cold chain distribution routes. In the future, agricultural cold chain logistics
in Western China are expected to evolve into a more intelligent, standardized, and internationally interconnected system. Supported
by geographic endowments and policy incentives, this transformation is expected to help convert regional production advantages into

sustained economic competitiveness.
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1. Introduction

1.1 Strategic Significance of Agricultural Products in
Western China

Western China covers extensive territories across the
Loess Plateau, the Qinghai—Tibet Plateau, and the Yunnan—
Guizhou Plateau, including the Xinjiang and the Sichuan
Basins. With a total area of approximately 6.86 million
square kilometers [1], the region accounts for 71% of
China’s land area and has a resident population of around
380 million [2]. The geographical scope of Western China,
as defined by China’s tripartite regional classification of
eastern, central, and western zones, is illustrated in Fig. 1
(Ref. [3]).

The region exhibits an elevation gradient of up to 7000
m and climatic zones ranging from tropical to subarctic.
These distinctive geographical conditions have supported
the production of unique local agricultural products such
as Linzhi walnuts, wild ancient tea trees from the upper
Min River, and a local breed of black pigs with yellow
bristles. This not only highlights the competitiveness of
Western China’s distinctive agriculture but also underscores
its strategic importance to China’s food and industrial re-
silience. Building on this foundation, Sichuan and Yunnan
have capitalized on their distinct climatic advantages of hu-
mid subtropical valleys and low-latitude plateaus, respec-
tively. Currently, leveraging its strategic advantage as a

corridor along the Belt and Road, Xinjiang has become a
key hub on the Central Asia—Europe agricultural corridor

[4].

1.2 Development Status of Agricultural Products in
Western China

The agricultural products examined in this study in-
clude meat, vegetables, and fruit products. As of 2024,
China’s total meat output, including pork, beef, mutton,
and poultry, has reached 97.80 million tons [5]. As a
national meat production base, Western China has estab-
lished a large-scale, specialized meat production pattern. Its
plateau-adapted livestock breeds such as yaks have become
key sources of meat supply in this region [6].

China’s western regions leverage unique geographi-
cal and climatic conditions such as plateaus and mountains.
These regions have developed a distinctive vegetable in-
dustry characterized by high-quality and diverse special-
ties. Take Fuling in Chongqing as an example: Local
pickled mustard greens rank among the world’s three most
renowned pickled vegetables alongside German sauerkraut
and European pickled cucumbers.

In terms of specialty fruits, Sichuan Province is well
known for Anyue lemons and many other related agricul-
tural products [7]. Yunnan Province excels in coffee bean
production, with cultivation primarily concentrated in five
core regions: Pu’er City, Lincang City, Baoshan City, De-
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Fig. 1. Regional division map of Eastern, Central, and Western China [3].

hong, and Xishuangbanna. In 2021, Yunnan Province ac-
counted for 0.82% of the global total in terms of cultivated
area and 1.08% in terms of green bean production. In 2022,
this province alone accounts for over 98% of China’s total
coffee output. Therefore, the province maintains a dom-
inant position within China’s coffee production industry
[8]. Shaanxi is a leader in high-quality fruit. Its apple
output reaches 11.85 million tons, accounting for 27% of
China’s total. Moreover, its kiwifruit yield of 1.16 mil-
lion tons represents 35% of the national production, mark-
ing both as “national firsts” in industry competitiveness [9].
In contrast, Yunnan Province is situated on a low-latitude
plateau where vegetable-growing areas are distributed at
various altitudes, following a topography that slopes north-
west to southeast in steps. This natural terrain provides
a distinct advantage for producing off-season fruits [10].
In this context, this paper systematically reviews the cur-
rent status, core technologies, and countermeasures for
agricultural product cold chain logistics in Western China.
These technologies include packaging, transportation, pre-
cooling, storage, preservation, and sterilization. The paper
also analyzes the advantages and limitations of these tech-
nologies and explores the integration of emerging Internet
of Things (IoT) technologies with metaheuristic algorithms,

with the aim of providing a comprehensive strategic refer-
ence for researchers and policymakers in Western China.
To ensure the authority of this review and the rigor of its
conclusions, we implemented a structured literature search
strategy across multiple databases. Fig. 2 below clearly il-
lustrates the process of literature identification, screening,
and inclusion for this review.

2. Current Status of Agricultural Products
Logistics Development in Western China

2.1 Advantages of Agricultural Products Logistics
Development in Western China

Cold chain logistics is a systematic approach that
maintains specified temperature ranges (typically 0—4 °C)
throughout the entire lifecycle of temperature-sensitive
products, from production and storage to transportation,
processing, and distribution, to preserve physicochemical
stability and product quality [ 11]. Currently, Western China
is leveraging its geographical and policy advantages to
transform cold chain logistics from a developmental weak-
ness into a key pillar for participating in the Belt and Road
market.

Northwest China is located at the forefront and core
of the Eurasian Economic Zone. Encompassing Shaanxi
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Fig. 2. Flowchart of main literature screening and selection process.

Province, Gansu Province, Ningxia Hui Autonomous Re-
gion, Qinghai Province, and Xinjiang Uygur Autonomous
Region, this area possesses significant locational advan-
tages, with the potential to serve as the future pivotal cor-
ridor of Eurasia. To drive regional economic growth and
deepen the implementation of the Belt and Road Initiative,
Chinese government has introduced multiple preferential
policies to attract foreign investment, fostering a favorable
institutional environment. Building on this foundation, the
government and relevant enterprises are actively introduc-
ing advanced cold chain logistics technologies and facili-
ties, laying a solid material foundation for establishing a
specialized and distinctive cold chain logistics system in
Northwest China [12].

With Chongqing Municipality at its core, Southwest
China—which also encompasses Sichuan, Guizhou, Yun-
nan, and Tibet—possesses unique strategic advantages in
agricultural logistics. As the hinterland of the Western
Land-Sea New Corridor, it achieves efficient connectivity
with Beibu Gulf Port and China—Europe Railway Express
via three main corridors, forming an intermodal transport
network that reduces cross-border logistics costs. The core
coverage area encompasses major agricultural production
zones like Yunnan and Guizhou, while the extended ser-
vice area connects to Lanzhou and Urumgqji, linking to the
Silk Road Economic Belt. Through Kunming, it extends
overland to Southeast Asia, establishing a cold chain logis-
tics corridor serving Southeast Asian and broader regional
markets.
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The dual hubs of Chengdu and Chonggqing provide lo-
gistics operation and coordination centers, complemented
by Southwest China’s comprehensive transportation net-
work and significant economies of scale in cold chain
demand [13]. In terms of policy advantages, Sichuan,
Chonggqing, and Yunnan provinces had released the Three-
Year Action Plan for Cold Chain Logistics Development
in Sichuan Province, the Chongqing Municipal Cold Chain
Logistics Development Plan, and the Yunnan Province 14th
Five-Year Plan for Cold Chain Logistics Development in
2018, 2019, and 2021, respectively [14].

2.2 Issues and Shortcomings in the Development of
Agricultural Products Logistics in Western China

However, the cold chain logistics industry for agri-
cultural products in Western China also faces certain chal-
lenges. These are primarily reflected in the following as-
pects: First, China’s agricultural cold chain logistics sys-
tem suffers from weak infrastructure and regional imbal-
ances, with cold storage resources concentrated mainly in
eastern regions, while coverage in Western China is signif-
icantly insufficient. In 2021, Western China’s cold storage
capacity stood at approximately 9.15 million tons (17.5% of
the national total), and refrigerated trucks numbered 7460
units (17.1%) [14]. Cold storage facilities in China exhibit
significant spatial imbalance and tend to be concentrated in
key agricultural production and logistics hub regions [15].
This trend is particularly evident in areas such as Sichuan
Province, Chongqing Municipality, and Shaanxi Province.
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Second, the cold chain logistics sector in Western
China suffers from supply chain disruptions between en-
terprises at various nodes due to a shortage of information
technology and collaborative mechanisms. On one hand,
the relatively insufficient network coverage and relatively
underdeveloped operational and equipment technologies in
Western China have led to Radio Frequency Identification
(RFID), Global Positioning System (GPS), Electronic Data
Interchange (EDI), and other IoT technologies facing chal-
lenges in practical implementation. This further exacer-
bates information silos within the cold chain system, where
refrigerated trucks, cold storage facilities, and goods op-
erate separately. Each segment of the cold chain logistics
network functions independently. On the other hand, en-
terprises lack real-time monitoring of temperature and hu-
midity, as well as the ability to optimize transport routes.
This lack of real-time monitoring results in persistently high
spoilage rates for fruits and vegetables. For instance, fresh
produce from Xinjiang suffers spoilage rates as high as 20%
to 30%, while the cold chain storage and transportation rate
for fruits remains below 10% [16].

Moreover, third-party logistics (3PL) providers in
Western China play a relatively minor role in cold chain
transportation. For instance, Xinjiang has over 5000 legally
registered logistics enterprises, yet specialized third-party
logistics companies account for only 6% of the total [16].
At present, third-party cold chain logistics in Western China
primarily involves freight forwarding, inventory manage-
ment, and cargo loading and unloading operations. Devel-
opment in this sector has been relatively slow, with scarce
service offerings. Only a handful of 3PL companies can
ensure accurate and stable temperature control throughout
the entire refrigerated supply chain. 3PL enterprises in the
region have yet to establish a networked cold chain node
system, resulting in suboptimal cold chain service levels.

The fourth major issue is that standardization and mar-
ketization remain insufficient. For instance, the Sichuan—
Tibet region has yet to establish a comprehensive local cold
chain logistics standard system. Existing technical specifi-
cations remain relatively general and lack timely updates,
which is consistent with the widely reported absence and
lag of cold chain logistics standards in China [17]. Fur-
thermore, the region currently operates primarily through
wholesale markets, with diverse models including farm-
to-supermarket partnerships and participation from agricul-
tural product chain supermarkets. Logistics enterprises play
a limited role in agricultural product sales models, and spe-
cialized, socialized logistics models have yet to be estab-
lished. This situation has exacerbated the region’s issues of
low operational efficiency within the industry and persis-
tently high circulation losses.

Against this backdrop, these structural deficiencies in
cold chain logistics are particularly evident in the trans-
portation and storage of meat products, which impose even
stricter requirements on temperature control and supply

chain integrity. For meat products, the development chal-
lenges in economically underdeveloped regions of Western
China stems from the fact that, despite abundant meat in-
dustry resources and a significant share of national meat
production, there remains a lack of investment and inade-
quate infrastructure across all stages of the fresh meat sup-
ply chain. It severely constrains the growing demand for
fresh meat among local consumers. Current research indi-
cates that the quality changes of refrigerated meat products
exhibit a pronounced coupled effect of time, variety, and
origin [18].

To address the uneven development of agricultural
cold chain logistics in Western China, greater emphasis
should be placed on coordinated infrastructure investment,
particularly in cold storage facilities and refrigerated trans-
port networks in remote production areas, in order to re-
duce regional disparities and improve accessibility. At the
same time, these physical improvements need to be com-
plemented by stronger digital integration through IoT-based
technologies such as RFID, GPS, and real-time monitoring
platforms, which can enhance information sharing, route
optimization, and supply chain collaboration.

In addition, the cold chain service capacity of this re-
gion can be substantially strengthened by fostering special-
ized third-party logistics providers and encouraging the for-
mation of networked cold chain nodes, enabling more pro-
fessional and standardized temperature-controlled services.
Parallel to this, the establishment of updated regional tech-
nical standards and more market-oriented logistics models
is essential to improve operational efficiency, reduce cir-
culation losses, and move beyond reliance on traditional
wholesale systems.

These challenges become particularly critical for meat
products, which require stricter temperature control and
quality assurance. Therefore, comprehensive upgrading
across slaughtering, processing, refrigerated distribution,
and safety supervision is necessary to minimize spoilage
risks and better satisfy the rising demand for fresh meat in
economically underdeveloped western regions.

2.3 Recommendations for the Development of Agricultural
Products Logistics in Western China

It is expected that horizontal and vertical cold chain
corridors will be established in the future.  Specifi-
cally, horizontal corridors include the Longhai—Lanxin
Railway (for fruit), the Yangtze River Golden Waterway
(for citrus), and the Land—Sea New Channel in West-
ern China (for vegetables). Vertical corridors can in-
clude the Baoji—Xi’an—Xikang Railway (meat) and Baoji—
Chengdu—Chengdu-Kunming Railway (specialty fruits).
Also, five national-level cold chain hubs can be established
in Xi’an, Chongqing, Chengdu, Nanning, and Urumqji, fea-
turing multi-temperature, multi-tiered intelligent cold stor-
age clusters for transshipment.
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Standardized protocols, unified scheduling, and con-
solidated billing will form multimodal transport prod-
ucts. These products combine rail cold chain trains, cross-
border road freight, and air chilled cargo routes, while
also increasing cold chain train frequencies on the Land-
Sea New Channel in Western China. In addition, routes
such as Chongqing—Beibu Gulf-Singapore, Chongqing—
Pingxiang—Hanoi, and Chengdu—Alashankou—Europe can
be launched in the future, thereby establishing a total of 15
international cold chain routes. This is expected to enable
direct delivery of Western fruits, meats, and dairy products
to Regional Comprehensive Economic Partnership (RCEP)
countries and Middle Eastern markets.

Second, shared cloud-based cold storage facilities can
be promoted in the region. The government should lead the
development of the large-scale, networked, and standard-
ized cold storage infrastructure to reduce agricultural prod-
uct losses during distribution and stabilize market prices
[19].

Third, the government should establish a dedicated
fund to support enterprises in collaborating with major lo-
gistics providers to build overseas cold chain warehouses.
It should further develop cold chain transportation routes
via the China—Europe Railway Express to ensure stable
agricultural product shipments. For cross-border agricul-
tural e-commerce exports, the government should encour-
age businesses to first transport agricultural products via
cold chain to overseas warehouses before centralized distri-
bution through overseas platforms or offline channels. Such
approach will reduce cross-border logistics costs and losses
for fresh fruits [20].

Finally, a carbon footprint database for the western
cold chain can be established to record temperature, en-
ergy consumption, and carbon emissions in real-time on the
blockchain, generating carbon labels that serve as creden-
tials for accessing premium markets in the EU and North
America. A Western Region Cold Chain Green Industry
Alliance should be formed to unify standards for green pro-
curement, green finance, and green certification.

3. Current Status of Agricultural Products
Logistics Technology Development

3.1 Logistics Technology for Meat Products

According to China’s current standards, Chinese meat
products are primarily categorized into three types: Hot
fresh meat, chilled meat, and frozen meat. Hot fresh meat
refers to carcasses that are sold directly after slaughter with-
out any cooling treatment. Chilled meat, also known as
fresh chilled meat, refers to raw meat that has undergone
rapid cooling after slaughter, bringing its core temperature
to between 0 °C and 4 °C usually within 24 hours, thereby
removing acids from the meat and allowing it to mature
[21]. Frozen meat refers to meat preserved through freezing
and subsequent storage at low temperatures, where the ex-
tent of quality changes depends on the ice crystalline size
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and distribution, which itself is governed by freezing rate
and storage temperature and duration [22]. Fig. 3 outlines
the main steps in the cold chain logistics process.

3.1.1 Cold Chain Logistics Technology for Frozen Meat

Frozen meat products, including pork and beef, are
typically stored in sealed freezer cabinets [23]. In addi-
tion, phase-change refrigeration is commonly used in the
cold chain logistics for frozen meat transportation. This
method involves placing phase-change materials within re-
frigerated truck bodies or insulated packaging. These ma-
terials store cold energy through phase transitions, utilizing
latent heat. The stored cold energy is then transferred to
maintain the storage temperature of perishable agricultural
products inside the vehicle [24]. Experiments conducted
by researchers have demonstrated that increasing the mass
of the phase change material (PCM) significantly extends
the cold storage duration. The experimental results showed
that when the PCM mass was increased from 100 kg to 200
kg and further to 300 kg, the proportion of time that the air
temperature remained below 10 °C increased from 66.3%
t0 92.1% and 94.7%, respectively, under natural convection
conditions [25].

Regarding the application of relevant technologies
for frozen meat refrigeration systems, integrating shell-
and-tube PCM heat exchangers directly into the vapor-
compression circuit has been demonstrated to enhance sys-
tem performance. This configuration utilizes the latent
heat of PCMs to increase sub-cooling and stabilize super-
heat, which in experimental studies improved the system’s
coefficient of performance by approximately 4%—8% and
reduced temperature fluctuations critical for maintaining
frozen meat quality [26].

Natural active packaging films are relatively common
in frozen meat packaging. They primarily use polysaccha-
rides, proteins, lipids, and other materials as substrates, with
the addition of plasticizers and natural active substances.
Prepared through processes such as casting and coating,
these films can reduce dry loss, inhibit oxidation, and de-
lay quality deterioration. Santos and others added Acerola
cherry residue extract to natural gelatin active packaging
films and found that when the additive concentration was
4%, it could maintain the film’s opacity and reduce the for-
mation of formaldehyde and total carbonyl compounds in
frozen beef patties by 23.58% and 60.14%, respectively
[27].

Furthermore, GPS and General Packet Radio Service
(GPRS) technologies have been widely used in cold chain
logistics monitoring systems. For example, a multi-layer
monitoring architecture integrating vehicle-mounted termi-
nals, communication modules, and remote monitoring plat-
forms has been developed to enable real-time transmission
of location and temperature data, thereby supporting trans-
portation tracking, condition monitoring, and traceability
functions [28].
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3.1.2 Cold Chain Logistics Technology for Chilled Meat

The shelflife of chilled fresh meat is generally around
one week. During logistics transportation, temperatures are
typically maintained between 0 °C and 4 °C using refriger-
ated trucks for cold chain delivery. The temperature inside
the refrigerated cargo compartment is kept at 2 °C to prevent
deterioration in meat texture and ensure effective preserva-
tion. Even under low-temperature conditions, cold chain
products experience a gradual decline in freshness over ex-
tended transit times. Contributing factors include internal
and external vehicle temperatures, transport duration, un-
loading time, and spoilage rates [29].

To address challenges in temperature sensing and real-
time monitoring during transportation, Wu and Zhao [28]
developed an IoT cold chain system with RFID, sensors
and GPRS modules. Tests showed average transport tem-
peratures of 2.0 °C £ 1.3 to 4.6 °C % 1.1, reaching 4 °C
within 0.5 to 11.9 hours, and final delivery temperatures of
1.0 °C to 3.4 °C. As a result, real-time monitoring can cap-
ture fluctuations and identify spatial variations, thereby en-
abling timely intervention and improving management pre-
cision [28].

To control bacterial growth during transport, irradia-
tion technology can be employed for sterilizing products
with radiation [30]. Research by Badr [31] indicates that
exposing rabbit meat samples to a y-ray irradiation dose of
3000 Gy effectively controls foodborne pathogens, with the

initial population of Enterococcus faecalis, for example, re-
duced by 96.3%. This extends the refrigerated shelf life to
21 days.

3.1.3 Cold Chain Logistics Technology for Fresh Meat

Since temperature and humidity are critical to meat
quality and safety, hot fresh meat is typically stored in hor-
izontal refrigerated cabinets where operating temperatures
are carefully maintained within chilled conditions, typically
around —2 °C to 2 °C [32]. Meanwhile, relevant IoT tech-
nologies can be utilized in the cold chain logistics of fresh
meat agricultural products to monitor environmental and
quality factors. Blockchain-enabled temperature and hu-
midity monitors can be used for agricultural product trace-
ability, enabling real-time on-chain registration and tamper-
proof storage of cross-linkage flow information for meat
products. This enables transparent traceability of tempera-
ture conditions throughout the cold chain. Additionally, in-
tegrated sensors can be used to simultaneously upload tem-
perature, humidity, and environmental data to a blockchain-
based information system, enabling dynamic monitoring
and early warning [33].

RFID refers to a technology that utilizes radio waves
to achieve non-contact automatic identification of target ob-
jects and remote data transmission [34]. This technology
enables comprehensive information recording and trace-
ability throughout the meat cold chain, while simultane-
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ously monitoring multiple packaging targets and product
information [35]. These temperature and humidity sen-
sors are typically inexpensive, compact, and suitable for
various packaging applications. Their operating principle
is solely influenced by temperature, making them immune
to external factors such as light and humidity. Addition-
ally, blockchain smart contracts—specifically those based
on Hyperledger Fabric technology and written in the GO
language—enable real-time monitoring of temperature and
humidity data. Exceeding thresholds triggers alerts and ac-
tivates emergency protocols, ensuring timely risk response.
This real-time monitoring provides early warnings to en-
sure the integrity and precise control of meat product cold
chain logistics, enabling timely responses to changes in in-
ternal environmental conditions. This helps ensure appro-
priate temperature and humidity throughout the meat cold
chain, preventing spoilage caused by temperature and hu-
midity disruptions [36].

Active Packaging (AP), Intelligent Packaging (IP),
and Green Packaging (GP) are the three core packaging
solutions in meat cold chain transportation, each of them
focuses on many different aspects but works synergis-
tically toward a common goal. AP incorporates active
substances like antimicrobial agents and antioxidants, or
absorbs and releases specific components to inhibit mi-
crobial growth and lipid/protein oxidation, prevent cross-
contamination, and extend meat shelf life; IP utilizes de-
vices like Near Field Communication (NFC) tags and
temperature-humidity indicators to monitor the internal en-
vironment and meat quality in real-time, record traceability
information, and provide feedback on quality changes, sup-
porting supply chain management and consumer decision-
making; GP utilizes natural, renewable, biodegradable, or
edible eco-friendly materials infused with natural active in-
gredients like green extracts. This approach ensures meat
safety and health while reducing environmental impact,
minimizing food waste, and lowering production costs. The
development trends of these three approaches exhibit con-
vergence, intelligence, and greening characteristics. Exam-
ples include nanomaterial applications, synergistic effects
of multiple active ingredients, and real-time monitoring of
remaining shelf life. The ultimate goal is to achieve inte-
grated composite packaging that combines the advantages
of all three, leveraging multidisciplinary technologies such
as meat science and microbiology to create safer, more ef-
ficient, and environmentally friendly meat cold chain logis-
tics solutions [37].

Specific schematic diagrams of the three packaging
types mentioned above are shown in Fig. 4 (Ref. [37]). A
review of existing research indicates that cold storage, elec-
tron beam irradiation, and active packaging are highly ef-
fective in preserving fresh meat. However, the appropriate
applications for these technologies vary significantly. Cold
storage requires high precision and is costly, making it more
suitable for high-value-added meats; irradiation provides
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thorough sterilization but involves high equipment costs;
and active packaging is environmentally friendly and safe
but lacks long-term effectiveness. Most existing studies fo-
cus on individual technologies and lack comparative vali-
dation of multi-technology synergies adapted to the high-
altitude environment of Western China.

3.2 Logistics Technology for Vegetable Products

Researchers have developed pressure differential pre-
cooling systems, which include pressure differential pre-
cooling chambers for fruits and vegetables, as well as
split-type, integrated, and mobile pre-cooling units. These
systems also incorporate immersion-type cold-water pre-
cooling equipment to achieve rapid temperature reduction
and energy efficiency. Additionally, researchers introduced
portable cold storage insulation equipment using vacuum
insulation panels and polyurethane composite materials.
The use of phase change latent heat materials enhances cold
storage efficiency at 0 °C [38].

3.2.1 Primary Pre-cooling Methods for Vegetable Products

Current pre-cooling methods for vegetable agricul-
tural products include air pre-cooling, water pre-cooling,
and vacuum pre-cooling. Air pre-cooling primarily en-
compasses forced-air pre-cooling, pressure differential pre-
cooling, and wet pre-cooling, while water pre-cooling
mainly includes cold water pre-cooling and other pre-
cooling methods.

Forced-air pre-cooling refers to a method where fruits
and vegetables are placed in a low-temperature airflow en-
vironment. Cold air flows over the surface of the produce,
utilizing convective heat transfer to rapidly remove internal
heat and achieve a swift temperature reduction [39]. Alibas
I'and Koksal N [40] conducted forced-air pre-cooling by ex-
posing cauliflower to a low-temperature airflow. Under an
airflow velocity of 1 m/s, cauliflower heads with an initial
temperature of 23 °C could be cooled to the target temper-
ature of 1 °C within 184 minutes. Their study measured a
cooling rate of 0.025 for the forced-air pre-cooling system.
By circulating cold air over the surface of the cauliflower,
heat transfer via convection was achieved, facilitating the
transfer of heat from the outer surface to the inner surface
[401.

Due to its significantly faster cooling rate and more
uniform temperature distribution compared to traditional
forced-ventilation pre-cooling, differential pressure pre-
cooling is suitable for pre-cooling various vegetables. Xu
Qinglian et al. [41] found that pressure differential pre-
cooling enables cabbage to maintain low temperatures for
extended periods while suppressing respiratory metabolism
and enzyme activity. This effectively inhibits the growth of
total bacterial counts and coliform bacteria, thereby delay-
ing the onset of browning throughout the entire cold chain
[41].
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The mechanism of wet-cold pre-cooling relies on di-
rect contact between airflow and cooling water within a
direct-contact heat exchanger, enabling simultaneous heat
and mass transfer. This produces low-temperature gas with
high relative humidity, which is then delivered to stored
produce via forced ventilation. This achieves rapid and ef-
ficient heat extraction, significantly lowering product tem-
perature in a short time [42]. Ren Xueming et al. [43] de-
veloped a wet-cooling precooling system and experimen-
tally compared its performance with that of a conventional
mechanical cold storage facility for strawberry precooling.
The results indicated that, relative to conventional mechan-
ical cold storage, the wet-cooling system exhibited smaller
fluctuations in both temperature and humidity, achieved a
faster precooling rate, and was therefore more suitable for
strawberry precooling [43]. SuMinggiang et al. [44] inves-
tigated the effects of different packing materials on the pre-
cooling performance of king oyster mushrooms in a wet-
cooling pre-cooling warehouse using ice slurry as the sec-
ondary refrigerant. They found that the use of ceramic and
paper wet curtains resulted in temperature fluctuations un-
der 0.28%. Regarding pre-cooling efficiency, wire mesh
corrugated packing achieved the fastest cooling rate, re-

quiring only 70.2 minutes to reduce the average core tem-
perature from approximately 23.0 °C to 2.0 °C. The lowest
weight loss rate was also only 2.65%. Conducted under op-
timized conditions—6% ice content in the ice slurry, 1.5
m/s airflow velocity, and 125 L/h ice slurry flow rate—
this study validated that the ice slurry wet-cooling heat
exchanger, when paired with high-efficiency packing, can
achieve a low-temperature, high-humidity pre-cooling pro-
cess with a final temperature of —1 °C and relative humidity
exceeding 90% [44].

Cold water pre-cooling is a form of precooling in
which the product is sprayed with or immersed in an ag-
itated bath of chilled water [45]. Gillies S and Toivonen
P [46] compared the effects of cold-water pre-cooling and
two other pre-cooling methods on broccoli storage quality,
finding cold water pre-cooling to be the fastest. Addition-
ally, cauliflower packaged in porous film exhibited a weight
loss rate of only 2.1% after cold water pre-cooling, lower
than both cold storage pre-cooling and ice pre-cooling. Fur-
thermore, cold water pre-cooling reduces the vapor pres-
sure deficit (VPD) between the product and surrounding
air, which helps minimize water loss during the initial stor-
age period of broccoli [46]. Cold water pre-cooling uti-
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lizes a chilled water circulation system as its core equip-
ment, requiring frequent flushing during operation. This
pre-cooling method is currently suitable for rapidly lower-
ing the temperature of fruits, vegetables, and root crops, but
does not apply to leafy vegetables [47].

Vacuum pre-cooling is a pre-cooling technique that
rapidly lowers the surface temperature of vegetables by uti-
lizing atmospheric pressure to evaporate moisture and ab-
sorb heat [48]. Liu JY et al. [49] evaluated the effects of
vacuum pre-cooling combined with modified atmosphere
packaging (MAP) versus vacuum pre-cooling alone on the
shelf life of cabbage. The result showed that vacuum pre-
cooling could reduce the temperature to 7 °C within 30 min-
utes. Furthermore, after 12 weeks of storage, the yellow-
ing index of the vacuum pre-cooling plus MAP treatment
group was significantly lower than that of the control group.
At the same time, the use of modified atmosphere packag-
ing effectively reduced weight loss in cabbage during stor-
age. Therefore, the combination of vacuum pre-cooling and
modified atmosphere packaging can be effectively applied
to the postharvest preservation of cabbage [49]. He S and
Li Y’s research [50] revealed that lettuce requires only 32
minutes to pre-cool from 18 °Cto 1 °C, with a weight loss of
just 2.97%. Additionally, Tian Ding et al. [51] conducted a
comparative experiment to evaluate the effects of vacuum
pre-cooling and other pre-cooling methods on the shelf life
of broccoli. The results showed that vacuum cooling could
reduce the temperature to 5.5 °C within 30 minutes, which
was significantly lower than that of the control group. Af-
ter one month of storage, the reducing sugar content in the
vacuum-cooled group was 27.88 mg/100 g, significantly
higher than that of the other control groups. Furthermore,
the application of water spraying reduced weight loss in the
broccoli to only 1.47%, far lower than the 15.38% observed
in the control group, without compromising quality. There-
fore, the researchers concluded that the combination of vac-
uum cooling and water spraying can be effectively applied
for the postharvest preservation of broccoli [51].

3.2.2 Primary Technologies for Vegetable Cold Chain
Storage

After reviewing the primary pre-cooling technologies
for vegetable agricultural products, it is essential to inte-
grate appropriate cold chain low-temperature storage tech-
niques to effectively maintain vegetable quality and extend
shelf-life post-pre-cooling. This stage constitutes a critical
component of the cold chain logistics system, as it directly
impacts product quality preservation and loss control during
subsequent distribution and sales. Applying this technology
enables vegetables to maintain high quality throughout sub-
sequent transportation phases. Contemporary researches
regard low-temperature storage as one of the primary meth-
ods for preserving leafy vegetables [52]. This section will
focus on describing the common technical methods cur-
rently employed in vegetable cold chain storage.
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3.2.2.1 Low-Temperature Storage. The primary types of
cold storage facilities used for low-temperature storage of
vegetable agricultural products include high-temperature
cold storage (with internal temperatures of 5 °C—15 °C)
and medium-temperature cold storage (with internal tem-
peratures of —5 °C—5 °C). Current research indicates that
when the cold storage’s air distribution system is arranged
along the length of the storage chamber and employs a side-
central airflow configuration, it helps improve the temper-
ature uniformity of vegetables, thereby effectively enhanc-
ing the storage quality of the entire batch of fruits and veg-
etables [53]. Ulrike Praeger et al. [54] investigated the ef-
fects of stacking arrangements and fan placement on air-
flow distribution in industrial apple storage facilities. Their
results indicated that placing fans above vertical gaps, com-
bined with a side-to-center airflow configuration, was more
effective in ventilating the crates than placing them above
the rows of crates. Furthermore, compared to layouts with
no gaps or narrow wall-to-wall gaps (about 10 cm), a stack-
ing layout featuring a central vertical gap between the rows
of crates significantly improves airflow uniformity [54].

3.2.2.2 Controlled Atmosphere Storage. Controlled atmo-
sphere storage is a preservation method that operates under
low-temperature conditions. By regulating the concentra-
tions of gases such as carbon dioxide and oxygen, along
with temperature and humidity within the storage space, it
creates an environment conducive to suppressing respira-
tion, delaying aging, and maintaining the sensory and nu-
tritional qualities of vegetables [55]. This technology can
be primarily categorized into two types: Modified Atmo-
sphere Storage (MA) for spontaneous gas regulation and
Controlled Atmosphere Storage (CA) for mechanical gas
regulation. The former primarily utilizes low-permeability
plastic films to adjust the oxygen and carbon dioxide con-
centrations within the packaging in a single step, thereby
suppressing vegetable respiration. The latter employs me-
chanical devices within low-temperature controlled atmo-
sphere storage facilities to continuously regulate gas com-
position, preventing cold damage [56,57]. Wang Xiaoyan
et al. [58] found that under controlled atmosphere storage
conditions of 5% O, and 8% CO,, edamame beans retained
chlorophyll a and chlorophyll b at levels of 40.32 ng/g and
20.37 pg/g, respectively, by the 20th day of storage, which
were significantly higher than those in the control group.
This demonstrates that the technology effectively delays
chlorophyll degradation by precisely regulating the gas en-
vironment, thereby preserving the quality and color of veg-
etables [58].

3.2.2.3 Reduced-Pressure Storage. Reduced-pressure
storage is a postharvest technique for vegetables that low-
ers the total air pressure by extracting air from the storage
chamber, thereby creating a partial vacuum environment
[59]. Sang Yu et al. [60] conducted a study by setting
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up three control groups under atmospheric pressure, 50
kPa, and 30 kPa, storing vegetables at (4 + 1) °C, and
measuring indicators such as vitamin content. They found
that under 30 kPa pressure conditions, the vitamin C
content maintained 43.3% of its initial value, while other
indicators also outperformed corresponding data under
other pressure conditions. This demonstrates that 30 kPa
vacuum treatment enhances the freshness retention of
vegetables [60]. Shen Jiang et al. [61] designed a vacuum-
precooled reduced-pressure storage experiment. Through
continuous vacuum pumping and humidification system
air intake, the storage chamber pressure was maintained at
approximately (1 =+ 0.04) kPa, ultimately achieving a water
loss rate of only 3.34% for Chinese cabbage [61].

3.2.2.4 Ice-Temperature Storage. Ice-temperature storage
refers to preserving vegetables at temperatures below 0 °C
and freezing temperature. This technique extends stor-
age duration while significantly suppressing the vegetables’
own metabolic activity and the proliferation of spoilage mi-
croorganisms [62]. Lin Benfang et al. [63] found that
at —0.7 °C cold storage conditions, cold storage could
respectively increase the activity of broccoli peroxidase
(POD), superoxide dismutase (SOD), and catalase (CAT)
by approximately 11.7%, 110.7%, and 28.1%, respectively,
while simultaneously reducing polyphenol oxidase (PPO)
activity by approximately 15.0%, thereby delaying broccoli
senescence [63].

Ice-temperature storage is now widely used for stor-
ing agricultural products such as jujubes [64]. However,
despite these advantages, the application of this technology
is constrained by the narrow ice-temperature range and the
need for precise temperature control. For instance, green
beans exhibit superior physiological and commercial qual-
ity under ice-temperature storage conditions compared to
storage at 8 °C or 25 °C. Furthermore, since the optimal ice-
temperature range varies among different vegetables, and
pallet loading and unloading operations can disrupt storage
temperature stability, establishing ice-temperature storage
facilities demands high technical requirements and signifi-
cant investment [65].

3.2.3 Application of RFID and Other Major IoT
Technologies in Vegetable Cold Chain Logistics

RFID technology is widely applied in the cold chain
transportation of agricultural products. It encompasses
three core components: transponders (tags), readers, and
radio frequency antennas. The operational mechanism of
this technology involves three critical stages: information
reading, decoding, and information processing within the
application software system [66].

Building on this technical foundation, RFID can be
implemented throughout the entire cold chain transporta-
tion process for vegetable agricultural products. It si-
multaneously covers quality supervision and traceability
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queries across all stages, achieving full traceability and
standardized oversight of fruit and vegetable cold chain lo-
gistics through comprehensive information collection, cod-
ing identification, and data management [67]. Further-
more, RFID can be integrated with NFC technology to en-
hance this capability by enabling more refined environmen-
tal monitoring. Specifically, it allows for real-time tracking
of critical ambient parameters, such as temperature, humid-
ity, and light, which are essential for maintaining the qual-
ity and safety of fresh produce throughout the supply chain
[68].

Additionally, RFID technology can be integrated with
positioning systems such as GPS to collect information on
the location and speed of transport vehicles. It then trans-
mits data gathered during transportation—including license
plate numbers and cargo details—to the monitoring center
via wireless network communication. Simultaneously, the
information collected during transport is loaded onto the ve-
hicle’s RFID electronic tag [69]. Also, electronic tags are
installed on shelves to pre-plan vegetable storage locations.
During unloading, readers quickly verify vegetable details.
When shelving, scanning tags transmits data to the Ware-
house Management System (WMS), automatically updat-
ing vegetable inventory. During warehouse picking, scan-
ning errors immediately trigger alarms. The final sorting
stage employs scanners to ensure accurate vegetable allo-
cation and prevent omissions.

On the other hand, the type of transport vehicle should
be selected based on the duration of the journey. Accord-
ing to QC/T449 standards cited by Liang Huafeng [70], in-
sulated vehicles with temperatures under 18 degrees Cel-
sius are recommended for trips under 10 hours. For jour-
neys exceeding 10 hours or when ambient temperatures
exceed 30 °C, refrigerated vehicles maintaining temper-
atures under 12 degrees Celsius must be used [70]. A
comparison of various pre-cooling and storage technolo-
gies reveals that differential pressure pre-cooling offers the
highest efficiency but imposes stringent packaging require-
ments. Vacuum pre-cooling is best suited for leafy vegeta-
bles but results in slightly higher losses, and modified at-
mosphere storage provides a longer shelf life but requires
significant investment. In the mountainous regions of West-
ern China, where road networks and electricity supply are
limited, high-efficiency, low-cost wet pre-cooling and sim-
ple ice-cooled storage facilities hold greater potential for
widespread adoption. However, existing research on the
comparative suitability of these methods remains limited.

3.3 Logistics Technology for Fruit Products
3.3.1 Cold Storage and Differential Pressure Control
Technology

Cold storage facilities remain the critical equipment
for the cold chain of fruit and vegetable agricultural prod-
ucts, with temperatures ranging from 5 to 15 °C (high-
temperature) and —5 to 5 °C (medium-temperature) cold
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storage facilities exhibiting the highest adoption rates in
fruit pre-cooling and low-temperature storage at produc-
tion sites. Wang Xuan et al. [71] employed pressure dif-
ferential processing technology to create an inlet-to-return
air pressure gradient within sealed cold boxes, forcing cold
air to permeate through layers of spherical and cylindri-
cal fruit. This technique achieves 2—6 times higher pre-
cooling efficiency than conventional cold storage, signifi-
cantly accelerating temperature reduction, improving cool-
ing uniformity, and minimizing moisture evaporation [71].
Wang Junyan et al. [72] investigated the differences be-
tween vertical and horizontal placement of cucumbers un-
der pressure differential treatment through simulation and
experimental studies. They found that vertical placement
resulted in faster cooling and better uniformity, with the
slowest cooling time being 150 minutes compared to 180
minutes for horizontal placement. Although the weight loss
rate was slightly higher, the overall cooling effect was su-
perior. Vertical placement is recommended for cylindrical
fruits and vegetables [72]. Wu et al. [73] found that while
staggered stacking offers mechanical stability, it obstructs
vertical ventilation and reduces cooling uniformity. Regu-
lar stacking maintains aligned airflow pathways, achieving
faster and more uniform pallet cooling. Considering cool-
ing efficiency and economic feasibility, regular stacking is
optimal for commercial cold chain operations [73]. There-
fore, the method of pressure differential treatment varies de-
pending on the shape of the fruit.

3.3.2 Thermal Treatment Preservation Technology

Thermal treatment for freshness preservation involves
treating fruits post-harvest with heat sources above their
ripening temperatures. This process kills or inactivates
pathogenic bacteria through high temperatures while reg-
ulating fruit metabolism, thereby reducing spoilage [74].
Currently, this technology is primarily achieved through
methods such as hot air and hot water immersion. Bianca
Almada Ferreira Gomes et al. [75] treated pomegranates
with 50 °C hot water for 10 to 30 minutes, finding that this
effectively maintained the quality of minimally processed
guavas while minimizing microbial growth. Ma et al. [76]
found that apples yielded optimal texture when stored for 24
hours before slicing, followed by a 10-minute pre-treatment
in 50 °C water. This thermal treatment was shown to inhibit
the increase in total phenolic content, thereby suppressing
enzymatic browning and enhancing the resistance of fresh-
cut apples to discoloration. The method also provided ef-
fective color retention, preserving the apples’ vibrant ap-
pearance [76]. Wei et al. [77] discovered that treating
cherry tomatoes with hot air at 38 °C for 12 hours signifi-
cantly enhances disease resistance by activating the phenyl-
propanoid metabolic pathway, reducing the incidence of
Fusarium and gray mold Botrytis as well as the diameter
of lesions [77].
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3.3.3 Smart Monitoring Sterilization Technology

Xinging Xiao et al. [78] constructed a simple wire-
less sensor network using a combination of wireless sen-
sors containing CC2538 and SHT10 sensors and a GPRS
coordinator, enabling multi-level monitoring of grape re-
frigerated truck compartments. This wireless sensor net-
work comprised 27 sensor nodes and one network coordina-
tor node, enabling continuous operation within refrigerated
truck compartments for 15 days [78]. The specific layout
blueprint is shown in Fig. 5 (Ref. [78]).

Additionally, Researchers found that in a smart speci-
men transport system incorporating RFID and Narrowband
Internet of Things (NB-IoT) technologies, passive RFID
tags enable multi-tag reading and writing under non-line-of-
sight conditions. Made of plastic, these tags are waterproof
and heat-resistant, and can be easily attached to specimen
tubes that require sterilization. In addition, the NB-IoT de-
vices installed in the sample transport boxes can monitor
temperature and humidity levels in real time during transit,
while GPS location data is reported to a cloud platform to
estimate delivery times [79]. Another representative study
found that under controlled cold-chain conditions (—1-3
°C for 16.7-18 days), a sensor-based digital twin system
achieves at least 99.9968% pest mortality, ensuring highly
reliable sterilization performance. This was reflected in a
significant increase in the mortality rate of Mediterranean
fruit flies in the study, with 41 out of 43 shipments achiev-
ing a 100% pest mortality rate, and all shipments arriving at
the retail stage completely free of pest infestation [80]. A
review of the literature on fruit cold chain logistics indicates
that differential pressure pre-cooling, heat treatment, and
smart sensing are the mainstream solutions. However, the
suitability varies significantly across different fruit types:
tropical fruits are better suited for heat treatment to inhibit
bacterial growth, while temperate berries rely more heav-
ily on precise temperature control and wireless monitoring.
There is still a lack of systematic comparative conclusions
regarding the impact of the low-temperature, low-oxygen
environment in high-altitude production areas in Western
China on technical parameters.

4. Optimization of Cold Chain Logistics
Distribution Routes

The cold chain logistics delivery route optimization
problem also falls under the Vehicle Routing Problem
(VRP), which is an non-deterministic polynomial-time hard
(NP-hard) problem. It can primarily be divided into the fol-
lowing subproblems, as shown in Table 1:

The VRP can be systematically categorized across
multiple dimensions. First, based on the number of distri-
bution centers, VRP problems can be classified into Multi-
Depot Vehicle Routing Problem (MDVRP) and the basic
original VRP problem, which involves only a single dis-
tribution center. Second, incorporating time window con-
straints, it encompasses no time window, soft and hard time
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Fig. 5. Schematic diagram of wireless sensor monitoring in grape refrigerated trucks [78]. Each number here represents a sensor

in the wireless sensor network (WSN) system installed in the grape refrigerated trucks. These sensors continuously monitor temperature

and humidity parameters at various locations within the cargo compartment during the cold-chain transportation of fresh grapes. Data is

fused at the node level to eliminate redundancy and errors, and the fused data is then transmitted remotely to the control center via the

network coordinator. This enables transparent monitoring and traceability of temperature and humidity conditions throughout the entire

cold-chain process, thereby ensuring transportation quality and food safety.

Table 1. Overview of VRP problem classification.

Basis for classification Specific categories

Number of distribution centers
Time-window constraint
Vehicle type

Task type

Load condition Fully Loaded/Not Fully Loaded
Divisibility of demand
Optimization goal Single Task/Multi Task (Pareto)
Closed VRP/Open VRP

Static VRP/Dynamic VRP

Circuit mode
Network dynamics

Emerging expansion

Vehicle Routing Problem (VRP)/Multi-Depot Vehicle Routing Problem (MDVRP)

No Time Window/Soft Time Window/Hard Time Window/Fuzzy Time Window

Single-Vehicle Model/Multiple-Vehicle Model

Delivery Only/Pickup Only/Vehicle Routing Problem with Simultaneous Pickup and Delivery (VRPSPD)

Capacitated Vehicle Routing Problem (CVRP)/Split Delivery Vehicle Routing Problem (SDVRP)

Green VRP/Stochastic VRP/Cold Chain VRP/Crowd-sourced VRP/VRP-D

VRP, Vehicle Routing Problem.

windows, and fuzzy time windows, reflecting varying ser-
vice timeliness requirements. Simultaneously, classifica-
tion by vehicle type distinguishes single-vehicle and multi-
vehicle scenarios, highlighting the impact of heterogeneous
transport capacity on route planning. Additionally, task-
based distinctions include delivery and pickup only, and
simultaneous delivery-pickup (VRPSPD) modes, defining
core operational differences in logistics scenarios. Build-
ing upon this foundation, the VRP problem can be further
refined through factors such as load status, demand divisi-
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bility, optimization objectives, loop patterns, network dy-
namics, and emerging extensions, including green VRP,
stochastic VRP, and cold chain VRP.

In recent years, scholars around the world have pri-
marily employed metaheuristic algorithms and hybrid al-
gorithms, supplemented by simulation experiments, to op-
timize cold chain logistics distribution routes. Yi-hula Chen
[81] utilized a cloud-based coarse-grained parallel genetic
algorithm and found that it significantly reduces compu-
tation time while achieving near real-time route planning.
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The improved ant colony algorithm achieves shorter total
travel distances after incorporating constraints for trans-
portation time, cold chain temperature maintenance, and
road capacity, outperforming traditional ant colony and
chaotic algorithms [82]. An advanced multi-objective ant
colony algorithm can simultaneously consider cost, carbon
emissions, and customer satisfaction [83].

Mei-xian Song et al. [84] employed an improved ar-
tificial fish swarm (IAFS) algorithm, combined with a spe-
cialized two-dimensional vector encoding scheme and a
right-shift heuristic strategy, to efficiently solve a model for
minimizing the total cost of cold-chain logistics delivery
while accounting for time windows and energy consump-
tion. The algorithm successfully planned optimal delivery
routes, achieving better results in 41 out of 55 test instances
[84]. Additionally, researchers combined the Christofides-
Whitlock (C-W) algorithm with enhanced tabu search to
solve large-scale vehicle routing problems with time win-
dow constraints, significantly improving computational ef-
ficiency [85]. To address the robustness requirements for
road cascade failures, researchers combined Dijkstra search
with genetic algorithms to construct a path model capable
of dynamic detours [86].

Under the carbon neutrality framework, incorporat-
ing carbon emission penalties or carbon tax constraints
into models can reduce carbon footprint while ensuring
timeliness.  Fine-grained Bacterial Foraging Optimiza-
tion (BFO) and its improved variant (IBFO) demonstrate
faster convergence and superior global search capabili-
ties in low-carbon VRP scenarios [87]. For temperature-
sensitive cold chain products, researchers developed a com-
prehensive cost function incorporating refrigeration costs,
transportation costs, and penalty costs. By enhancing the
ant colony optimization algorithm, they achieved approxi-
mately 16.6% reduction in total costs and decreased envi-
ronmental pollution [88].

In multi-center collaborative delivery scenar-
ios, a three-dimensional collaborative delivery model
based on product type, spatial distance, and delivery
time—combined with mathematical programming and
simulation—significantly improves loading rates and
reduces transportation costs [89]. Additionally, researchers
have incorporated cargo damage, energy and carbon emis-
sion costs, along with time- and quality-based customer
satisfaction constraints into multi-vehicle low-carbon VRP
models, achieving reduced overall carbon footprint while
maintaining service levels [90]. Finally, the introduction of
an IoT real-time monitoring system enables the collection
of critical parameters such as temperature, humidity, and
location in real-time. These data are utilized for dynamic
path adjustments, enhancing the system’s robustness and
traceability [91].

Wang Yan et al. [92] studied frozen beef and devel-
oped an improved Non-Dominated Sorting Genetic Algo-
rithm IT (NSGA-II) algorithm with adaptive crossover and
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mutation probabilities to optimize cold chain multimodal
transport routes. By dynamically adjusting algorithm pa-
rameters, effectively avoiding premature convergence is-
sues in traditional algorithms, the approach balances cost
and timeliness under uncertain transit times. This reduces
frozen beef transportation costs, enhances time efficiency
ratios, and optimizes cold chain distribution routes [92].

Wang Yong et al. [93] selected specific fruits, in-
cluding cherries and grapes, based on the categories of
fresh agricultural products and the temperature control re-
quirements during transportation. Considering the dynamic
nature of customer demand for fresh goods and delivery
temperature specifications, they employed a Gaussian mix-
ture clustering-based (GMC) ant colony optimization algo-
rithm to solve the problem of optimizing delivery routes
for fresh produce while constructing an integer program-
ming model to minimize total costs. Simultaneously, they
constructed a total cost minimization integer programming
model, achieving approximately 10% cost reduction [93].
A comparison of various algorithms reveals that the im-
proved ant colony optimization algorithm and the hybrid
genetic algorithm perform better overall in terms of total
cost and timeliness. The particle swarm optimization algo-
rithm converges quickly but is prone to getting stuck in local
optima; and the C-W algorithm is suitable for small-scale
scenarios. There has been limited research on dynamic
route optimization for Western China characterized by mul-
tiple hubs, long transport distances, and low-temperature
environments, and comparisons of algorithm robustness re-
main insufficient.

5. Conclusions

This paper systematically reviews relevant research
in the field of agricultural cold chain logistics in Western
China based on a technology-product-region framework.
The study indicates that various cold chain technologies,
such as pre-cooling and cold storage, are not applied in iso-
lation. Instead, they form a synergistic support system cen-
tered on the temperature control requirements of three ma-
jor agricultural product categories: meat, vegetables, and
fruits. This framework must be adapted to the distinct re-
source advantages, topographical conditions, and logistics
corridor differences of the Northwest and Southwest China.
Fig. 6 illustrates the internal relationships among cold chain
technologies, agricultural product categories, and regional
features in Western China.

Currently, the agricultural cold chain in Western China
faces significant shortcomings in equipment support, dig-
italization levels, and standardization. A significant re-
search gap lies in the insufficient adaptability between
preservation technologies and intelligent algorithms, par-
ticularly given the region’s diverse scenarios, high-altitude
environments, and long transport distances. New technolo-
gies such as thermoelectric and thermoacoustic refrigera-
tion can effectively support micro-stations in mountainous
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Fig. 6. Analytical diagram of the technology-product-region framework.

areas and remote transportation scenarios, while NFC and
Artificial Intelligence of Things (AloT) technologies will
provide technical support for the traceability of geograph-
ically indicated products and intelligent scheduling. The
synergistic integration of these various technologies will
become the core direction for the intelligent upgrading of
agricultural product cold chain logistics in Western China.

Based on the industrial realities of agricultural produc-
tion, this study systematically reviews the current status and
trends of cold chain logistics in Western China. The region
has developed clear advantages in policy support, resource
abundance, and strategic location, with the Four Horizontal
and Four Vertical corridors and major land port hubs taking
shape.

This study systematically analyzes the development
of cold chain logistics in Western China, identifying a
complex landscape of strategic advantages and persistent
structural bottlenecks. While the region benefits from na-
tional policy support and the establishment of key logis-
tics corridors, infrastructure remains geographically imbal-
anced, with cold storage resources heavily concentrated in
provinces like Sichuan and Shaanxi. This leaves remote ar-
eas, particularly in the Yunnan-Guizhou and Qinghai-Tibet
plateaus, suffering from frequent cold chain disruptions and
a lack of unified standards. A comparative analysis of
existing literature reveals that delayed pre-cooling, inade-
quate storage conditions, and disruptions in the transporta-
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tion chain are common issues contributing to the generally
high cold chain loss rates of agricultural products in West-
ern China. However, the primary bottlenecks in Northwest
China are concentrated in the poor flow of cross-border cold
chain corridors, uneven distribution of cold storage facili-
ties, and insufficient long-distance temperature control ca-
pabilities; whereas Southwest China is more significantly
affected by factors such as mountainous terrain, a lack of
pre-cooling facilities at production sites, and low efficiency
in short-distance distribution. Currently, relevant research
remains limited to fragmented analyses by region and lo-
gistics stage. A systematic framework for uniformly com-
paring and evaluating cold chain bottlenecks across regions
has not yet been established. Furthermore, the majority of
fresh produce is still transported without temperature con-
trol, primarily due to the prohibitive cost of refrigerated
transport and weak third-party logistics capabilities. Tech-
nical applications such as differential pressure pre-cooling,
controlled atmosphere storage, and metaheuristic optimiza-
tion algorithms have proven effective in reducing losses and
balancing costs. However, their large-scale adoption is hin-
dered by the scarcity of multidisciplinary talent in rural ar-
eas. Consequently, bridging the gap between high-tech po-
tential and the economic realities of small-scale producers
remains the central challenge for the industrial upgrading
of Western China’s agricultural supply chain.
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6. Future Prospects

In the future, agricultural logistics in Western China
will evolve into a paradigm of intelligence, sustainabil-
ity, and global integration. Artificial Intelligence (AI) and
Big Data will enable precise demand forecasting as a rou-
tine practice, while green technologies, such as CO, cas-
cade refrigeration, will help drive the industry toward car-
bon neutrality. To address the unique challenges of high-
altitude terrains, the deployment of Low-Earth Orbit (LEO)
Satellite [oT will ensure seamless connectivity in uninhab-
ited zones. Furthermore, Edge Computing utilizing Mul-
tiphysics Coupling Algorithms will enable real-time local
simulation of airflow and temperature dynamics under low-
pressure environments, ensuring thermal stability in ex-
tremely highland conditions.

Strategically, the Belt and Road Initiative and the
Land-Sea New Channel in Western China will densify in-
ternational routes through overseas warehouses in Central
Asia and the Middle East. By integrating with cross-border
e-commerce, Western China is likely to address the dis-
parity between its geographical potential and global mar-
ket value, converting its unique agricultural resources into
a sophisticated and high-efficiency economic engine.

7. Limitations

This review lacks empirical validation, as the synoptic
scope of a review article precludes primary data collection
and field experimentation. Additionally, the assessment of
technology suitability remains largely qualitative, without
quantitative evaluation of how cold chain technologies per-
form under the specific high-altitude, low-oxygen condi-
tions prevalent in Western China.
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